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Table 1.  Summary of the main symbols used in different levels of the model. To avoid confusion among different model

hierarchies, the definitions of the main parameters are listed here.
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Fig. 1. Schematic of the physical model and Rydberg blockade for two 17'Yb atoms: (a) Two atoms are independently trapped in op-

tical tweezers with separation R; (b) two-photon ladder excitation from the nuclear-spin qubit state to the Rydberg state via the in-

termediate state |e) , with single-photon detuning Ap ; (c) illustration of the Rydberg blockade, where the van der Waals interac-

tion shifts the doubly excited state |rr) by V, thereby suppressing the second excitation.
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Fig. 2. Control pulses and population dynamics for the STA
scheme: (a) Time dependence of the effective two-photon
Rabi frequency £2(¢)/2r and the detuning A(t)/2w,
where the detuning remains zero throughout the process;
(b) population evolution of the main states, where the blue
dashed, red solid, and black dotted lines denote |G) = |gg) ,
the target Bell-type entangled state |B), and the doubly
excited state |rr) , respectively.
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Fig. 3. Final-state fidelity as a function of the initial two-
photon detuning g, . The horizontal axis denotes dgpp /27
(MHz), and the vertical axis denotes the final-state fidelity
of the target Bell-type entangled state. The results show
that, within the parameter range considered in this work,
the optimal operating point is located near dopp/2m =
0 MHz . Therefore, this resonant working point is adopted

in all subsequent numerical simulations.
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Fig. 4. Numerical validation of the target Bell-type entangled state preparation in the full model with dissipation: (a) Time evolu-
tion of the target Bell-type entangled state fidelity, where the black solid line denotes the effective two-level model, the red dashed
line denotes the full two-atom three-level model without dissipation, and the blue dash-dotted line denotes the full open-system
model including the intermediate-state decay and finite Rydberg lifetime; (b) time evolution of the main populations in the full
model, where Ps, Py, and P. denote the target Bell-type entangled state population, the doubly excited Rydberg-state popula-
tion, and the total intermediate-state population, respectively. The results show that the final-state fidelity exceeds 0.9999 in the

full model without dissipation and remains above 97% in the presence of dissipation, while both Py and P, stay at very low levels

throughout the process.
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Fig. 5. Fair comparison between the conventional adiabatic protocol and the present STA protocol: (a) Final-state fidelity of the

conventional adiabatic protocol as a function of the total evolution time 7,4 in the absence of dissipation. The dashed line denotes

the target fidelity threshold F = 0.99, corresponding to the required duration T,g = 8.79 pus; (b) comparison of the final-state fi-

delities between the two protocols in the open-system case. Here the STA duration is fixed at 7" = 1.00 ps, while the adiabatic dur-

ation is chosen as Ty = 8.79 us. It is seen that the STA protocol consistently maintains a higher final-state fidelity as the

Rydberg decay rate I7 increases.
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Fig. 6. Robustness analysis under different experimental imperfections: (a) Final state fidelity as a function of the relative error of
Rydberg interaction dv ; (b) final-state fidelity as a function of the Doppler detuning; (c) final state fidelity obtained by Monte
Carlo averaging under finite laser linewidth, with error bars representing the standard error of the Monte Carlo average.
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Fig. 8. Presents the robustness analysis of the proposed scheme under two types of nonideal effects that are closer to realistic experi-

mental conditions: (a) Under asymmetric atom—laser couplings, the final fidelity of the target Bell state and the leakage to the anti-

symmetric singly excited state are shown as functions of the asymmetry parameter e, where $24(t) = 2(¢)(1+ €)

and

N2p(t) = 2(t)(1 —€); (b) under a time-dependent Rydberg interaction, the final-state fidelity is plotted as a function of the modu-

lation depth 7, using the model V' (¢) = Vp[1 + nsin(2wvt + ¢)] , with results shown for two representative modulation frequencies.
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Fast preparation of Bell-type entangled states between the
ground and Rydberg states of neutral '"'Yb atoms based on
shortcut to adiabaticity via invariants

WANG Xiaofeng |

(Department of Physics, Taiyuan Normal University, Jinzhong 030619, China)

( Received 13 March 2026; revised manuscript received 9 April 2026 )

Abstract

Fast and high-fidelity entangled-state preparation in neutral-atom Rydberg systems is of central
importance for quantum information processing, yet conventional adiabatic protocols generally rely on long
evolution times and are therefore susceptible to decoherence and control imperfections. In this work, we propose
a shortcut-to-adiabaticity protocol based on Lewis—Riesenfeld invariant inverse engineering for the rapid
preparation of a symmetric singly excited Bell-type state in a two-atom 17'Yb Rydberg-blockade system. The
target state is the ground—Rydberg entangled state |B) = (|gr) + |rg))/v/2, which is generated from the initial
state |gg) .

Starting from the original two-atom three-level ladder system, we first perform adiabatic elimination of the
intermediate state under the large single-photon detuning condition and further reduce the dynamics to an
effective two-level model in the symmetric subspace spanned by |G) =|gg) and |B). In the strong Rydberg
blockade regime, the doubly excited state |rr) is far off resonance and contributes only as a higher-order
leakage channel. On this basis, an analytical control pulse is derived by reverse engineering the Lewis—Riesenfeld
invariant. By choosing a constant auxiliary phase B = —=/2, the general invariant-based control relations are
simplified to a resonant shortcut protocol with vanishing effective detuning. A quintic polynomial ansatz for the
auxiliary angle 6(t) is then adopted to satisfy the boundary conditions 6(0) =0 and 6(T)=m, yielding a
smooth single-peaked pulse with zero initial and final amplitudes, which is favorable for experimental
implementation.

Numerical simulations show that, for a total operation time of 7= 1 ps and a Rydberg interaction strength
of V =2r x 120 MHz, the effective two-level model yields a final fidelity above 0.999 for the target Bell state.
The required peak effective two-photon Rabi frequency is only about 2w x 0.66 MHz, indicating that the
protocol can be implemented with relatively weak driving fields. To further assess the validity of the reduced
model, we verify the protocol in the full two-atom three-level system. In the absence of dissipation, the final-
state fidelity exceeds 0.9999, confirming the accuracy of the effective-model description. When the spontaneous
decay of the intermediate state and the finite lifetime of the Rydberg state are included through a Lindblad
master equation, the fidelity remains above 97%, demonstrating that the protocol retains good performance in
the open-system setting. During the entire evolution, the intermediate-state population stays at the 1072 level
and the doubly excited Rydberg-state population remains at the 1075 level, which validates both the adiabatic
elimination and the strong-blockade approximation.

For a fair comparison with a conventional adiabatic protocol under the same peak-driving constraint, we
find that the traditional adiabatic scheme requires a much longer evolution time of about 8.79 ps to reach a
fidelity of 0.99 in the ideal closed-system case, whereas the present shortcut protocol completes the state

preparation within 1 ps. Owing to the shorter operation time, the proposed scheme significantly suppresses
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dissipation-induced loss and outperforms the adiabatic protocol in open-system dynamics. In addition,
robustness analyses show that the protocol is tolerant to experimentally relevant imperfections, including
driving-amplitude errors, detuning offsets, interaction-strength fluctuations, Doppler shifts, laser-linewidth
broadening, atom—laser coupling asymmetry, and weak time-dependent modulation of the Rydberg interaction.
These results demonstrate that the proposed Lewis—Riesenfeld invariant-based shortcut protocol provides a
fast, robust, and experimentally feasible route for Bell-state preparation in 'Yb Rydberg neutral atoms. The
generated ground-Rydberg entangled state can further serve as a useful resource for subsequent state mapping

into long-lived logical qubit subspaces and for scalable quantum-information processing.

Keywords: '"'Yb neutral atoms, Rydberg blockade, shortcut to adiabaticity, Lewis-Riesenfeld invariant,

preparation of Bell-type entangled states
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