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Fig. 1. Model of a Rydberg-ground molecule. The Rydberg
core is located in the center, the ground atom is located at
the position of the axial vector R, and the distance
between the Rydberg electron and the core is 7. §1 is the
spin of Rydberg electron, and §2 and j\2 are the spin of

the electron and nuclear of the ground atom.
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Fig. 2. Calculated adiabatic potentials for cesium Rydberg-
ground molecule of (36D;/,+6S;/5). The color filled wave
packet is the vibration wave function of the outermost po-

tential for v =0.
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Fig. 3. (a) Schematic diagram of two photon excitation.
(b) Schematic diagram of experimental set up. Two excita-
tion lasers overlap in the center of MOT&ODT. Rydberg
atoms and molecules ionized by a pulsed electric field arriv-
ing at MCP, which is collected with boxcar and recorded by
computer. (¢) Experimental sequence diagram. After turn-
ing off the MOT&ODT, two excitation lasers are turned on
at the same time, and the Rydberg atoms and molecules
were ionized by a ramp pulse ionization electric field. The
direct current electric field is used to study the electric di-

pole moment.

033202-3


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 3R Acta Phys. Sin. Vol. 72, No. 3 (2023) 033202

FATHY LI AE— 28 OGP (crossed
optical dipole trap, CODT) Hitt7, HA# F—A>
FRUER) 4 SR BEEBE (magneto-optical trap, MOT)
W G JE Y LA SR R 2 x 1077 Pa, ) W
B AG I A5 1) 36 285 4t i AT ) DA 2% 2 20 2
10M em =3, JRFEL A 100 uK. ¥ 3(b) Jy SCub s &
L BEBER 80 pm (Y 852 nm Y IO FH I EE
4 40 pm #9510 nm B FOLAH ) AL F MOT
LG PR A, T2 B BEZY 600 pm B RIAIE IR
X3k, F ARG IERIIE AR 852 nm AROLHI
FRIAPUETE|6S1 )2, F =4) — [6Pg)5, F' = 5) iyt
PRERIEZE I, B GIREI S (AOM) K HAT 218
R 360 MHz; Hk, FIH Pound-Drever-Hall
(PDH) B4 AR A 510 nm JBOG R R B 70k
A0EE A 15000 ) Fabry-Pérot [, B8 B Y6 IH il
wr (EOM) B S A5 i AT 58 52 90 I8 & G 1Y 41
. TEREICBI AU % XS RN @, y, 2 = A
[F1] 2% I EEE %o LA, HCr oy O 1) Pt o e, 5 B
TR0 B RBE K B 37, 7 AR I B A
5PN Z )5 B3 0E I A (microchannel
plate, MCP), JF21d 1B 4% (boxcar) FIEUHE K
R (PCI-6733) 58 B F15 5 MR AR FIE 5% I
Ab, =X E IR AR AN E g T ARME R SR
Rl 2 .

T S B AR A A R A, T T
Kl 3(c) PSS Y. — RS JE R 25 ms,
MOT F1 ODT SRR 24.8 ms, S MOT
1 ODT Yelalbd 10 ps 5, FTHE—H M — 29
R, S8 R TEA R R A, 5 R, XA
R CRR I T BB Rk R A % B
H 4 ps, BEAEMEOE 5 I B AT 7050 A AH B AR
(], S FiE O A AR AR TS T T B 1 2k
Jo& FE R RSN . W& W Z 0, 37 RV Ak 3%
ok e 5 H 3 6 BLAEAE o R AT R R, OF
H MCP #H7B 7480, iy EFHE N 3 ps.

4 LRERE M

AN 4 Fir 78 Db S 56 00 A 4 )5 T (36D 0+
65, /o) BEAE-JEZSr T HXOE T4 &L, 141 4
RS I3 KT I 36D5 5 HLAAN I T (1 S AR ER
T E (HIA 2 rh B R 2R TR R AEE ), Ak
FroR 510 nm JOGAHXT TR BRAE A7 B 1 S 1 i

SIS b U S I I AR, R EE R
5 WM AR EIRZE. 11T Franck-Condon [RT4%
N, 0 Y BAEAN Ay AR T AN T AR R
R T I M R R R T, RISk
TR EOR, Gndd RIS, AT LA b A 2 P B
- T IE S, BIHRSIES v = 0M 715
5, A rE = MAbni. S ELE T LIRS
o O BRSNS B AT RE N (—64.62+
0.18) MHz (TS) Fl (—27.62 + 0.14) MHz (ST). 4] 4
IR W L] D BS THE B BLAE-ES T
PRBNHAS DY RATRES /N, Ll w45 ] SRR
BV & ARG, AEXTRZE/NT 2.1%. 5280 SEE Y
P22 FERIFE T HOCRIZETE, IR AIAHELL ) RS
PRI AN R

2.0

36D5,246S1 /2

1.5}

1.0

Signal/arb. units

0.5

—-90 —80 —70 —60 —50 —40 —30 —20 —10 0 10
510 nm laser detuning/MHz

Bl 4 4 (36D5)2+68S, o) BAE-HEZS 40 F 1RO FoB4E &
Jeik. LA = MIEARIC I A IR S LS v = 0 1 LB
FAES. EOMELRIC T EIR T A SRR R
H 52 X3 ) TR

Fig. 4. Two-color photoassociation spectra of Cs (36Ds,+
6S;/2) Rydberg-ground molecule. The short blue line marks
the theoretically calculated bound potential well. Red tri-
angles denote the Rydberg-molecular signal for v =0. In-

set is an enlargement of the shaded area.
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Fig. 5. Photoassociation spectra of Rydberg ground mo-
lecules formed by triplet interaction when the electric field
is 0.09 (a) and 0.37 V/cm (b). Red solid line are the the-

oretical fitting of molecular electric dipole moment.
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Abstract

Ultra-cold long-range Rydberg molecules, consisting of a Rydberg atom and a ground-state atom or another
Rydberg atom or ion, have attracted considerable attention due to their exaggerated properties, such as huge
size, long chemical bond, large polarization and electric dipole moment, abundant vibrational states and exotic
adiabatic potentials. The binding mechanism of Rydberg molecules is a low-energy scattering interaction
between the Rydberg electron and the ground state atom for ground-Rydberg molecules or long-range multipole
interaction for Rydberg-atom macrodimers and Rydberg-ion molecules, in contrast to covalent bonds, ionic
bonds of normal and van der Waals interaction. Owing to its huge size, the dynamic evolution becomes slow
compared with normal diatomic molecules and the ultra-long chemical bonds allow being imaged directly by
high resolution imaging technology, which makes it convenient to observe the molecular dynamics process
chemical reaction process in real time. The investigation of Rydberg molecules will be significant for
understanding the mechanism of molecular collision and quantum chemical reaction.

In this work, we study the ultra-cold Rydberg-ground state molecules theoretically and experimentally.
Theoretically, we calculate the adiabatic potential energy curve of cesium (36Dj/,+ 6S;/5) Rydberg molecule
based on the Fermi model of low energy electron scattering by numerically solving the Hamiltonian of Rydberg
molecules. And also, we obtain its characteristic parameters, such as the potential depth, binding energy and
equilibrium nuclear distance of Rydberg molecule. Experimentally, the Rydberg-ground molecules are
investigated by a photoassociation spectroscopy, where two laser pulses are used to achieve a two-photon
transition, and their spectra are obtained by ion detection technology. We successfully observe the Rydberg-
ground state molecular spectra that correspond to a scattering triplet and a scattering single-triplet mixture
(3T%). The measured binding energy of Rydberg-ground state molecules is in good agreement with the
theoretical result. In addition, taking the Rydberg-ground state molecules formed by scattering triplet (TX) for
example, we demonstrate the spectrum broadening of Rydberg molecules in a weak electric field, from which we
obtain the permanent electric dipole moments |d| of polar Rydberg-ground state molecules about (12.10+1.65)
Debye ((4.7640.65) eay). The results are consistent with the theoretical calculations. Our study provides a
feasible scheme for the experimental preparation of D-type Rydberg-ground molecules, which is of great
significance in studying the binding mechanism and the spectral characteristics of polar Rydberg molecules.
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