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Fig. 1. Schematic diagram of the optical path for a 4Pi optical tweezer.
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Fig. 2. Polarizabilities of the 1S, and 3Py states of 37Sr atom.
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Table 1. Polarizabilities of 87Sr 1S, <> 3P, transition at 813.537683 nm
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Fig. 3. Distributions within a half-wavelength region around the focus of single-objective and 4Pi optical

tweezers: (a)(b) intensity I in the zy plane; (c)(d) degree of circular polarization £ in the zy plane; (e)(f)

1, &, atomic probability density P, and harmonic oscillator ground state width o, along the z-axis.
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Fig. 4. Distributions within a half-wavelength region around the focus of single-objective and 4Pi optical
tweezers: (a)(b) intensity I in the xzz plane; (c)(d) degree of circular polarization ¢ in the zz plane; (e)(f)

I, &, atomic probability density P, and harmonic oscillator ground state width o, along the z-axis.
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Fig. 5. Distributions within half-wavelength around the focus of single-objective tweezer-and 4Pi tweezer
in the zy plane: (a)(b) distribution of scalar plus tensor light shift; (c)(d) distribution of vector light

shift.
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Fig. 6. Distributions within half-wavelength around the focus of single-objective tweezer-and 4Pi tweezer
in the zz plane: (a)(b) distribution of scalar plus tensor light shift; (c)(d) distribution of vector light

shift.
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Table 2. Calculated clock-transition light shifts for 87Sr in single-objective and 4Pi optical tweezers

‘ HLY B APi W BDLEE
PRI AR ; ;
YME p/mHz FrifEZE o /mHz x(;OIiOIS WME p/mHz FR#EZE o/mHz onliols
bR+ ik & 0.593 0.718 1.67 0.0728 0.114 0.266
£, 33.2 40.6 94.6 1.44 x 1078 126 x 10715  2.94 x 10~¢
MR 33.8 41.3 96.2 0.0728 0.114 0.266

M 2 AL, BAMPEE T R OGRS AR EZE N 41.3 mHz, #9°% 87Sr ShERITE AR TERY 40 £, R
HIXSABERE R 9.62 x 10717, RUPDEIHRS A SIHET | ARIRI A E R E 15 10710 g, Kb sE
PRERATAE TR T . Horh, REDEHREIARIEZE N 40.6 mHz, Z5EIRE s AR SR 250 M2
&, AP R SRR R SR T ALE], KRB RO PR HEZE I H] 2 1.26 x 107° mHz,
JeHRehRiEZE 0.114 mHz P BELI PR PRAT R G- S B 5 KB A, X W BRI AT XA
HiE L 2.66 x 1071, [HIL, 4Pi JeBkH gesiRe s A B RE i 4 58 m] 2 AT, AN FE ] 29 HA T
P

3

7

B LR PART UL T AR RN AP BRI M F AL Ay 211, (HAESEPRICRiE =, Ot

ZEXTEAGRMEN, FA12%5 M 4P1 AT SHEROAR i e AR EE R AR T, SRR T SR AN
Bier S A% 5 nm ST, HXT BRSO QN 3 s .
%3 AP WBTFE R A [ (RS 5 nmOt B ERIE GRS A 5 Wi PEA
Table 3. Evaluation of the impact of 5 nm focal shift in both radial and axial directions on

clock-transition light shifts

e (frirZ — HAR)

BRI RS . .

B/ mHz  {E /v (x10718)  FRUEZE/mHz  FpifEZE /vy (x10718)
Frg -+ k& 0.002 0.004 0.003 0.007
R 0.011 0.025 0.136 0.317
RIS 0.012 0.028 0.065 0.151

MR 3 AL, SIAXERZES, BRI SARMEZEIT A BT R Feil@ R BeiRg, Tl
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RN e 4, HOR B BRI AR N AN 1 BE B SRy BRAE RS DL R a2 ETFE 317 x 10717, F5K
BOEIRE S R A A BRI A A E BERIN T 1.51 x 10719, gE— a1, AE 5 nmiR2ENEE N, K
RELI ARSI ER 2/ N T e w2, Bl mEmz (0.012 mHz) /N TARiE2E R 2
(0.065 mHz) o [AliF, XFHERZET AR B CHTRE AR ME2E i 25 th /T BRATORH IR ph JBE A e B A kG 88 R i
B B AR ERE (0.114 mHz) . XKW, (EMRETE N, BY BRSO BRITE LR 5N T
H B A0 e AN L B 5 T A4 [ A BRSSP R R S e . M RT I0L, AT B By S8 e ik
9.62 x 10717 AAIXEAHEERE, 4P JCHRAE S b TRERZE VTR AT RERF AL 5 | A B B BROE A X AN 5 2
JHIAE 10710 g, HAEMAISCG S ph B R, AR R B2 IR T L) B KA s BB R 5 2 e it
SKEDEIR IR A, MAETRDZE, ST T R SR,

4 i

ASCE R R B AL A P 2R TR AR S RETEM A, SE0 1 APT JRAEM BN 7 R RS I
k. IES YIRS APT B BDCEOEIARA, 456 TSr MERE MR . BELIEK, SRR T
FYEEE FOCATTRS Y Dl P 23 1R) AN 20 P S R BRI i LR S . T ER AR, AP M Bl X ) ) B
M T, R R PR aie ik, R RS KBRS R AR, B hnEZEpe =
0.1 mHz &5, WRYE RIEM=E0EG, X ARSI E R 1071 B, BRI T RS
T Besh, AP MZUR ) sRAG K, T RS R R BIRY 1/3 ~ 1/4, HIREAFEBPFR TR EA
SR . AT AR T PR TAEEE R R C R SOMER, e SR TR T 8 1 i
AU ATE A A A R S ) B TR, SR T RIS IR R TSRS, oo
¥R T Bl A8 DT S A AR R A B AT, BRI SRR RIS 50% FOARRR; [N, gk
TGS T ARG, HA R0 T RIA S AEFHMIC, ToHMmse oM 7 2 iRiE, B
THEAEFE XA TR TP, EaRRFPERE AP1 SEBIES MO K RS EOER . YRR TR A R T
RS
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Research on the light shift uncertainty suppression

method of fermions in optical tweezers*

CHEN Hang)?#  LIU Tongyan!?#  ZUO Shaolong!)?) TANG
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1) ( College of Science, National University of Defense Technology, Changsha 410073, China)

2) ( Hunan Key Laboratory of Mechanism and Technology of Quantum Information, Changsha
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Abstract

Optical tweezer arrays combine the scalability of optical lattices with the single-particle control ca-
pability of ion traps, making them a promising next-generation quantum platform. For fermionic atoms,
however, the tight focusing by high-numerical-aperture (NA) objectives introduces substantial polariza-
tion gradients, giving rise to spatially inhomogeneous vector and tensor light shifts and thereby degrading
coherence. To address this challenge, we introduce a 4Pi focusing configuration. Taking 37Sr as a represen-
tative fermionic species and employing the Richards—Wolf vector diffraction theory, we develop detailed
optical field models for both single-objective and 4Pi dual-objective tweezers, and calculate the spatial
distributions of clock-transition light shifts under the magic-wavelength condition. Our results reveal that

in the single-objective tweezer, the axial electric field component generated by high-NA focusing induces
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a pronounced position-dependent degree of circular polarization. This yields a vector-light-shift standard
deviation of tens of mHz—approximately 40 times the natural linewidth (=1 mHz) of the ®7Sr clock
transition—severely limiting coherence. In contrast, the 4Pi configuration, via destructive interference of
the two opposing objectives, strongly suppresses the axial field component and maintains a purely linear
polarization throughout the trapping volume. Consequently, the spatial standard deviation of the total
light shift is reduced by three orders of magnitude to the 0.1 mHz level, far below the natural linewidth,
corresponding to a fractional frequency uncertainty of 107!°. The residual broadening is negligible for
clock-transition coherence.Furthermore, the 4Pi scheme provides tighter axial confinement (ground-state
width reduced to 1/3-1/4 of the single-objective value) and requires only half the incident optical power to
achieve the same trap depth. This work overcomes the key obstacle of polarization-induced inhomogeneous
light shifts for fermions in optical tweezers, unlocking the inherent advantages of fermions over bosons—
including Pauli-blocking-enabled single-atom occupancy without additional cooling steps and the ability
to drive clock transitions without a large external magnetic field. These advances pave the way toward
high-coherence fermion tweezer arrays for quantum precision measurement, scalable quantum simulation,

and fault-tolerant quantum computing.

Keywords: optical tweezers, fermions, light shifts, 4Pi focusing system
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