Acta Physica Sinica

ETZE IRk EFMER R R T BN EE
RI=F

KR V2% b VI% 0 ek D2 mggge V2 kg V2 EE
H DD ppnk DDE g 12

1) (EBiRHR BB, K90 410073)
2) (BTE RN S BRI R4 B S, Kb 410073)

JekE A SR TR T R G R R TS B RS BRI G R Tl SRS
I E AP ARIASE, StBLEIL R 1R, P AN RS TIARKE, SRl SR
HORmvE, FEmleEsmaE T, FRIRR THIRIERE . 1250y S MKRE 8 Tl W) Be sl T A2 Hil e T
PRI ER 22, SR AMERT R IR T N AR PR RERY E BT o AR SOR F AR HE R 2 Sy B e A
S ADEA S s, A8 813.4 nm MRS E N BREVEAT T 3hAME, I B HEBCHME AT S LB S B
OSSR 1So = Py SHIRIIR SN A A dr . SERRW, AMEIS RGO A RO HR
93.3%, 'So—" Pr MARMALLAL T 242.3 kHz, JRTNEFGIERKE 2.90 5. FAGPRIES, 3K
FZEAME SR IR SR AR R I S R P S S 1 IR PR, D IR P s i R 21
M IR T T NSRRI T B B %

KR WIET, JoBk, BRZEAME, SRDGIES

PACS: 37.10.Gh,42.50.Wk,42.15.Fr,32.80.Pj

# [RSFTTEEE

+ #IH/E#E . Email: y.zhou@protonmail.com
1 HiN/EH. Email: shenyong08@nudt.edu.cn
11 #I/EH. Email: hxzou@nudt.edu.cn

* [ RPLERS (S 62275268, 62375284, 62475287) I T 4F Flap ik A KIH (#LiE5:20251J20063)

WE A R QTR (2023RC3010)  ERRHEA: H T RHIFEE 00 H 98 B i,



1 5 =7

ARk, [SATE SR ACEIEE (HIVEHE) T T RN TR T e TR
WEIOZLS TG 10, b, B AR R T A RS AT SR TR, SO
BT AL S vk 12, DABRIEIT M, S50E JTLA BRSTHRI-FIMBALZE SSSr Yot b ScBl T8
3 3EPAORET ], (28 Rk 96%, AIREEERE] 4.7 x 1070(7/s) "/ g 10, AL R,
Cao % \FIH 25 T HOR- HUEERT ], 16 *5St PTG 4 T 235 9 Akl FHARY GHZ 5,
Bell ZH{RELE1% 0.983(2); Endres HFEH PIECR 774 CZ [ TREUE 99.62(3)% (3 A B THRME, 368
WL T bR T AR AERR . AT e 051,

SRR R T AT R B B i, HUPE T A TR F OB BRE . RSB ST R
B 75 BRI S 6 SR B I RUEEAL AR (NA) 5%, 8 5% B 1 AU K 7 2 S B . 94
M, 5 NA Py B e DRSO, R A A e BT DA T R RIOEE, 231
BT CURERIS BEA 6 (0 Bk . BORMR 250V 1A P TR 100 55 T 5 BR L (PSF), Fe A%

PIgE, XAMBAI R E, SRR AT R 5 A .

R EAR R IRRTT SO SR E IR R 8L, SRR R BT S 3R B0 6 11 DA TAR PR b A k2= FiA b
f, MR SE BT AT ST AR BR PR 2000 AT, S P B AR B 5%, TR I, - LU X — 4 2
Bosot, JCIRERA R TAE S . AT gfEi i A PR i A ek Esh 5 AMIGIIRG A R 22, 7E4
PG R SCRR D ARART 2 R, RARMEZ AT . 2R ARG Re ) B AR R
G, Hill 5 AFH SLM 738G A T A 80N SR T, B P20 MRS T8, X HiME s
B L5 ARG R I T IR S b2 BOLe SRR IR, 224 10 0 P8 B B2 A M Bl U S 1 B A3
N EE A7 iy A T B S X LU PR A

ARSI T AR S B A5 AR LS R A, B SR 813.4 nm (%5Sr BEARBEK) JLEEH
HI 2 B 15 ARBRZEIATIHE, FIH 4F RG0S SLM MRS s, H RS E S80I DGR £
MM, BIEAMERCR . BB R °Sr PN TR, R FOAME RIS B T BT AN A 4R
Ao ASCHYSEIREE R RN, BREAMARA T RGOSR, JFh Ik 17 PHR S NS an ) il
Tt BRAREERIN AL IR TS R 22 AR I SR L TR SR A



2 IRFTHEERE

NE BAMEEAS B G IARERZE , FATITEE 145 8 IR AN S 3 A1 9T 5 | B8 B AT 2 28
B, dtEfE SLM S MERAR RN . Scsirh, AF AR RGERY B S AR 2 SLM i, SEBG ALY
BT AL . BEAh, AR 7 A S TP M L1 FBDEE, T AMERE R )
SERFAE. FTZEm, A Sr B TINEERS, 1ER—UE L HEHMERTE *°Sr BTRYINEERCR, PA AC
Stark SRS 1A 5 75 iy fet AL BR2E A MEXT A S P R A Bt

2.1 BOKREIME

YO B R AR, B REIEEN & 08 n WP T R E T Y SRR
[, drieg (PAR) 5150tk (MR) FE@ N UG ERFRE SRR Af. DA to = tanag = p/f
HASHAIEY) (p JoCREAb R ARRR, fONERER), KRR ¢ Hinfs 17

1
Af ~d— dn, 1—5(1—n§)t3+§(1—n§)%g = Afur, (1)

Hrf ny = no/n RHTHRAE, no NARBBRITHR (T no = 1), Afur ARAGANGICLN N

R (1) Feeptm-fim B RIAHAIER »(p). R Af SLEMAMMZEMLN op) = kin —
no)(Afmr — Afpar) [15}, RAJE1SH]

e(p) = %(1—710 [;2(1—717%) - i;(l—nf)ﬂ. (2)

B fieil, RGBT AR IR Zernike 205K 277 (p, 0) PEATIEA I IE S RIF PO, f P 5
PR R (PSF) ol ek X0 o L Ag e g

2

3)

PSF(p,0) = |]—" {exp l—ikchzﬁn(ﬂ, 9)1 }

Hor k= 2m /X L, e A% Zernike 3 RAYRZERLL. F5K (2) 5 Zernike Z I HIFRIERL 200
b p? WX T (defocus) M Z3(p) = 2p° — 1, (X5 IHEAR fLAL B A B ARFE T AL PSE HITEAR
M p* WXTWFBkZE (spherical aberration) i Z3(p) = 6p* — 6p* + 1. SLM ZR-TF 2 WML IR
(UREAMEE S FBEAR IR ZE 0 B, TIETA S8 AR AIRS . DRI, SEB P RRATIURCIE p* T, 220 p° T
JITRS 17 4 A Al A KR 7 o



2.2 FFNBSHERE

FAIVA B5Sr 7 a4, SERDEE IR 1 FrR . SR (St Oven) HBEE G, HIRE T 2 H

JEH (2D collimated beam ) FIZE S jki#as (Zeeman slower) JF AT A —4EREIERE (2D MOT), FiJ5

R 2= = 2ERePE (3D MOT) AP AT P H e All. —ZUR AR 461 nm FOE, WR 1S — ' P BRiE,

Repumper

EMCCD

Dichroic

Vacuum Cell

3D MOT beams

02 Glass

1

Zeeman

slower beam
2D MOT

cooling beams '

— | — TS

Bs Motorized
translation stage

M1

0
1:1 Optical path

2D collimated Pinhole 6

813.4nm
beam

SLM

B 1 SEgR e EDRE

Fig. 1. Optical path diagram of the experimental setup.
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Fig. 2. Images of focused spot slices under three experimental conditions. (a)-(c) are slices along the
optical axis (z direction), corresponding respectively to the three configurations: without window (No
Glass), with window before compensation (Glass), and after compensation (Glass-Comp). The scattered
points represent the brightness in the central region. of the xy image at each z coordinate; the smooth
curves are Gaussian fits, and the axial FWHM is indicated by double-headed arrows. (d)-(f) show the
radial spot images at the best focal plane (z = 0) for the three corresponding configurations; the
scattered points represent the brightness along y = 0 for each x coordinate; the smooth curves are
Gaussian fits, and the radial FWHM is indicated by double-headed arrows.(a)-(f) are each normalized by

the peak luminance in their respective images.
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b ARSCERI T SLM AR 8 nm, A FRIIR RS EOH R e W) _EJ B, ST 7esfg
FMEDHT BB T R AR 2E . JEHAE D AT A AR 2R RIS (WD %) , RERATIARIB
AR ZEHCA R P TR AF REMRTIEIRZE. A REEOR SLM Vi 5 Ee IS R A L, Lok
el ) AR [ PR B IR AR A 23 5 | ARSI 22 . =R BGHE S I iR 22 o« AMEERE O A TSR T o 11 R
d MR n IR, “HRESLEE AN (3) MITHELER. Hoh, SCRHORA CCD MR AR
FEMARVEA MR, CCD WA RSIESTERAMBR R R T (13 pm) HAXEHE FWHM Bl E5IA—E
MIARTE . Sia R, a5 R SLM. flifk 4F ZRG0XHHERS RE R 8 MG vk
T ARt A Bat— PR AR B AT SR R

3.2 RBRESWARMNXZRERRE

TN THEA WMEANTCAMEPIRG OL T H 350 T, FR AT e B DGR, WA B R 5 A
[ MOT SR, eI R R F . WP anE 3(a) Frn: BEJefiM 461 nm BOLIAT—Z0% Al
(Blue MOT), [NZ% R 2 1) 51 [ PR R IR R AN 2 mK &5, F6 6 TR B 587 689 nm JOtiHk
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FERHRIE T KA, T PeREELE I — Bt E] (Holding) . FTJF 689 nm FOEXHLE+H
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B 3 (a) JEEERE S IO A L e I, B T i 4006 MOT (BBR MOT) |\ ALK B4
MOT (SFR MOT) W4i5. (b) XEE sl BT MR I SO, L0 E S8 e P DX IR o6
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Fig. 3. (a) Experimental timing sequence for optical tweezer loading and fluorescence detection. The
abbreviations BBR MOT (broadband red MOT) and SFR MOT (narrow-linewidth red MOT) are used
in the figure. (b) A typical fluorescence image of an atom trapped in the optical tweezer. The region

enclosed by the red solid square is a 3x3 pixel area around the center of the optical tweezer.
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MK, HBEBIR . SLM RMBERZEAMZEI RN, SEAY BRI —RATSHENRL 37.6 mW, —ZAiTs)
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689 nm FOLMIAR (PRI A b 2= W IR, REMPRE) B2, AMERTECH PR T POLE 51
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I(v) = A/(1+ [”p‘/”;r) + B, Jip A IURIEIREE, ve o OBR, T ohkmass (FWHM), B Sl
% . MEHRAME 4(b) iR, TEAMER Vuncomp ~ —264.0 £ 7.4 kHz, JLIE(HZA 2206.1; SLM b
EJG OWeomp ~ —506.3 5.4 kHz, SEIEELIN 5057.6. FIRMIRAY + WUNIA o 2R LA Y 1o bx
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TREIPFRNE I T 48.1 nKo ERE RN BREMMEARUIKE TR X ED LR, S T HBHRE



(a) (b)

Uncomp

T T T T T
6000 | ® Comp

— Comp fit (Vcomp=-506.3+5.4 kHz)

W Uncomp

— Uncomp fit (6Vuncomp=-264.0+7.4 kHz)

m 1.0

5000
0.8

N
o
S
S

- 0.6

3000

Normalized intensity
CCD camera counts

N
=}
S
S

1000

~+\

- 0.0

-800 -700 —600 -500 —400 -300 -200 -100
Detuning(kHz)

Bl 4 (a) NREIBOCHRKER FRETIOCERE, 72 AWH5 I AR TokME (Uncomp) FIA #M
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MR . 2o, AE & RS G B (E R B AT IH—A4, BEZBERR 2 nm WHIR. (b) #OLE
RS R TIOGIEEN 2, WS EHUR S BIN Y ICkME (Uncomp) A #ME (Comp) AR5
JEIREE, i AR I G AR . AR AAHPLE DO THECRT, BEARFR ORI T S8 MR 1
Fibit, BE ARG LR ) O
Fig. 4. (a) Fluorescence images of atoms at different laser frequency detunings. The left and right
columns correspond to the uncompensated (Uncomp) and compensated (Comp). conditions, respectively,
showing superimposed fluorescence images from 10 actual measurements at detunings of —250 kHz,
—300 kHz, —350 kHz, and —400 kHz. The images in each column are normalized by the peak intensity
within that column; white line segments indicate a 2 pum scale bar. (b) Curves of atomic fluorescence
intensity versus laser detuning. Blue and red scatter points correspond to the fluorescence intensities
under the uncompensated (Uncomp) and compensated (Comp) conditions, respectively, and the smooth
curves are Lorentzian fits. The ordinate is the sum of fluorescence counts from the camera; the abscissa
is the laser frequency detuning relative to a reference frequency. The vertical dashed line indicates the

center frequency obtained from the fitted curve.
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JE-FAEBE A N AR 2 a2 A i A AARCR R B AR . e T e N A E RN E A W
SRR S B0 B, RO ORI RS IR S I, SEBRROEAT R G F R LA Sisyphus
KEAIEVESN

il B2 NI AR SR 1508 512 TA) A Sl A 2 52 T JL 1 5 e i B 22 3R 2 — . Bjorkholm
TSR, X T B L RGBT, R 2k 5 o s AR AN S e, W A B
TESCELAS BRI, SR AR P SRRSO B R M R R ) ) 3l U 5 S O R S A T
Savard 454t , SREMEFTE 2wiap Ab. FRITHEIENTE wrap AIEIRMAEIE TIEE (Wi = o/ M HIET
TEBE ARG, ko NEERE, EWTRENTEER) , SECPRERIEEK P20, Eat
SO CHE N S5 M RS B RS WD TR A R K. LA, BVESEERRO IR, R TR
WA T, BAHO, PISHETES Do = T [Uaip| /RIA], SHRFBIE PO, [NEERRZHUS, S001T
Ff 689 nm A= L& SOOI IARE K 1 S0 —> Py BRIEHATIOLG . #E 813.4 nmOLEE N, HAS SRS
RZHW acfa, = 355/286 ~ 1.24 P9 R [Uaip| = ol /2e0c AIHI, A SHBHLESHEY 24%, X M5
J124 Sisyphus WAMRME T 40F: TR (EBF) Wl 689 nm ST ERE BHUAS (HPF) W, FFIETt
HHFEEDARMESREZS, THAEE AR IRMR MBI RS AR, SEHEA A 220 B
(-2 B B/ IE L TR S SR w., Sisyphus W AIBCREEBHAR TS . Mo, SET b, %
AR N s P 22 3 RS 46 DR 3 2 5 R SR I BT ) E R 091 Sisyphus Y2015 U In#isE
G, HFEPE T R TAAHRAIOCE SRR

SEE R, FATTRA 689 nm 7= 28 SEROE R 4 215 5 UG, WO MR E TE TEAME (Vuncomp ~
—264.0 kHz) FIHHRME (0Veomp = —506.3 kHz) HYIARIAAL, WILMSHE 100 ms. M 100 ms FF4GEZEH
B IOEERINZE ] (Holding time) , JEHEGHR BEHEIN SRR AEAL . AMETEEER PR THOLE A
[F] IR A5 ERF ] 1 B3 43S B ) B PR AN ] 5(a) BT o DARBICE TR 1(t) = Aexp(—t/7) + C $hETR
FEER M2, b A CHRERIRIE, T ORI R (RY/e Frdr) , C NITSHWFS. 45K 5(b) Br
Ny TCAMER Tuncomp = 799.9 £ 310.5 ms, #MEJT Teomp = 2317.6 + 854.9 ms, HHAAHHE B AIUA T
ZEREMELR RN Lo FRiEIRZE . BREAME SR TINSE G Gt T 2 2.90 f, HAMEHIS AR 1o BiEX
15350 [489.4,1110.4] ms F [1462.7,3172.5) ms, FUITEHES, RUBREAMEAEGS K FAEREER T
JEFTEB P N AR A fir . INAE A i R 5T 2 AN U TRER IR - (1) RSB R T a2 | T
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P& HZ S R TP R AT — b, LB 2 nm HHIR. (b) JeBiIN AR )5 J5 1ok
JEX R I ZR , M8 0 S5 21 OB AR Y ek (Uncomp) FIAHME (Comp) ZMFFIH—AL5RAEZ, i i
LONPRECEA A AR . AR N AME RIS PR 124 A IO E R R E A T IH — AR IA— A5, A
ARBR AN BRI ], B EEAARE ARMTR 1/e Fify 7
Fig. 5. (a) Fluorescence images of atoms at different trapping times. The left and right columns
correspond to the uncompensated (Uncomp) and compensated (Comp) conditions, respectively, showing
superimposed fluorescence images from 10 actual measurements at trapping times of 100 ms, 1000 ms,
2000 ms, and 3000 ms. The images in each column are normalized by the peak intensity within that
column; white line segments indicate a 2 pm scale bar. (b) Curves of atomic fluorescence intensity versus
optical tweezer trapping time. Blue and red scatter points correspond to the normalized intensities
under the uncompensated (Uncomp) and compensated (Comp) conditions, respectively, and the smooth
curves are exponential decay fits. The ordinate is the normalized intensity, where the data for the two
conditions are each normalized by their respective peak fluorescence intensity; the abscissa is the

trapping time. The vertical dashed lines indicate the 1/e lifetimes 7 under each condition.
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Trapping Enhancement of Strontium Atoms in
Optical Tweezers through SLM-Based Spherical

Aberration Compensation

LIU Tongyanl)Q)# CHEN Hangl)Q)# ZU0O Shaolonglm TANG
Xiaokanglm SONG Shangningl)z) ZHOU Yongzhuangl)Q)T SHEN
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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

410073, China)

Abstract

Optical tweezers for neutral atoms are a core platform for quantum simulation and precision metrol-
ogy. In such experiments, tight laser foci are often generated with objectives of high numerical aperture
(NA) through a vacuum window, where spherical aberration is inevitably introduced. This aberration
in the wavefront stretches the focal light field, reducing the peak intensity and gradient, thereby degrad-
ing the trapping performance. Conventional solutions mostly rely on custom-made objectives or pro-
grammable wavefront-shaping devices to correct the aberrated optical field. However, to our knowledge,

no quantitative experimental comparison has been made regarding the atomic transition frequencies and
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trapping lifetimes before and after the wavefront compensation. We demonstrate active compensation of
the window-induced spherical aberration at the 813.4 nm magic wavelength of #Sr using a standard com-
mercial microscope objective (20X, NA = 0.4) combined with a phase-only spatial light modulator (SLM),
with the phase mask analytically determined from the wavefront phase retardation of the 3.0-mm-thick
fused-silica vacuum window. A 1:1 auxiliary optical path is constructed to quantitatively characterize
the three-dimensional focal field before and after compensation. Trapping improvements are evaluated
through the 1Sy,-3P; transition frequency and the lifetime of the trapped atoms. Our results show that
the axial and radial full widths at half maximum (FWHMSs) of the spherically aberrated optical trap are
significantly compressed with the correction phase implemented, and the effective intensity fraction is im-
proved by 93.3% relative to the uncompensated case. At the atomic level, the 'Sy P, resonance frequency
is further shifted to the red by 242.3 kHz after compensation, corresponding to a trap-depth increase of
48.1 nK. The 1/e trapping lifetime is extended from 799.9 ms to 2317.6 ms by a factor of 2.90. These
results show that spherical aberration compensation significantly restores the focusing quality of the opti-
cal tweezer and increases the trap depth, suppressing atom escape losses and heating, thereby improving
the trapping performance. This work provides a quantitative atomic-level evaluation of vacuum-window
aberration compensation in optical tweezers, and offers a useful reference for related quantum information

research.
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