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Fig. 1. (a) Level scheme for EIT cooling of a single cesium atom; (b) steady-state excited-state population
Pee versus normalized probe detuning A,/I" for an ideal closed three-level model with I'y =T’y = I'/2,
with an enlarged view near the dark resonance in the inset; (c) steady-state mean phonon number 7y,

calculated from Eq. (14) versus motional frequency w/27 for ideal EIT cooling.
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Fig. 2. (a) Experimental setup for EIT spectroscopy and cooling of a single cesium atom in an optical
dipole trap; (b) generation of the EIT optical fields, where EOM denotes an electro-optic phase modulator,
Etalon a Fabry—Pérot filter cavity, and AOM an acousto-optic modulator; (¢) experimental sequence for

single-atom EIT spectroscopy; stage widths are schematic.
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Fig. 3. (a) Single-atom EIT resonance spectrum characterized by the effective net decay rate 44 = 1/7.
The data points are inverse lifetimes measured at different detunings. Error bars show rate standard errors
obtained by first-order propagation of the lifetime standard errors. The solid line is the rate curve obtained
from a weighted fit of Eq. (16) to the original lifetime data. The inset shows the internal-state population
decay at d2/2m = —10 MHz, with a fitted lifetime of (3.38 £ 0.48) ms, where the uncertainty is the
parameter standard error. (b) Release-recapture probabilities after PGC (purple) and EIT cooling (red),
fitted using the same Monte Carlo model and binomial likelihood. ‘Error bars show binomial standard
errors of the measured probabilities, with variances evaluated at the best-fit probabilities. Temperatures
are (17.55 £ 0.84) pK and (8.98 + 0.44) pK, with standard. errors calculated from the joint temperature—

amplitude covariance matrix.

WA RERS A SR S AR ARG EAFAE , (BSEHRIE —E . L, ASCEEA AR Rt
PROZEMTELAE R . BUEHUNZN Ree = Dol s MG Y A SRS 5C B s m R 2 [ YA AL
HBI AL, sz BRI Sehinz SBHRR SRR . L, A R B R B 70 SO
HFHTR



Ve ISR Ve A SR VE BCANAT IR I i) Y R0 AR RE o 19K B 1SR R T Bl AR AR
Wk, BRI 5 BERAEAR A, (e S AR AR M BT o RN I e R v AR, S IR T AR A
). ARLIGSHCE , SR LN 48.3 kHz, Falrfem B 52 kHz. BRAE = REGUBTALAL SRR, 72 RAT 0%
R BRB AT, OGR4 2 R EGNA AL, 5 10 ms /E R WEEE) 09 IR ARHIAT .
AR ER AN FE S50 G A /27 = 14.5 MHz, Q. /27 = 20.17 MHz 1 Q, /27 = 5.00 MHz. &
NI BT RIS RIRE SR 1) 3 A R T RS AT A B BO RS, AITTEA PR e A2 BT W s L S Ak
PR, 3K (8) 135 0p/2m ~ 5.42 MHz, s KR P, DRI 4SO R AR 0 20320 D BC 46 F
RIS R EOE 7208, HFFAOE IR R IL IR IS4, LA, /2m = 42.5 MHz, Q. /27 = 2.85 MHz
1 Qp/2m = 0.30 MHz,, 3X—SEPEHITUR AT SMECH IR R TERCH T2 . B 0p /27 ~ 48.3 kHz,
PR B 52 kHz, A TR DA SR . fEXASHN, RAH R RSB i, fEm it
PRFFIEZY 50 kHz SR NFHRAOE TR %G N [44) SA B ERMFAED, SCR e il
/N AL EAE VR A TAE R I RIS B AR HE 52 A5 A0A% -5 2 1] EAL ) PE I 4% (P8 B o

5 R SR R R AR Ty R I 2, AnEI3(b). PGC Bk 10 ms EIT B EIS5H G, K HARHIERM
1064 nm B, BT H HEARIE te, BESFOFOTBERRIZ A EER . IR REA GRS
SRS RS . R SR RIS T AR PP R . AP IRAT LT, AR 4 IR B RN B AR
W R AT, SRR TR =GR RN, LT 100 AP RBHIE, RIS E IR H b
TR AL ERE L . FOFITEEE, TRIE TSI ot BRI E B R R T
PEIR TS, WIHE N AEIR. B PSR T A8 IR T A 2 A A2 1) Rl g B2 31 29 2 51.8 kHz
M 5.13 kHz, SR 52 kHz Al 5.1 kHz —2. PRI R s KPR T IEE, DAREA
NIRRT KA IREZ A 1o B 28 EI3(b) A Edle R EA 300 AR, A MRERNT A R I gE T
I AIR L A RO BORE, AR 93-121 W IR T 1Tk R s 1o b i 4 BEAE B B A1
IR o R BRI , AR A% il 2 il H A 2 RO R A S5 {E . 7E 0-150 ps [ REHLINTRIFERE Y
LR BN, SC BRI BFATALL, - S A5 S M IS ) ARORE 7 5451 5K

ETE] PGC Al EIT W A1E A>3 (17.55 £ 0.84) pK Al (8.98 +£0.44) pK, BraERE Nyt [
SHIGET I ERRZE . TTEN, Sefei AU AR BRI ] =R 2 e SR RIs MR, AN
BRANFES AR e s . BlFEARYE IR RUR G, T RIR I SR BRI A 22800, I IBGEE Tr 22
IR e DRI . PR 22 0 4 e A [ 32 BF SRR ST iR 22, A PRR . R RTT R

10



I RGN E S

FEI3(b) HBURR IR R RN TG R E DR 2E , 5 spi = [Paoa(1 — Paoa) /N2 V15, oo
Ni NEBRABMBIREL, Pres MG E M RER . ARG 2, TERa BRI
MR 0 B0 1 NPRAHRZEERE A . SE I bR R 5 22 e A5 R B AR 5 P 7 2200 M 42— I A H 1S 21

4 i

F3(a) W, yas BEXOL T JIE R IEAEXIFRERIE S, ST EIT &1 Tk KOs 2E it 2
SO o AR SCTE I I IS TR] S ] A R PR i o i, FF Z0 W IR B A A8 3 [l RIS P B2 5. FR N
133) FI [43) (3R P2 M RO . #iX S B T O BT B BB A S TR R, PR AL (R
I

RRIEFEAF 5 WA AT B [A) I 035 N ST R A A A D R I ok, A BES L W Jot 1 e 2 AL T WA
ST YIS, ARG S 44) ORGEN Q2/(Q2 + Q2) ~ 0.942. [Ft, SCB6 bl PR s B ik
RN HAR M & —REH RGN IR T &M T AL 2] (33), 10775 TESLPR 2 RESUA R A e A i ki
.

AR M A R FIR MRCRE T AN AR F B TR A2 AL, S e 32 (A B UL ) A2 4. o F =3
FEG TS DR B PEAI W FT RE 7 A MR B A5 S, ARG 2N X 7R 4 TTmk . T 1~ H AR ST g i
IARBE RIS EBEN R, B SO N WA X SRR AR B N, 5 a2y
HHCEE R

SEH IS BIAR A 22 S T ek B AR T IR FREIRZ RS & SR Tzl Hi T [44)
M |33) LPARBURES, RN anEIOETRIEZM. 852 nm HiBICAE(E#EA R My (A, id4
RO e R, 3 (16) FZE 0 T B SL AR 07 A A AR, G152 A RO R A fE
P4 A T HE X6 T BUR

WHIZECN SO AR M BE, AR T IR LA T . R PR AR I 32 B AR 1) B
B R RN AR T, A, = lexp(hw,/ksT) — 1]7! & w, /27 =52 kHz, 55| PGC
EIT R ASHAR R T80 512070 6.55 F1 3.2, 42REKW], EIT WAL T T rYzshng s, Hi
RIBFNF (14) g5 BBV 2R R . PR 225 T RE S 2 ReGl & . e . SBAHT BRI
Ko BLAh, ASEMGHZ 10 ms WAGHPIRES, MARTHIAHRTIAEIRE, HIARERRE R BN

11



TSV AR P

SR

ARTCHITE 1A IR B B4 S 1A EIT JEPRiEAD BEIT WA, il i [44) S0k EIT S/
I TEJ A REIR, R PSR Rk B A I )28 AL, SRBUR FRIXOE TR I8 T RA ORI . il
EIARRIFRIE VAT ET , AL SR S B B R A S i« 207 3R TR AL B I (A A R BLT 36
PRAFAL , SRR TE R A B AR R T X0 TRUN R . FER SO BT RPN AT, 40 10 ms
EIT &40, R R BRI FHPR SR RIS A, 581 TRE H PGC JGRY (17.55 £0.84) uK [
% (8.98£0.44) uK. FiFNiRZEN 1o GiithniEiRdE . EARMPMIRBT, MM T4h 2 6.55
M2y 3.12, SRR TS E S MR R T EIT Sibirik, FHoes iy EIT ¥ A &I

SRR TSRS %

S

[1] Graham T M, Song Y, Scott J, Poole C, Phuttitarn L, Jooya K, Eichler P, Jiang X, Marra A,
Grinkemeyer B, Kwon M, Ebert M, Cherek J, Lichtman M T, Gillette M, Gilbert J, Bowman D,
Ballance T, Campbell C, Dahl E D, Crawford O, Blunt N S, Rogers B, Noel T, Saffman M 2022

Nature 604 457

[2] Bluvstein D, Levine H, Semeghini G, Wang T T, Ebadi S, Kalinowski M, Keesling A, Maskara N,

Pichler H, Greiner M, Vuleti¢ V, Lukin M D 2022 Nature 604 451

[3] Scholl P, Schuler M, Williams H J, Eberharter A A, Barredo D, Schymik K N, Lienhard V, Henry

L P, Lang T C, Lahaye T, Lauchli A M, Browaeys A 2021 Nature 595 233

[4] Semeghini G, Levine H, Keesling A, Ebadi S, Wang T T, Bluvstein D, Verresen R, Pichler H, Kali-
nowski M, Samajdar R, Omran A, Sachdev S, Vishwanath A, Greiner M, Vuleti¢ V, Lukin M D 2021
Science 374 1242

12



[5] Chen C, Bornet G, Bintz M, Emperauger G, Leclerc L, Liu V S, Scholl P, Barredo D, Hauschild J,
Chatterjee S, Schuler M, Lauchli A M, Zaletel M P, Lahaye T, Yao N Y, Browaeys A 2023 Nature

616 691

[6] Specht H P, Nolleke C, Reiserer A, Uphoff M, Figueroa E, Ritter S, Rempe G 2011 Nature 473 190

[7] Korber M, Morin O, Langenfeld S, Neuzner A, Ritter S, Rempe G 2018 Nat. Photonics 12 18

[8] Kuhr S, Alt W, Schrader D, Dotsenko I, Miroshnychenko Y, Rauschenbeutel A, Meschede D 2005

Phys. Rev. A 72 023406

[9] Wineland D J 2013 Rev. Mod. Phys. 85 1103

[10] Dalibard J, Cohen-Tannoudji C 1989 J. Opt. Soc. Am. B 6 2023

[11] Tian Z, Chang H, Lv X, Yang M, Wang Z, Yang P, Zhang P, Li G, Zhang T 2024 Opt. Lett. 49 542

[12] Morigi G, Eschner J, Keitel C H 2000 Phys. Rev. Lett. 85 4458

[13] Roos C F, Leibfried D, Mundt A, Schmidt-Kaler F, Eschner J, Blatt R 2000 Phys. Rev. Lett. 85 5547

[14] Miicke M, Figueroa E, Bochmann J, Hahn C, Murr K, Ritter S, Villas-Boas C J, Rempe G 2010

Nature 465 755

[15] Zhang J, Zhang M C, Xie Y, Wu C W, Ou B Q, Chen T, Bao W S, Haljan P, Wu W, Zhang S, Chen

P X 2022 Phys. Rev. Appl. 18 014022

[16] Kampschulte T, Alt W, Manz S, Martinez-Dorantes M, Reimann R, Yoon S, Meschede D, Bienert

M, Morigi G 2014 Phys. Rev. A 89 033404

[17] Kampschulte T, Alt W, Brakhane S, Eckstein M, Reimann R, Widera A, Meschede D 2010 Phys.

Rev. Lett. 105 153603

[18] Feng L, Tan W L, De A, Menon A, Chu A, Pagano G, Monroe C 2020 Phys. Rev. Lett. 125 053001

[19] Scharnhorst N, Cerrillo J, Kramer J, Leroux I D, Wiibbena J B, Retzker A, Schmidt P O 2018 Phys.
Rev. A 98 023424

13



[20] Qiao M, Wang Y, Cai Z, Du B, Wang P, Luan C, Chen W, Noh H R, Kim K 2021 Phys. Rev. Lett.

126 023604

[21] Chow C H, Ng B L, Prakash V, Kurtsiefer C 2024 Phys. Rev. Res. 6 023154

[22] Leibfried D, Blatt R, Monroe C, Wineland D 2003 Rev. Mod. Phys. 75 281

[23] Steck D A 2025. Cesium D Line Data, https://steck.us/alkalidata/ [2026-10-29]. Revision 2.3.4,

8 August 2025

[24] Tuchendler C, Lance A M, Browaeys A, Sortais Y R P, Grangier P 2008 Phys. Rev. A 78 033425

14


https://steck.us/alkalidata/

Fano resonance spectroscopy and EIT cooling of a
single cesium atom in an optical dipole trap*
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1) ( State Key Laboratory of Quantum Optics Technologies and Devices, Institute of
Opto-Electronics, Shanzi University, Taiyuan 030006, China)

2) ( Collaborative Innovation Center of Extreme Optics, Shanzi University, Taiyuan 030006,
China)

Abstract

Electromagnetically induced transparency (EIT) cooling uses quantum interference to suppress carrier
scattering and enhance red-sideband transitions, providing a route to reducing the motional energy of
trapped atoms. We theoretically and experimentally investigate EIT spectroscopy and cooling of a single
133Cs atom confined in a 1064 nm optical dipole trap. A driven A system is formed by the ground
states |651 /2, F' = 4,mp = 4) and 6512, F = 3,mp = 3) and the excited state [6P; o, F' = 4, mp =
4). A dressed-state analysis and a Lindblad master equation describe the dark resonance, the nearby
bright-state resonance, and the ideal sideband-cooling limit. Experimentally, we characterize the EIT
spectrum through the time dependence of a state-selective retention signal associated with the initial
state [6S1 /2, F = 4, mp = 4), using microwave state mapping followed by push-out detection. At each two-
photon detuning, a two-parameter exponential fit yields an effective net decay rate. Weighted fitting in the
lifetime domain, using a scaled ideal steady-state excitation spectrum and a background decay term, reveals
an asymmetric Fano profile with suppressed decay near the dark resonance. This observable includes
the effects of internal-state population transfer and trap loss and therefore does not directly measure
the absolute photon-scattering rate. Spectroscopy and cooling employ different optical parameters. For
cooling, the coupling detuning is A./27 = 42.5 MHz, and the coupling and probe Rabi frequencies are
Q./2m = 2.85 MHz and ©,,/27 = 0.30 MHz, respectively. The calculated bright-state shift is approximately
48.3 kHz, close to the measured radial trap frequency of 52 kHz, favoring red-sideband cooling. After
10 ms of EIT cooling, binomial maximum-likelihood fits of the raw release—recapture counts using the
same Monte Carlo model yield a temperature reduction from (17.5540.84) uK after polarization-gradient
cooling to (8.98+0.44) pK. The uncertainties are statistical standard errors (1o) for fixed trap parameters.
Assuming a thermal distribution of the radial motion, the corresponding mean phonon number decreases
from approximately 6.55 to 3.12. These measurements demonstrate a reduction in motional energy after
a finite cooling time; they do not establish the steady-state cooling limit or ground-state preparation.
The results show how state-selective retention measurements can resolve single-atom EIT resonances and
provide an experimental reference for selecting EIT-cooling parameters in optical tweezers.
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