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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 87Rb atoms: (a) AB effect in double-slit inter-

ference: phase shift induced by magnetic vector potential in field-free regions; (b) hyperfine structure of the 37Rb Dj line;

(c) schematic of the four-level rhombic loop used to study AB-cage analogue interference.
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Fig. 2. Control of synthetic flux and population dynamics via local spectral phase modulation in a diamond loop: (a),(b) Schema-
tics of narrowband local Gaussian spectral phase modulation and synthetic-flux control; (c),(d) total ground-state population Ps(¢f)
and excited-state population Pp(tf) as functions of the pulse area Ag and phase amplitude a; (e),(f) oscillations of Ps(tf) and
Pp(tr) versus Ag for a =0 (blue) and a =« (red); (g),(j) dependence of Ps(tf) on aat Ag = (2n + 1)x/2; (k),(n) correspond-
ing dependence of Pp(tf) on a. Panels (g) and (k), (h) and (1), (i) and (m), and (j) and (n) correspond to n =0, 1,2, 3, respect-
ively. Solid lines represent the results obtained under the rotating-wave approximation (RWA), while symbols denote numerical

solutions of the full time-dependent four-level model.

HY T S ok o ] o R B B S R S O S
TIE Z M1 22 A BRI T, 250 i AN R
RESL MR I, U047 22 R AR AR TG 5 [ 1 A J 1
SrAnfE R BRI, AR SCHE SR FHBOHUR AR A O8] 5
BN REIE A L BB GIRIE 7 A E M s Aok 5 42
DA IR AR A5 98 1% > e G T 22 (B A e
RIS, IR B2 g 80 Ja M AR T Vb He it
2%, BARNE, B BB EN Ps =P + P,
WMRERAEN P = Py + Py , HET &R G M 5%
XA~ 8] 2Z [6] 1) AT Ja e B sl 1 2.

SR A BER, TEAN T BB S R 40y
s HURL AR R A A R R L A A
T BRI . AR SO P (tr) s K il SR A %1

BRI 52P) /o WOR A IEAT JE , S50 b ] AE ik o2
WG S R AT I ] T T4 2GR, I 2 M B0R |
53 3 HU RS (s S A S RO ] 5E i Rk A ik
PEPE TR 53 A5 PR ) A5 B SR A 460 S T 32 1Y
NeA G5, TP (), [2), (1) F12) BB S
JE T R A e PRt FEAS T AT 45 5 Tl
S 2 SR L ISR SO R G TR
AR W5 B[] 1T 458 5 ' | A1 3 A Al 2 R AR U
BCTE FI R FR ST 58 U SHUAH T Bt (63690,

Bl 2(c) M 2(d) BT Bk ip/E &5 it %1,
BRI A7 PRVA(t) 5 & W B A R
PRVA(te) BEK P TET R Ao FITEFOLIRAE o BT AL

200311-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 20 (2026) 200311

. BERIIR, AE (Ao, o) SEE N, A0 J5 5010 &2
B S A T T AREL. S ARSI AR A
SR 0T TR, B 2(e) FE 2(f) B/AR T4
[ FEAH A IRE o = 055 = B, 2% U AT Jas Bl ik
P R AR AR, 7ETCANT IR EI ) o = 0T LT,
ROz RN EL ~ fEE E R, A (2) A A9 AR ER
T P ARE DRUREE 0T 52 31 0 2] s RS 80
RGBS —A VB SRR s ], R
I BRI IR . SN o = = IR HI, &
GNP BEAR BT U0 S5 SR, ARTE T AE AR R 2
XIRFE AL AR 90, SXTEPL LI Z 3R B3
AR RN, JRAR a = O B A AR B A/ IMIE S5 B 5
AR IR AR A5, ELPRTS 0,28 R B %of Fok v o A ) 741
HARAS. BEAb, T 505 5 B DU RE AR 7R 15 21 i) 5L
(ELf 55 TR B A A SR AT G K0, ik 1 3 fRIA Y
A E.

AN, HIRGETEAHDLIRAE o XF RGE 5 110 Ja %
AR BRI RIVE R, 18 2(g)—(n) IR T FERE
ERKPE R Ao = 20+ D)n/2 (n=0,1,2,3) &1F
T, PR AT FE B AR O R AE o 1721k, 7E A =
/2 BT, 2 a = 0B RGEH AN T &0,
SEHEL T A I ORI R A R . B
a WA B SR, AETE TV AT i, A S B
SH o JAIAYEN B, BAE a = wAb ik B JR A (8
S AR, B KR Ao IR, &
Bl o ARG IR I, X — IR IE T 2 i
T8 BRI, TR A BRERGELT THE
Z R ERERLIUIEER, (AR ERGTE T o 51 ARIAH
AL 5% M 7E A B[] Ak = A AR etk 2R, 4T
SRS [ B BT R Ao 30T 328 4% 4R 1) T
FIFE.

TEWMT 1 e (B R AR A R e R IR S, 35T
KR T RSN T2, Udi/R i1 BTG iz ]
i SR SR A . 1B 3(a) R T ke E R SE HUS
H AR AR & PRVA(te) TEIEAR AL BRAE o 5 bk i A1
Ao F S80S RN A RHIE. 451 Wos, YA
OB A 2 Ag = 2n 4+ Dn/2(n=0,1,2,---)
BF, PRVA(te) A1 JE R B0 B S A AH T T 5580, H
HRBUR LG Ao WIBERMHEIN. Shyife— 20 % f 5 i
RN, B 30) M T Fa=05a=1W
FRCAAARLAROE T, EARASA 8 PRVA (¢) XF Jhk i ied
T A G R . AETCAMEIEH] (a = 0) MIETE
T, ZWE « REEA R, HERESAG FEALEEA kb

FRITITE I N fR 22 20 ), X ud ] H AR5 12) /9
A Fa A ] 35 B AR AR 2 [R] RAR T ik
E, AR E Bk vh i AR A A R0 . R, 3%
I Ao BB AR I SR RS E . HELZ T,
il i FiE A BIE S IA o = = BB INARGLE,
FHTH ARk, A bR A JE R B 20 JA ST A
TIRGs, BVSEBL T 105 R BT E 22 FE PR B PN RS 4 i
JlAe s Ak

a) 4
(a) 4n .
‘(c 3n 1.0
[
g
i 2n 0.5
i)
O:: m
0
0
0 n/2 b 3n/2 2n
Phase amplitude a
(0) L0F = =0 — 4 =x 0Exact a = 0 0 Exact a — =
& 05
0 O 0 Q o}
0 T 2 3n 4n
Pulse area Ay
(c) 1.0
Q' 0.5+ Exact Ao;n/Q Exact Ay = Tn/2
0 IA[]:T[/2 X .Ag:'?'n/2I
0 /2 T 3n/2 2
Phase amplitude a
(d) 1.0F () 1.0F
o a=0, S a=m,
= Ag=m/2 = Ag=m/2
2051 S 05F 0.38
< s
el ol [
1 2 3 4 1 2 3 4
Site index Site index

K3 RIS S T B ST AL (a) Bisd
Py (te) M A5 5 B =5 57 AR AL IR W o B bk il AR Ao 13 Ak ;
(o) B EMAL M =0 6) Rl a=x(Z6) B Pa(t)
BE K ol I AR Ao YT AL; () TE4F & WK AR Ap = w/2 (IR
B) M Tr/2 (REE Q) RIET, Po(te) X AR IR o B9
G FR S 2R T I 43 A 3 eI I ML A R o
(d), (e) ok i BRAE 1 Ay Ao = w/2WF, REETHTE a =0
Ml a == AT &M ST 8 531

Fig. 3. Coherent dynamics of the target state under local
spectral phase modulation: (a) Population of the target
state Po(tf) as a function of the Gaussian phase amp-
litude a and pulse area Ag ; (b) evolution of Pa(¢f) versus
Ao for a =0 (blue) and a =r (red); (c) dependence of
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population distributions at Ap ==w/2 for a=0 and

a = T, respectively.
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SPECIAL TOPIC— Ultracold atomic and molecular physics

Spectral phase control of an Aharonov-Bohm caging
analogue in ultracold atoms”

JIAN Xinxia  ZHENG Zhijian  GUO Jinkang ZHOU Hang
HONG Qiangian SHU Chuancun f

(Hunan Key Laboratory of Super-Microstructure and Ultrafast Process, School of Physics,
Central South University, Changsha 410083, China)

( Received 7 May 2026; revised manuscript received 8 June 2026 )

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 the absence of externally imposed
spectral phase modulation, the four level loop exhibits an intrinsic effective w 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: ultracold atoms, Aharonov-Bohm cages, synthetic dimensions, spectral phase control
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