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Fig. 1. Schematic diagram of a system of two two-level atoms with dipole—dipole interaction. (a)
Effective three-state structure driven by laser fields; (b) after the Morris—Shore transformation, the
original three-state system is decomposed into a decoupled dark state and an effective two-state system.
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Fig. 5. Effect of open-system environmental noise on the fidelity. Final fidelity as a f{Action, of the

dimensionless spontaneous-decay strength T'ro and pure-dephasing strength vy{a@\vht Somposite

pulse-pair schemes using (a) pulse sequence M1 and pulse-area condition.cdl (Mledl), (b) pulse
sequence M1 and pulse-area condition c¢d2 (M1cd2), (c) pulse sequence M2 and. plse-area condition cdl
(M2¢d1), and (d) pulse sequence M2 and pulse-area condition cd2 (M2¢d2). Infidelity as a function of
the pulse-area error for (e) I'rg = y79 = 2.6 x 10~* and (f) I'ro = yr9 = 0.8 x 1074,
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PO P75 58 b R B0 AN S B R GE AR P T M2 91 B ARt P 2R 496 v v B A o 1 ko T AR R 22
ZERLHE I, (EELARAK I R P )R 2 R S Y S () R MR 7 BB PRI, TEAFAE SR B M P 1) S B BT
STk ) )R O A R B2 SR A dat P AR 6 P RS il R 22 AR BE T, 38 13 2% P HL A T s ) e
R B A IR AR A T R AR
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3.4 Wig

SO, SOCHTIR RS e 52 Fr 5L 00 A HE ERZE R R, A ST AT ko IR RS (R R A A IR T
TR, IR RZER L MS AR AR S A R, Hody, SO T RIERBIR |9) 5 |e)
Sy EEZ B AR XAR GZPC R, B HE I S So S A PEAN TR A2, IR H A Bell 254 &5 SOMURE. AL,
S LI W A S PRAERUE T IR A AEAD I (IR E . AERUE T ARSI R BRI T, BT RiEA
KR MS SEIE S AR EEAR G, H & (5o 2 125 8] i BAR L IR A2 0y SR Ukl A 5 AP 2h
J12ERAOL I BRI A CRELRE. 24 Bt SR /N T kb ATy ST, T 388 Ao AR A v R 57 468 X3 2 A M
SR, 24 S K 35 b Aty S nT EE AR, NI RT k2 R ) 8 [ B4 ] P T R R 22 R R iR 22 R
B ka4 149461,

b IR PRI R 52 IR 14 7 MR, S B A 2% ] 8085 ) 10 DRELRE S 5 52 A 4 IR IR L RERICR AR Al
RZEILFIR G RS E TR R, S OREP IR JE TE 2055 107° = 107 RguRds, HiRETEg
FOLTH . BRI . B A ERAE T A R P A ARG 1 R R, BT AR
R BE AL 1y 2 28 1] R T DASE AR 5 SE I PR, (H PR RS R o (RSB DA B O GAm 2 Al ik i Mg
2 BB PR 3% 5557 S SRS SR R B T e PR 2 T A AN (SR Oy S AR T3l 02 T ik
B PRI H AR, B R HAEAT R A 45 P 7] Ay ok 32 B il SR 22 PR R M P A — E AR 2

MIX— R, A 3057 S R R B BHE DA T LA . AR i LI 2 e B T, H
PX A Bell A5 mT iy AT st i B PEAfE PR 4. FE St B L, ATy SRR ko B £F, i
STIRAP ZE4 PRI AR, PRIEA TG 20 I8 AR A IAAF; A P I 1) 3 252 3 ko gty S A - (Al
AR FESREG I R L R 2. FEEEME T I, MS Ao e =25 R G0 H i S ] a6 T AL A L
T TR PR BRI AL FEBCERRE BT IS A ks, AT DAZR GE A i kb v AR DR R EUEE A

.

4 %

ARICHEFE TR T RGP K Bell HIataA it 5 8k ml &, il MS 2848, MG 1T H s
Bell Z5ifil & (4 Bk AR A& 0. BUESR RN, WALk B AF S n] SeE H Ak Bell 2500w fRE I %, B
O NI Bl S 2 A AR AN R B S S B HLHIAFAE R 22 5. B B it et D5 S50 ke T B R 2 AR 1)
R, AT PR AR A ko T3 58, R AN S ARG A A ki 81 SE BN IR =S R G IR E I R
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Geamdl, IR T H RS R R BN, A SCTAENIGH R Bell SHmRE. St H SRt T —
FOARAT PR ERIE T 58, FFOARH KSR 1 R S it T A R BEiE 2%
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All-optical robust generation of two-excitation Bell

states in a two-atom system™

GUO Yu LU Gengbiao FAN Libao!

( Hunan Provincial Key Laboratory of Flexible Electronic Materials Genome Engineering,
School of Physics and Electronic Science, Changsha University of Science and Technology,
Changsha 410114, China)

Abstract

High-fidelity generation of entangled states is a central task in quantum information processing. In this
work, we propose an all-optical analytical and robust scheme for generating two-excitation Bell states in a
two-atom system with dipole-dipole interaction. Owing to the interaction-induced splitting of the collective
single-excitation states, the relevant dynamics can be restricted to a cascade-type three-state subspace
under frequency-selective resonant optical driving. By applying the Morris-Shore (MS) transformation, the
original three-state dynamics is decomposed into an effective two-state bright subspace and a decoupled
dark state, which provides a transparent physical picture for the state-preparation process. Based on
this reduced description, the pulse-area conditions required for deterministic generation of the target Bell
states are obtained analytically. Numerical simulations confirm the validity of these analytical conditions
and show that different pulse-area conditions can all lead to high-fidelity Bell-state generation. However,
they correspond to distinct dynamical pathways and different degrees of intermediate-state participation.
In particular, the pathway with weaker intermediate-state population exhibits better intrinsic tolerance to

pulse-area deviations, whereas the pathway involving stronger cascade transfer is more sensitive to such
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errors. To further suppress control imperfections, we introduce a composite pulse-pair scheme by mapping
the robust preparation problem in the original three-state system onto a robust rotation problem in the
MS bright subspace. The results show that the composite pulse-pair scheme can significantly broaden
the high-fidelity error-tolerance window compared with the single pulse-pair scheme, while preserving the
intrinsic robustness difference between different dynamical pathways. This scheme therefore combines
analytical controllability with enhanced resistance to systematic pulse-area errors. The present study
provides an error-resilient route for the all-optical generation of two-excitation Bell states and may offer
useful theoretical guidance for future experimental implementations in interacting neutral-atom systems
and other optically controllable quantum platforms.

Keywords: two-excitation Bell states; composite pulses; Morris-Shore transformation;
pulse-area conditions
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