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Abstract
Rydberg atoms have exhibited excellent potentials to become a competent platform
of implementing quantum computation, which demands to execute various
quantum gates fast and faithfully. We propose a dynamic mechanism of two
interacting Rydberg atoms for implementing a high-fidelity SWAP gate on
ground-state manifolds, where the amplitude modulation and soft quantum control
of lasers driving ground-Rydberg state transitions are elaborately matched with the
interaction strength between atoms so as to engineer the desired transformation of
atomic states. Compared with the recent Rydberg-atom SWAP gate scheme, the
present one possesses the undegraded first-order dynamics and shows an
interference-induced suppression of the doubly-excited Rydberg state, so it costs
shorter gate time and exhibits greater robustness against atomic decay and
deviations in the interatomic separation (interaction strengths). The present
mechanism of implementing a SWAP gate on interacting Rydberg atoms could
facilitate high-fidelity demonstrations of atomic ground state transformation and
further exploitation of peculiar dynamics.

Keywords: Rydberg atoms; Ground state dynamics; Pulse optimization; Quantum
gate

1 Introduction
Rydberg atoms are neutral atoms whose valance electron is excited to a high-lying level,
exhibiting great electric dipole moments and interacting strongly with ambient ones [1, 2].
Rydberg atoms have served as a potential platform for scalable quantum computing for a
long time due to their relatively long coherent times [3–6]. The strong interaction between
adjacent Rydberg atoms in a small volume with radius being several microns allows at
most one of them to be excited to Rydberg states, which is called “Rydberg blockade”. This
excitation blockade mechanism can induce many interacting atoms to form a Rydberg su-
peratom and can further facilitate the mesoscopic quantum information processing with
quantum information being stored in collective states of atomic ensembles [7]. Besides, the
feature of preventing Rydberg transitions of more than one atom within the blockade ra-
dius can be extensively applied in constructing one-step multiqubit quantum gates [8–12],
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generating multiparticle entanglement [13–18], and achieving quantum sensing [19–24].
In addition to Rydberg blockade, Rydberg antiblockade is another important dynamics
mechanism of Rydberg atom systems [25–28], which allows two or more atoms to be
excited to Rydberg states simultaneously. Rydberg antiblockade can be yielded generally
by simultaneous-driving–induced second-order resonant processes [29–31], sequential-
driving–induced fast first-order processes [32, 33], or simultaneous-driving–induced fast
first-order processes [12, 34], and this mechanism may be used for gaining the quantita-
tive interaction strength information between atoms [25], constructing one-step quantum
gates [35, 36], and generating steady entanglements [37–40].

For either Rydberg blockade or antiblockade mechanism, implementation of quan-
tum gates on Rydberg atoms usually focuses on phase-shift or controlled-not (CNOT)
gates [8, 12, 30–32, 35, 36, 41–45]. Although arbitrary gate operations may be constructed
by combining a CNOT gate with several single-qubit gates (for example, one can form
a SWAP gate by using three CNOT gates [46]), direct implementations of some certain
gates can largely strengthen efficiency of processing lengthy quantum algorithms. As a
nontrivial two-qubit gate, the SWAP gate is of great importance and applications in the
field of quantum science and technologies, such as quantum computation [46], entangle-
ment swapping [47], and quantum repeaters [48]. For SWAP gate schemes based on Ryd-
berg blockade, multiple piecewise pulses involving two or more Rydberg states and three
or more steps are needed to impose on single atoms [49–51], which inexorably increases
complexity of quantum algorithms and also makes the system exposed to more decoher-
ence. To this end, most recently there are one-step Rydberg-atom SWAP gate schemes
proposed to decrease complexity of operations on atoms. For example, Wu et al. proposed
a regime of unselective ground-state blockade in the context of Rydberg antiblockade to
construct SWAP gates by using detuning [52] or amplitude-modulated [53] pulses with-
out individual addressing of atoms. Li et al. proposed ground-state transport of Rydberg
atoms by setting match between interatomic interaction strength and Rydberg pumping
detunings [54]. However, these schemes of achieving SWAP gates have to depend on the
slow dynamics using the second-order perturbation theory once or even twice.

In this work, we propose an efficient scheme of implementing SWAP gate on ground-
state manifolds of Rydberg atoms, where the SWAP gate is not only implemented in one
step but also dependent of undegraded dynamics without using the second-order per-
turbation theory. We apply lasers with amplitude modulation to drive ground-Rydberg
state transitions, and the two-atom transitions from single-excitation states to the doubly-
excited state can be obtained by elaborately matching the modulation frequency of one
laser and interaction strength between atoms, which can then be described by dressed
states formed with these single- and double-excitation states. Further, we modulate the
amplitude of the other laser so as to yield constructive interference of two transitions
to the single-excitation states from ground states |01〉 and |10〉 but destructive interfer-
ence of transitions to the double-excitation state. In addition, we introduce soft quan-
tum control [55] to manipulate the SWAP transformation, the rotating-wave approx-
imation (RWA) can be satisfied well to restrain unwanted transitions, so the SWAP
gate possesses relatively high fidelity. Compared with the recent Rydberg-atom SWAP
schemes [52–54], the selective transition dynamics in the present scheme shows an
interference-induced suppression of the doubly-excited Rydberg state, and two-atom tran-
sitions dependent of interference instead of the second-order perturbation theory make
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the SWAP gate cost shorter gate time, so we identify that the SWAP gate exhibits greater
robustness against atomic decay and deviations in the interatomic interaction strengths
related to the double-excitation state. Finally, we show some certain potential applications
in quantum computation, entanglement swapping, and a quantum repeater.

2 Model and Hamiltonian
2.1 Description of the atom-laser interaction
As depited in Fig. 1(a), we consider two neutral atoms 1 and 2 trapped in two optical
lattices or microtraps with interatomic separation d ∼ μm [44, 45, 56–58], and the two
atoms are assumed to interact with each other by the van der Waals (vdW) potential with
strength V = C6/d6 where C6 is the vdW dispersion coefficient. As shown in Fig. 1(b), two
amplitude-modulated laser fields are imposed on two identical atoms to drive resonantly
Rydberg transitions from two ground-state manifolds (computational states) |0〉 and |1〉
to a Rydberg state |r〉, respectively, with modulated Rabi frequencies �0(t) = �0m cos(ω0t)
and �1(t) = �1m cos(ω1t). �0m (�1m) and ω0 (ω1) are the maximum and frequency of
amplitude modulation for the laser driving transition |0(1)〉 ↔ |r〉, respectively. We can
describe the interaction between the lasers and two atoms with the Hamiltonian in the
interaction picture (using natural unit � = 1)

Ĥ12 =
2∑

j=1

1∑

k=0

�k(t)
2

(|k〉j〈r| + |r〉j〈k|) + V |rr〉〈rr|, (1)

where |rr〉 ≡ |r〉1 ⊗ |r〉2 denotes the two-atom doubly-excited Rydberg pair state.
This laser-atom interaction model is similar to that used in Ref. [53], with which when

the parameter condition |ω0|, |ω1|, |V | � |�0m|/4, |�1m|/4 is considered, an effective
Hamiltonian can be obtained with the second-order perturbation theory [53]

Ĥe =
�e

2
(|01〉〈rr| + |10〉〈rr|) + H.c., (2)

for which �e is a degraded effective Rabi frequency of the two-photon transition from
ground state |01(10)〉 towards the Rydberg pair state |rr〉. For clarity, we visualize this kind
of two-photon dynamics in Fig. 2(a). On one hand, compared with the reference transition
rate �0m(1m) the effective frequency �e is degraded, which will increase the gate time. On
the other hand, this two-photon dynamics depends on the attendance of Rydberg pair
state |rr〉, which is sensitive to deviations in the interatomic interaction strength. This two

Figure 1 Schematic for implementing a SWAP gate on ground-state manifolds of two Rydberg atoms.
(a) Two neutral atoms confined in microtraps with separation d ∼ μm interact with each other through vdW
interaction with strength V = C6/d6. (b) Schematic of laser-induced atomic transitions from ground-state
manifolds |0〉 and |1〉 to a Rydberg state |r〉 with modulated Rabi frequencies �0(t) =�0m cos(ω0t) and
�1(t) =�1m cos(ω1t), respectively
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Figure 2 Diagrams of effective dynamics for (a) the
two-photon scheme in Ref. [53] with the second-order
Rabi frequency �e and (b) the present one-photon
scheme with the undegraded Rabi frequency �0m

aspects of defect are also the common problems of hindering experimental realization of
Rydberg-antiblockade-based quantum gates [30, 31, 34, 35, 59]. Therefore, here we intend
to conceive an effective Hamiltonian involving transitions from |01〉 and |10〉 to a single-
instead of double-excitation state. Besides, the effective Rabi frequencies are supposed to
be originated from one-photon dynamics and thus be undegraded.

2.2 Undegraded dynamics without the doubly-excited state
We transform the Hamiltonian Eq. (1) into a frame defined by the vdW interaction
V |rr〉〈rr| and expand it in the two-atom basis {|mn〉} (m, n = 0, 1, r)

Ĥ ′
12 =

�0m

2
cos(ω0t)

(|00〉〈r0| + |01〉〈r1|) +
�0m

4
[
ei(ω0–V )t + e–i(ω0+V )t]|0r〉〈rr|

+
�1m

2
cos(ω1t)

(|10〉〈r0| + |11〉〈r1|) +
�1m

4
[
ei(ω1–V )t + e–i(ω1+V )t]|1r〉〈rr|

+
�0m

2
cos(ω0t)

(|00〉〈0r| + |10〉〈1r|) +
�0m

4
[
ei(ω0–V )t + e–i(ω0+V )t]|r0〉〈rr|

+
�1m

2
cos(ω1t)

(|01〉〈0r| + |11〉〈1r|) +
�1m

4
[
ei(ω1–V )t + e–i(ω1+V )t]|r1〉〈rr|

+ H.c. (3)

According to types of terms in Eq. (3) we can select desired transitions by setting parame-
ter relations among �0m(1m), ω0(1), and V . To this end, we specify V = ω1 � ω0, �0m(1m)/2
so as to reduce Ĥ ′

12 by neglecting highly oscillating terms under RWA as follows

Ĥ ′′
12 =

�0m

2
cos(ω0t)

[|00〉(〈r0| + 〈0r|) + |01〉〈r1| + |10〉〈1r|]

+
�1m

4
(|1r〉 + |r1〉)〈rr| + H.c. (4)

From the expression of Eq. (4), we can easily find that the evolution of |11〉 has be ex-
cluded. Further, because |00〉 cannot be connected to the doubly-excited state |rr〉, its evo-
lution will become insignificant highly frequent oscillations and can also be excluded once
we set the condition ω0, �1m/4 � �0m/2. Then one can rewrite the effective Hamiltonian
in the basis of dressed states induced by the interaction among excited states |1r〉, |r1〉,
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and |rr〉

Ĥdr =
�0m

4
cos(ω0t)

[|01〉(〈�+| –
√

2〈�0| + 〈�–|)

+ |10〉(〈�+| +
√

2〈�0| + 〈�–|) + H.c.
]

+
√

2
4

�1m
(|�+〉〈�+| – |�–〉〈�–|), (5)

for which the dressed states are defined as |�±〉 = (|1r〉 + |r1〉 ± √
2|rr〉)/2 and |�0〉 =

(|1r〉 – |r1〉)/√2. To more intuitively investigate the transitions between |01(10)〉 and ex-
cited states, we move the Hamiltonian Ĥdr into the frame defined by the diagonal terms√

2�1m(|�+〉〈�+| – |�–〉〈�–|)/4

Ĥ ′
dr =

�0m

8
|01〉{〈�+|[ei(ω0–

√
2�1m/4)t + e–i(ω0+

√
2�1m/4)t] – 2

√
2〈�0| cos(ω0t)

+ 〈�–|[ei(ω0+
√

2�1m/4)t + e–i(ω0–
√

2�1m/4)t]}

+
�0m

8
|10〉{〈�+|[ei(ω0–

√
2�1m/4)t + e–i(ω0+2

√
2�1m/4)t] +

√
2〈�0| cos(ω0t)

+ 〈�–|[ei(ω0+
√

2�1m/4)t + e–i(ω0–
√

2�1m/4)t]} + H.c. (6)

According to the consideration ω0, �1m/4 � �0m/2, under RWA the Hamiltonian can be
further simplified to an effective form of one-photon Raman resonance by setting ω0 =√

2�1m/4

Ĥeff =
�0m

8
(|01〉 + |10〉)(〈�+| + 〈�–|) + H.c.

=
√

2
8

�0m
(|01〉 + |10〉)〈T | + H.c. (7)

for which we define a single-excitation state |T〉 = (|1r〉 + |r1〉)/√2. The final effective
Hamiltonian Eq. (7) does not involve the Rydberg pair state |rr〉 but contains only a single-
excitation superposition state |T〉. This kind of selective dynamics of effective one-photon
Raman transitions is originated from the destructive conference of |rr〉 but constructive
conference of single-excitation states in the term (|�+〉 + |�–〉), as visualized in Fig. 2(b).
Besides, the Rabi frequencies of Raman transitions are of the same order of magnitude as
the conference �0m, which will induce a fast SWAP gate.

3 Results
Based on the analysis above, under RWA conditions V = ω1 � ω0, �0m(1m)/2 and ω0,
�1m/4 � �0m/2, the two-atom logical states |00〉 and |11〉 will remain invariant during
evolution. As for |01〉 and |10〉, they participate in an effective Raman transition mediated
by the single-excitation state |T〉 governed by the effective Hamiltonian Eq. (7). There-
fore, when we set the pulse area satisfying

∫ T
0 �0mdt = 4π with T being the gate time to

complete a period of Raman transition |01(10)〉 ↔ |T〉 ↔ |10(01)〉, a SWAP gate operation
ÛSWAP = |00〉〈00| – |01〉〈10| – |10〉〈01| + |11〉〈11| will be achieved.
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3.1 Constant pulse
In order to execute a fast SWAP gate operation, in general a straightforward way is to im-
pose a constant pulse with duration T = 4π/�0m. To ensure the degree of satisfying RWA
conditions V = ω1 � ω0, �0m(1m)/2 and ω0, �1m/4 � �0m/2, we plot in Fig. 3(a) an initial-
state-specified fidelity at the time T = 4π/�0m for executing the SWAP gate ÛSWAP with
different values of ω0/�0m and ω1/�0m (here we have set �1m = 2

√
2ω0 and V = ω1). The

initial-state-specified fidelity of the SWAP gate is defined as F(t) = |〈�(t)|ÛSWAP|�i〉|2,
where |�(t)〉 is the solution of Schrödinger equation i∂|�(t)〉/∂t = Ĥ12|�(t)〉 with |�i〉 =
(|01〉 + |11〉)/√2 being the initial state at instant t = 0. Figure 3(a) clearly shows the im-
portant impact of the RWA conditions V = ω1 � ω0, �0m(1m)/2 and ω0, �1m/4 � �0m/2
on the initial-state-specified fidelity of SWAP gate, from which we identify that within
the range of ω0/�0m ∈ [1, 5] and ω1/�0m ∈ [5, 100], the parameter relation ω0/�0m >
1.5 ∩ ω1/�0m > 45 guarantees F > 0.99 while ω0/�0m > 2.5 ∩ ω1/�0m > 70 guarantees
F > 0.995.

Concretely, 87Rb atoms are assumed to be adopted in this work. We encode the computa-
tional states on the hyperfine ground-state manifolds |0〉 = |5S1/2, F = 1, mF = 0〉 and |1〉 =
|5S1/2, F = 2, mF = 0〉. The Rydberg state is specified as |r〉 = |70S1/2, J = 1/2, mJ = –1/2〉
corresponding to C6/2π = 858.4 GHz · μm6. The excitation of 87Rb atoms from ground
states to the Rydberg state with a principal quantum number n = 70 has been experi-
mentally demonstrated through two-photon processes [34, 44, 56, 60–62], and the vdW
interaction strength between two Rydberg atoms can be achieved up to several dozens
and even over one hundred of megahertz [62]. Here we set the interatomic separation
d = 4.8 μm giving the interatomic interaction strength V /2π = 70.2 MHz. Accordingly,
we set �0m/2π = 1 MHz, ω0/2π = 2.5 MHz, �1m = 2

√
2ω0 and ω1 = V to see the system

evolution during executing the SWAP gate by plotting the initial-state-specified fidelity
and populations of several related states with evolution of time in Fig. 3(b). From Fig. 3(b)
we can find a behavior of complete Raman-type transition between |01〉 and |10〉 medi-
ated by the single-excitation state |T〉, while |00〉 and |11〉 remain almost invariant and |rr〉
is not involved in evolution of the two-atom system. Therefore, the initial-state-specified
fidelity of the SWAP gate gradually increases with slight oscillations and finally reaches at
F = 0.998.

Figure 3 (a) Initial-state-specified fidelity at the time T = 4π /�0m for executing the SWAP gate ÛSWAP with
different values of ω0/�0m and ω1/�0m with �1m = 2

√
2ω0 and V =ω1. For clarity, we roughly plot contour

lines of 0.99 (solid-blue) and 0.995 (dashed-red). (b) Initial-state-specified fidelity and populations of related
states with evolution of time. �0m/2π = 1 MHz, ω0/2π = 2.5 MHz, and
d = 4.8 μm (C6/2π = 858.4 GHz · μm6)
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3.2 Soft quantum control
Instead of the constant pulse of �0m, in order to satisfy RWA conditions V = ω1 �
ω0, �0m(1m)/2 and ω0, �1m/4 � �0m/2 better for obtaining a more stable and higher fi-
delity, it is promising to adopt a temporal soft quantum control of �0m. By shaping �0m(t)
in time to start from and end at a zero amplitude, it will render transitions among de-
sired levels to maintain on-resonant but suppress unwanted off-resonant transitions [55].
In this situation, the RWA conditions can be met more easily at most instants even when
max[�0m(t)] is comparable to ω0. The idea of quantum soft control has been introduced
to many works to improve fidelities of tasks, such as implementing multi-qubit Rydberg-
atom gates [63, 64], enantio-selective state transfer of chiral molecules [65, 66], and en-
tanglement generation in superconducting circuits [67, 68].

In this work, we engineer the waveform of �0m(t) with a temporal amplitude holding
a single-period sin2 profile �0m(t) = �̄0m sin2(π t/T). According to the condition of pulse
area

∫ T
0 �0m(t)dt = 4π , the gate time is determined as T = 8π/�̄0m. For showing the su-

periority of soft quantum control over the constant pulse, in Fig. 4(a) we consider the two
cases of soft quantum control and constant pulse and plot the initial-state-specified fi-
delity of the SWAP gate at the finial time versus �̄0m (here we set �0m = �̄0m in the case
of constant pulse for convenience) with the same parameters as those in Fig. 3(b). Limited
by the RWA conditions, in the case of constant pulse �0m/2π is supposed to be less than
1.2 MHz to ensure F(T) > 0.99, but in the case of soft quantum control it is almost the
whole range of �̄0m/2π ∈ [0.2, 3] MHz that can guarantee a high final fidelity F(T) > 0.99.
For the sake of contrast, we choose �̄0m/2π = 2 MHz so that the gate time is equivalent
for the two cases of pulse engineering. Even though the maximum max[�0m] in the case
of soft quantum control is two times of that in the case of constant pulse, the extent of
meeting RWA conditions is not degraded. To identify this, we see the system evolution
during executing the SWAP gate by plotting the initial-state-specified fidelity and popula-
tions of several related states with evolution of time in Fig. 4(b), from which a behavior of
complete Raman-type transition between |01〉 and |10〉 mediated by the single-excitation
state |T〉 is still accomplished. Accordingly, |00〉 and |11〉 have little changes and |rr〉 does
not attend in the system evolution of two atoms. The initial-state-specified fidelity of the
SWAP gate smoothly increases to F = 0.999 with slighter oscillations.

Figure 4 (a) Initial-state-specified fidelity of the SWAP gate at the finial time versus �̄0m . T = 4π /�̄0m and
�0m = �̄0m for the case of the constant pulse, while T = 8π /�̄0m for the case of soft quantum control.
(b) Initial-state-specified fidelity and populations of related states with evolution of time. �̄0m/2π = 2 MHz
and other parameters are the same as those in Fig. 3(b)
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4 Discussion
4.1 Average fidelity and insensitivity to atomic decay
The initial-state-specified fidelity is an efficient way to investigate the evolution of related
state involved in dominant dynamics but is not sufficient to estimate completely the per-
formance of a quantum gate that should work well on an arbitrary initial state. To this end,
it is supposed to introduce the idea of average fidelity to verify the initial-state randomicity
for executing ÛSWAP. Here wo adopt Nielsen’s trace-preserving-quantum-operator-based
average fidelity defined as [69]

F̄(ε, ÛSWAP) =
∑16

j=1 tr[ÛSWAPû†
j Û†

SWAPε(ûj)] + l2

l2(l + 1)
, (8)

with l = 4 for a two-qubit gate. ûj =
⊗2

k σ̂k denotes a tensor of Pauli matrices σ̂k ∈
{Î, σ̂ x, σ̂ y, σ̂ z} on computational states {|0〉, |1〉}. ε(ûj) is a trace-preserving quantum oper-
ation with the input operator ûj, which can be obtained through solving the master equa-
tion

ρ̇(t) = i
[
ρ(t), Ĥ12

]
–

2∑

j=1

2∑

k=0

γk

2
[
L̂j†

k L̂
j
kρ(t) – 2L̂j

kρ(t)L̂j†
k + ρ(t)L̂j†

k L̂
j
k
]
, (9)

with ρ(t) being the density operator. The Lindblad operator defined by L̂j
k ≡ |k〉j〈r| de-

scribes the atomic decay path from the Rydberg state |r〉 to the ground state |k〉, for which
we add an additional ground state |2〉j denoting the decay path from |r〉 to other ground
Zeeman magnetic sublevels instead of |0〉j and |1〉j. For convenience, here we assume that
the atomic decay rates from the Rydberg state |r〉 = |70S1/2〉 of 87Rb atoms into eight ground
states are equivalent, so we have γ0 = γ1 = 1/8τ and γ2 = 3/4τ where τ is defined as the life-
time of |r〉 = |70S1/2〉. Based on current experimental techniques [44, 56, 57, 70, 71], Ryd-
berg atoms can be cooled to an order of T ∼10 μK, and the Rydberg state |r〉 = |70S1/2〉 has
an effective lifetime τ ∼ 400 μs at a cryogenic temperature of T ∼10 μK [11, 34, 72–75].

In Fig. 5(a), we show the numerical calculation (without considering atomic decay) of
the average fidelity for implementing ÛSWAP in both cases of constant pulse and the soft
quantum control, where average fidelity lines in the two cases both reach over 0.998 finally

Figure 5 (a) Without considering atomic decay, evolution of the average fidelity for implementing ÛSWAP in
both cases of constant pulse (�0m/2π = 1 MHz) and the soft quantum control (�̄0m/2π = 2 MHz). (b) When
considering atomic decay, final initial-state-specified fidelity versus lifetime of the Rydberg state in both cases



Wu et al. EPJ Quantum Technology            (2024) 11:1 Page 9 of 14

with the same gate time, identifying the validity of implementing ÛSWAP for an arbitrary
initial state. Furthermore, it is noted that with the same gate time, the case of soft quan-
tum control shows a smoother average fidelity curve in the end, remaining near unity
for a longer while. More importantly, different from the case of constant pulse where
the Rydberg excitation process sustains throughout the whole evolution, in the case of
soft quantum control the evolution duration that involves the Rydberg excitation [see the
highlighted area in Fig. 5(a)] covers only a half of the whole gate duration, which will mit-
igate the damage of atomic decay to the gate performance. Concretely, when consider-
ing atomic decay, to see the damage of atomic decay to the gate performance, we plot in
Fig. 5(b) the effect of lifetime of the Rydberg state on the initial-state-specified fidelity of
implementing the SWAP gate at the corresponding gate time in both cases of constant
pulse and the soft quantum control, where the initial-state-specified fidelity is defined by
F(t) = 〈�i|Û†

SWAPρ(t)ÛSWAP|�i〉 with ρ(t) being obtained by the master equation in Eq. (9)
and |�i〉 = (|01〉+ |11〉)/√2 being the initial state. Obviously, the final fidelity of performing
the SWAP gate in the case of soft quantum control is always higher than that in the case of
constant pulse, but overall both of the two cases are insensitive to atomic decay because
even though the lifetime of the Rydberg state is τ = 50 μs the fidelity in both cases is over
0.994. For a Rydberg atom that can be cooled to T ∼10 μK, the lifetime of the Rydberg
state |r〉 = |70S1/2〉 is τ ∼ 400 μs, and the fidelity in both cases is over 0.997 with consid-
ering atomic decay. The insensitivity of the present SWAP scheme to the atomic decay is
much stronger than that of the SWAP schemes in Refs. [52, 53], which is attributed to the
undegraded fast dynamics and also the suppression of the doubly-excited Rydberg pair
state.

4.2 Enhanced robustness against deviations in interatomic interaction
In addition to atomic decay, the SWAP schemes in Refs. [52, 53] are also very sensitive
to the interatomic separation as well as interaction strength, because the doubly-excited
Rydberg pair state |rr〉 attends the evolution of two atoms. However, in practice it is very
difficult to strictly fix the interatomic separation because of imperfections in cooling and
trapping atoms. We can describe the interatomic separation by a quasi one-dimensional
Gaussian probability distribution with the mean (ideal) being d = 6√C6/V and the stan-
dard deviation being marked as σd [57]. In Fig. 6, we simulate effect of the standard devi-
ations of the interatomic separation on the initial-state-specified fidelity of implementing
the SWAP gate in both cases. Different from the SWAP gate schemes in Refs. [52, 53]
being extremely sensitive to the interatomic separation deviation where even σd = 2 nm
will decrease the fidelity to below 0.9, the final fidelity of the present SWAP scheme in
the case of soft quantum control is over 0.9 even when σd = 10 nm, which verifies that
the robustness of the SWAP gate against deviations in interatomic separation is signifi-
cantly enhanced. More intuitively, we define a relative deviation δV that changes the ideal
interaction strength between two atoms into V [1 + rand(δV )]. rand(δV ) is used to create
a number of random numbers within [–δV , δV ]. Then in Fig. 7 we show effect of relative
deviation in V on the initial-state-specified fidelity of implementing the SWAP gate in
both cases, which clearly illustrates that in the case of soft quantum control the effect of
δV on the SWAP gate is slighter. With δV < 0.5 the final fidelity can be over 0.98, indicating
great improvement of robustness against deviations in interatomic interaction over that
in Refs. [52, 53].
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Figure 6 Effect of deviations in the separation between two atoms on the initial-state-specified fidelity of
implementing the SWAP gate in both cases. Each point denotes the average of 201 results without
considering atomic decay

Figure 7 Effect of deviations in the interaction strength between two atoms on the initial-state-specified
fidelity of implementing the SWAP gate in both cases. Each point denotes the average of 201 results without
considering atomic decay

4.3 Potential applications of the SWAP gate on Rydberg atoms
Although it is proved that the platform of Rydberg atoms possesses the excellent scal-
ability [76] and arbitrary atomic structures may be assembled with a sufficient number
of atoms [77–79], it is still a tough nut to crack for efficiently entangling two atoms that
are separated remotely in the atomic array, because the interaction between two Rydberg
atoms are dependent of distance between sites. Here we show some certain potential ap-
plications of the proposed SWAP gate for avoiding the interaction between remote sites.

For an application in quantum computation, we consider the five-qubit error-correcting
code proposed by DiVincenzo and Shor [80]. In this kind of error-correcting code, it is
needed to execute CNOT operations between the (target) ancilla qubit and each one of
the five systematic (control) qubits, which would be hard to realize without crosstalk in
a platform of Rydberg atoms because of an unavailable structure of atomic layout. How-
ever, referred to the scheme proposed by Schuch and Siewert [46], we can implement the
five-qubit error-correcting code on the platform of Rydberg atoms with only the nearest-
neighbor interactions by combining the CNOT and SWAP gates (see Ref. [46] for details).
Accordingly, the proposed SWAP gate can facilitate quantum computation on Rydberg
atoms by rendering implementations of some certain error-correcting codes. For entan-
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glement swapping and quantum repeater, we consider the widely studied one-dimensional
array of Rydberg atoms, where the direct generation of entanglement between a pair
of next-nearest-neighbor atoms is difficult while the generation of the nearest-neighbor
atomic entanglement is straightforward [44, 56, 57]. Assuming that the four atoms, labeled
by A, B, C, and D, respectively, are assembled in order in a one-dimensional array, and the
atoms A and B (C and D) are generated in the Bell state (|00〉 + |11〉)/√2. Apparently, after
conducting the SWAP gate on the atoms B and C, the state of the four atoms will change
from (|00〉AB + |11〉AB) ⊗ (|00〉CD + |11〉CD)/2 to (|00〉AC + |11〉AC) ⊗ (|00〉BD + |11〉BD)/2,
which shows a operation of entanglement swapping between atoms B and C. In a similar
way, when only atoms A and B are generated in entanglement initially, through executing
sequential SWAP gates between atoms B and C, C and D, D and E, . . . , one can entangle
the atom A with a remote atom, which denotes the implementation of a quantum repeater.

5 Conclusion
We have proposed a superior mechanism for implementing the SWAP gate on ground-
state manifolds of two Rydberg atoms, which shows the undegraded first-order dynamics
and enhanced robustness to atomic decay and deviations in interaction strength between
two atoms, compared to existing schemes. By elaborately engineering amplitude modu-
lation of lasers driving ground-Rydberg state transitions, we figure out the effective dy-
namics involving constructive interference of maintaining the single-excitation states but
destructive interference of suppressing the double-excitation state, which not only reduces
damages of atomic decay to the gate fidelity but also enhances robustness against devia-
tions in interatomic interaction strength due to the absence of the double-excitation state
in the evolution of two atoms. In addition, the use of soft quantum control in manipu-
lating the SWAP transformation makes the parameters satisfy the rotating-wave approx-
imation better. The present mechanism of implementing a SWAP gate shows a method
of engineering fast dynamics and enhancing stability of Rydberg-atom systems, and to
some certain degree may promote ones to demonstrate high-fidelity transformations and
to explore peculiar dynamics in Rydberg-atom systems.
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2. Šibalić N, Adams CS. Rydberg physics. 2399-2891. Bristol: IOP Publishing; 2018.

https://doi.org/10.1088/978-0-7503-1635-4.
3. Saffman M, Walker TG, Mølmer K. Quantum information with Rydberg atoms. Rev Mod Phys. 2010;82:2313–63.

https://doi.org/10.1103/RevModPhys.82.2313.
4. Zhang Z-Y, Zhang T-Y, Liu Z-K, Ding D-S, Shi B-S. Research progress of Rydberg many-body interaction. Acta Phys Sin.

2020;69:180301. https://doi.org/10.7498/aps.69.20200649.
5. Saffman M. Quantum computing with atomic qubits and Rydberg interactions: progress and challenges. J Phys B.

2016;49(20):202001. https://doi.org/10.1088/0953-4075/49/20/202001.
6. Morgado M, Whitlock S. Quantum simulation and computing with Rydberg-interacting qubits. AVS Quantum Sci.

2021;3(2):023501. https://doi.org/10.1116/5.0036562.
7. Lukin MD, Fleischhauer M, Cote R, Duan LM, Jaksch D, Cirac JI, Zoller P. Dipole blockade and quantum information

processing in mesoscopic atomic ensembles. Phys Rev Lett. 2001;87:037901.
https://doi.org/10.1103/PhysRevLett.87.037901.

8. Wu J-L, Wang Y, Han J-X, Jiang Y, Song J, Xia Y, Su S-L, Li W. Systematic-error-tolerant multiqubit holonomic
entangling gates. Phys Rev Appl. 2021;16:064031. https://doi.org/10.1103/PhysRevApplied.16.064031.

9. Sun L-N, Yan L-L, Su S-L, Jia Y. One-step implementation of time-optimal-control three-qubit nonadiabatic holonomic
controlled gates in Rydberg atoms. Phys Rev Appl. 2021;16:064040.
https://doi.org/10.1103/PhysRevApplied.16.064040.

10. Liang Y, Shen P, Chen T, Xue Z-Y. Composite short-path nonadiabatic holonomic quantum gates. Phys Rev Appl.
2022;17:034015. https://doi.org/10.1103/PhysRevApplied.17.034015.

11. Li R, Li S, Yu D, Qian J, Zhang W. Optimal model for fewer-qubit CNOT gates with Rydberg atoms. Phys Rev Appl.
2022;17:024014. https://doi.org/10.1103/PhysRevApplied.17.024014.

12. Wu J-L, Wang Y, Han J-X, Su S-L, Xia Y, Song J, Jiang Y. Fast and robust multiqubit gates on Rydberg atoms by periodic
pulse engineering. Adv Quantum Technol. 2022;5(10):2200042. https://doi.org/10.1002/qute.202200042.

13. Omran A, Levine H, Keesling A, Semeghini G, Wang TT, Ebadi S, Bernien H, Zibrov AS, Pichler H, Choi S, Cui J,
Rossignolo M, Rembold P, Montangero S, Calarco T, Endres M, Greiner M, Vuletić V, Lukin MD. Generation and
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