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AB effect induced by magnetic flux AB caging in ultracold atoms
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Fig. 1. Minimal four-level rhombic-loop model for AB-cage analogue interference in 8’Rb atoms. (a) AB
effect in double-slit interference: phase shift induced by magnetic vector potential in field-free regions.
(b) Hyperfine structure of the 8’Rb D line. (c) Schematic of the four-level rhombic loop used to study
AB-cage analogue interference.

R THC R ARS R T B AR AW, T 525 BEE 5° Py MAEST 0
2, BB 6 = 6.8347 GHz 1) F = 1 Al 2 PINERSAIREDL, Wk S04 2E0 REZ ) R
5o = 0.81656 GHz 1) F' = 1 Fll 2 WSEAGLHBEL.

TEZA A TR BL, WILG 20 R FDC A BN 51l TR E R FE 2 TREDR (52512, F =
Limp = 1). B, FIEHIN—R&Am IR 56707 SEfkmnioEs (1) W11 Dy &ERIT, IF50E Hofmdik
T PP T AR TR IRIECE T, 575005 (AR LA B e AR BRI e @ W Amp = 0. B
TARBERE N, RGN T S 2 A v R R R — A REE T BB T3[R . AHEYe STRb PURE
FEEIE RN T I nHERE 5 & ORTE A T8, A IR YA R 125 1) B R e as f it 1
F RSB Hmh 195502 SRR R SEERHE S, SRR PUANREGAY BIBRIC N |1) = [52S1)2, F = 1,mp = 1),
12) = 52810, F = 2,mp = 1), 5WE 1) = [5°Prjo, F' = 1L,mp =1) , |2/) = |5?Pyjo, F' =2,mp = 1),
HX WAL RE RS B v, Eo, Eve Fl By

TEC AR LB HESR T, XD Y BB AR ST n] SE RO o 5 DU Al ELTE S PR 28 PR AR 2. A



BHGTOR, RAAERI (1) Sl R r I BllR TR H (1) = Ho — (D). Hoolr, H e
WURLE A Ho = Yy BrlF)(F| + Yoy o B[ FOF'|, TS5 MR AE b IS 0 1
HERETE jrr = (FIAIFY) Hik. REMFIIAITZ] to FIRZ ¢ 09202 LRI EAT O (4 t0) Besit,
VAR AT A i R

d . o
IOt t0) = HOU (1 to), (1)

HWG &M Ultoto) = T, Hort T IR BRT. RESSIBIASN, ASCRME T HAH, S h=e=
me = 4dmweg = 1.

BT 1) 5 |2) RAREHRBE ST, I35 (1) 18 HARES 12) BT A 28t AR S (1)
FI12') g v 6] BRI G 4 RO T4 2 B AR S MR A 3 BRI B, P P 45 R ] . B
TEEMETCZ L X R po = —VBpay = /1Ay VAJE pioy = VBpay = /14y, Hodt iy = 2.9931 a.u.
FRHEHLTES 52810 BB TAS 52 Pyys BRITALA0 AL (A 70 7). 33— BT (B 0 6 Y LA AT
PEE 20, (AT N B 0 RO T 2 R T3 M L A O 37 2. 76 R B R R
30T A SR 48 M AT (3 R e T S5 S £ A3 Ty 7 AL 3 — WU S KB/ NER B T TP 5T
% AB SEZ BRI T BT W AR T2 8] P R AR 0 T B DL 5L

2.1 S EEBREESR

BT, 5 EL AT B SE o 0 A G TSR T PO AL, AL TS 3R
AT AR TR, W 1 (o) R, AU b T, 3T 090 B REAROMT 5 WA
W, MBI AT MR TG UGS 50 L A TR 2 T R B
7 BB E 2. AU B O HERRREA 7, SN OARRE G B 1 AR T A BRI
I, AT B 4P o o O R T

Shy T M RV P 15, % FE K Bk AU FLAT PRI 4 17 A () = 2 exp [ (550 .
S, o KNI, Aw KRR, SR Ao RETCSNBRRGARR 1) o 1) i
2 AR 40 0%, [, EBREIE T 5 AR BB () = aexp [~ 5]
S o AR OWRIE, b S GTRRABURIEE , w. JRIRCIRA LB 1972, ST M,
35 AR T BRI @ = wo, IHIRIIBI E(1) TR 08 Sonn(t) STIREINR

5



DA,
£(t) = Re {2177 / b A(w)e"“’(“)e"“tdw}
* [Bamtem e - £ (]
A, SRS MR E XN Eon(t) = 2 [°5, Alwo + a)e'elot@leiotda. FETESMAHIRLIN RN 4% 1
T B p(w) =0, AIARHERAIRKIEHEE LN Ean(t) = Eof (1) Forlt, €0 = —L 2082 Sty iknblte(H i 37
W, f(t) = exp[—t2Aw /2] HEHEREHT A EEL, 0 = 1/Aw Kk T,
ST kb 1A S, G RO R I B SR

(2)

T2
(t)

. . 1 L
Hrwa = Z GFC}*CF 5 Z [QFF/ (t)c},cF + h.c.} , (3)

Fe{1.21/,2'} Fe{1.2}Fre{l .2}
o, el 5 ep SMIFRM A |F) B SR STAT. MR A H T BT L O R, Mo
Qi () = ppp Eon (8). FERHRBENBMPIRR wo HEREINSHERIT, BT I0BREA IS 59K 807 153

TSR 7 0] A A AR AL RE e, BLARTN, 7 SGHOLERBCS (1) < 1) BRIEZ 0§56
TREN A =wo —wrn. FE 1) NEERTR, HAWMAWERIEEDHEXN €2 =01, e = —A UK
ey = 0y — A AL IGEEXT THLHITHE, FIBEET (1) < (1) BARIRIONIL, RIE 8oL TR0
A =0.

N IR G EALE], ASSCE B HAE ST SR Aw > 61 > 6 THATH. EBUIRTY, tk
kb B 4% A(w) FEJR TR BOEIERIE AT, AR 18 52 2 A iR 22 57 vl 220
AT, B A(wiyr) & Awo). [RIRF, o EF A0S 20 /N iknhaly 98, ARG EE AR A n] UL BEZR fil

I, HAKERTECLREAN Y 2 €2 = 01 ~ 0 H e = d2 = 0.

TEMAR IR, A BRI LA BRI LUATR Qi (8) = pri € (1) HOAFH IR L P I P9 S0 P A R
I piy W€ ETRAISOINAR) Clebsch-Gordan REULMKAR , FETANMIERI LS & T a = 0,
ARG PR T AR A2 RIKS 11 por = —pao proor. X NIRRT SOFRRIE, ST AL IR G
Jol ) DA P BRI S8 T — A BB SR B N B RS AR O . BRI, RGU TS BRI 1) £ il
Ginerinsic ] HHITT P A B AR BRAT A0 A 0 52 A BN oA F5:2)

Qintrinsic = al“g(un/ulfz,uzzfﬂz/l) =T. (4)

P 7 BRI Ty RS R, I T EAE RS AL (1) 5 12) ERRKARRR, AR RS
R ACA A R A P A IR BB U Rk TS el Y, R R/ N R R 28 AB AT TR

6



1 LARPIRAER T #ERYRE b5 | ARE R TR (R o(w) = acxp [~ L5 ], oy
SN RS CRBR AT TR, UK, S VA LR SO T CBERAT L T (1) 4 (1) BRI
SERBR, B we = wirr, HHUEHIBUITE b 12/ TAIABBRE N B2 b < da. U ORI ASHIRCI RS 5L
AR, VR R R R A Qo (6) SIAMITHIGE, T3 A = AT B el
HURTBFFIELSE. SRR, ST ML A TRE T RSPRS00 P 5 L 1 B 0 5
HHAMBE RO DTNN dor  Ginsie + . 45 LA, BRI IHEN KO HAR G o, 775258
R M AR W SR T4 B T RSB IRME 1128 AT 7 R A P 1 2
IR I .

2.2 % AB ETEMIRHIHRE

HAh, BT RAIRIER AB ST W SRR 112, WG AT 0 R S0 0 i Bk 74
FEFF ST AEAR FEMS S kb BOKE T, 5 1 SCHRR I I A1 01,80 = O, 24K MENITREAR 377
Hla =0, HEHENIELE bummse = T FINELGHRRBEE. FHAMT, aF H—Fr Magnus JEIF#
iR AR R GE BT U (1, 80) V00, ZERB kb i 1 0 R, 2R 595 5 PS4 % B T o B8
UM (¢, t0) 1EHATFAIALERAG, B (WO (1) = O (8 t0)[1). B, BERGHIAB T BN 1), KR
Fr i R

W) = coslony (D)I1) + & sinfony (D)) — L sty 0]1), (5)
o 010/ (t) = [ Qoo (F)dt’ s |1) <> |1 FEER SR FAL. 78 TE N R ) B LMK ) B 2 58
SR, 47 Ouu () = J17 Quu(€)dt = Ao FIMRATHEIRE, A% T LL R, F bR
2) FOMRRIRHA 2 %, i — R, AP PR A 2 S S o S, A S B
AP TGRS, AEITHIT 30 12300 A R i H A = AHe S EL Rk 72. 3
R e tEA s T4 B I R R PSR MRS bk AB SE TR0, SLATI . M
WU (1) i, 4RIt R (1) 5 J2) SIS AR [2) RO T R
ETERAFXTRF 5 | A T 4500 m B, TR 7 4 B A s 2 2 4 RLIGE 7
PR RS



3 4RE®
ZX 5347
——a=0-—a=nm O Exacta=0 O Exacta=m — RWA O Exact
'e) ! (q) Ao=mn L
kS ° 0”05 a=o5(k)
E v % 2
= S _
= ] F05h 0 0 Ao=7/2
1S T8 2 1 1
< & < (h 1) A0=3112
2”05 o™ 05
0 1 1 1
2w 2 3 o A0 =3/2 0
Pulse area 40 I 1
0=57/2
(b) 117 1 T T T (m) Ao=5m
) f) 205
< 0=57/2
g . i I !
8 S
o = L 1
1) ¢ R = Eos ] (n)  Ao=77r
@ a
2 g
a a®™ 05
O 5Su B
0=77/2
2% 5%Pu, or Ao=7m 0 |
0 72 T 3n/2 2r w2 T on 3r Ar 0 w2 w 3m2 27 0 =w2 w 3m2 2w
Phase amplitude a Pulse area_40 Phase amplitude a Phase amplitude a

P2 SR A (2 IR 0T 22 TR B v 6 FGE 8 S A1 R A ) A (a)—(b) 7ty JRydal ey SO B e A 7 8 i) B H:
A RGER R EE (o)-(d) SR Ps(ty) SHUESEA G Pe(ty) BERKHTAR Ao FIEH (L
WE{E o W22k (e)—(f) TEREHICLIATINE(E 0N a =0 (i) Fla=nm (ZL6) I, EEEAME Ps(ty)
GRS EAR Pe(ty) BEMahER Ao ZRORGTHR: (2)-() TEREKER A = 2n+ Dr/2 T
BB Ps(ty) XEMAAIHHIRE o FRBIER: (k)-(n) M EASEAE Pe(ty) X a BIHHTR
F.H (gk). (WD), (m). (o) 43R n = 0,1,2,3. SCERFTRIEM TSR, BURR TR EHIY
[N
Fig. 2. Control of synthetic flux and population dynamics via local spectral phase modulation in a diamond
loop. (a)-(b) Schematics of narrowband local Gaussian spectral phase modulation and synthetic-flux
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Spectral phase control of an Aharonov-Bohm caging
analogue in ultracold atoms*
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Changsha 410083, China)

Abstract

Engineering gauge fields in synthetic dimensions provides a useful framework for studying quantum
interference associated with effective synthetic flux and coherent population dynamics. We study a spectral
phase control scheme for tuning the effective synthetic flux in a finite synthetic structure formed by two
hyperfine levels in the ground electronic state and two hyperfine levels in the excited electronic state
of ultracold 8 Rb atoms on the D; line. These four levels form a four site closed diamond loop, which
serves as a minimal physical model for examining an interference mechanism analogous to Aharonov Bohm
caging. The loop is driven by a broadband laser pulse field shaped by spectral phase, whose spectrum
covers the relevant hyperfine splittings, so that several transitions allowed by electric dipole selection rules
are addressed coherently by the same optical field. By solving the time dependent Schrédinger equation
and analyzing the closed loop phase associated with the four optical couplings, we examine how spectral
phase modulation changes the effective loop flux and affects the interference between two photon Raman
transition pathways. Numerical simulations show that changing the spectral phase can switch the dynamics

between population suppression caused by destructive interference and coherent population transfer. In
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the absence of externally imposed spectral phase modulation, the four level loop exhibits an intrinsic
effective m synthetic flux, which originates from the relative sign structure of the electric dipole transition
matrix elements. Under this condition, the competing Raman transition amplitudes interfere destructively,
leading to suppression of the target state population and confinement of the dynamics within a restricted
energy level subspace. Furthermore, this population confinement induced by destructive interference
exhibits robustness with respect to variations in pulse bandwidth and single photon detuning. The results
clarify how the dipole sign structure can generate an intrinsic loop phase and how spectral phase shaping
can tune the associated synthetic flux. This study provides a theoretical approach for controlling effective
gauge fields in synthetic dimensions and coherently manipulating multilevel quantum systems through
spectral phase shaping of broadband pulse fields.

Keywords: ultrac?ld atoms, Aharonov-Bohm cages, synthetic dimensions, spectral phase

contro
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