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1 (a) SUR TR, BT A G AR A, T B A
T ZH LS RALE, Z MR PRI 1, rom) R
7~ Rydberg L F7EJR T A(B) FIZEMKE; (b) M
ZEE e on B, 5 — O (pulse-A) FIRFUK F T Ryd-
berg J&F A, 24 (pulse-B) IR K 5 — /> Rydberg
JiT B, 3 pulse-B RS TIR4EAEN, i T A 5 BJ¥
J& Rydberg 7T, 5 — 5 5 — GBOLRK s #8 i 06T
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HIBOEAEE AT TSR T IR AT AT 4

Fig. 1. (a) Two-atom model. Rydberg atoms A and
B, separated by R, are placed on the z-axis, quan-
tized axis, ro(B) is the relative position of the Ryd-
berg electron in atoms A(B); (b) level diagram of a
two-color photoassociation. The first-color (pulse-A)
resonantly excites a seed Rydberg atom A, the second-
color (pulse-B) is detuned and resonantly excites the
second Rydberg atom B near to the atom A, such
that A and B are bond to form a Rydberg-Rydberg
molecule, Both pulses-A and -B are two-photon ex-
citations (852 nm + 510 nm), the frequency of the
510 nm laser of the pulse-B is detuned relative to the

atomic resonance.
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FREAAGIRRE, AR M SEE. AR
WE5LHI (60D52)2 Rydberg 431, M =0, 1, 2, 3, 4,
SRAEANF K> T4 X (1) s B 25 i it
ITXHAA, BUETHE R TR0 EE N R B Rydberg Ji7
T AE &, T3R5 Rydberg J& 75 [ 246 P fig
fih£%.

TEHEAT 35 R il 28 1 o1 SR, FRATTR 56 R K/
FH LA FH A B0t 248 #4348 il 28 R34 BF 2 50 52 i
7 VEAHIGBE 7S, 2 ISR [31, 33], X AN F A
B, B2 AHUE T 4 60D5 2 Rydberg &4
M =2 I I 4 #R3A e h 28, S B2 1 L 22 A kR B A
PEL Gunax = 6, CUFEARAR B BB - VUK PO #K -PU
RRATAE AR - )\ AR AH ELAE T, &30 2 50 Bl A2 :
(Int (negr) — A) <nege < (Int(nege) + A+1), Int (neg)
KARABEET B nes FIHDEIZE, ANTHEH BT
AEMEETHRMEE, XERA=3.1, BFETH
BUIE B R T RO T AU B K AEHN Lpax =5
Mm, =5.5, X3S T B = 1 5 K K 1 & energy
defects ¥ £30 GHz. B &gt fE s (iR e T
WA G 3. WA G R T B T AR
WFFEYE X RS, SRR 2 WSOk [31).

20

—201 Vinin = —41.8 MHz

W/MHz

—40 A

60Ds 5
—60

2j0 Ry 2;5 3j0 315 4.0
R/pm

2 BEIH M4 60D5 5 Rydberg A& M = 2
R RE M2 SR B AR IE L T W e e 4 &
R, WA G i LA B PHAE Vinin = —41.8 MHz, 1
HIAEN Ro = 2.28 um

Fig. 2. Calculated adiabatic potentials (grey lines)
for cesium 60D5,> Rydberg-atom pair with M = 2.
Green circles are proportional to the excitation rate
of the two-color photoassociation, corresponding po-
tential depth Vihin = —41.8 MHz and binding length
Ro = 2.28 um, respectively.

Hi Pl 2 AT 51, 60D5,5 Rydberg 55X 45 1K
oy A R M R IO HE R, B R AR
A, A B A R AR 0 2 s, X R Eh R it 20
Rydberg 7> T M SO A EH. BARKEK
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& 2 R SR A S B, I S B R B
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FER 2.0 x 1010 cm™3).  SABHFIR FE RIS 7 4% 0] 0 &
R T I EE S A, AR X L S B AT
SCEGHIE T

> A E
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1 (b) 7 N XU B 1 LR 06 46 & il %
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M. BB (pulse-A) FEARBUK FE S IR 15 60D;5 /-
Rydberg 25, X RPN T IR T A; 28 — 4 (pulse-B) ¥
WOR AR A1 B AR 7 IR 7 A BT ) B F)
Rydberg #&%, 57 A f1 B H A< 28 35 Bk oK 25 T2 1Y Ry-
dberg 7+F. H | pulse-A fl pulse-B #' ) 852 nm
4y A M E AR, pulse-A T 510 nm 4 &
A € o E HS IR ERIE LR, 1 pulse-B
W 510 nm Z3 & OGS 2 A E, B AT
pulse-A ] K 218 & K T4 T Rydberg-Rydberg
SRR ZERE. X MBSO F SRR 1 7 B
AR LR, DRI B A O O M.

Rydberg 73 K SIS LR 22979 100 pK, Ji+
L) 91010 em =3 (14 R T RGP (magneto op-
tical trap, MOT) H 52 &, 2 WL 3 (a) ) S5 J5i 2
NEE. PN 852 nm [ (Toptica DLpro, £k
% 100 kHz) fi FImR 6 R AR A PR o6 AR
BETE [6S1/2, F = 4) — |6P3/0, F' = 5) [FIFLIRER
T2k, BN 510 nm O (Toptica TA SHG110,
2% % 1 MHz) i & Rydberg EIT £% {5 5 B9 45 8
IR T B |6P 32, I/ = 5) — 60D ) MFLHRIK
iE. Pulse-A Fl pulse-B #f H1 852 1510 nm 2H At XL
ST UK, XL RO 51 340 MHz.  HIXUE
175 6 I il 2% (AOM) S I pulse-B #UR MR 114
. AERLCBIE O UK X 8RB =0 L, T
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SEI6 b, 852 nm [ UK G T F N 210 W,
MOT 0 &b 1) %6 R & 7 B BT wsse A 80 pm.
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40 um. K3 (b) MBI ) 4 A i 4 Rydberg
ST I RMIE FEL RBMOT )&, KIkRFT I
pulse-A Fl pulse-B. 510 nm 0% T3 A pulse-A
FF LI ] (1) 3% 4% EEHL R T BT I 19 Ry dberg R 42
L5505 LRI R R TC. 6 T A SCRIT LRI 60D5 0 Ry-
dberg 5T, pulse-A 4T JF I 8] 24 0.2 ps, pulse-B
BT IT I )29 6.0 ps. ST pulse-B J&, it i fik
HL 7 H B Rydberg Ji 514> 1 MCP #4751
PRI

Tonization

\r field
1 1]

1
1 1 Pump/repump
! ! 0.2
1 1 ° ® —| | Pulse-A
1 o5 @ ®
1 ... J| ® ® 6.0 us
— Pulse-B
] 1
1 1 Tonization .
field |30
] 1 N
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(a) (b)

F3  (a) LRRER, 852 M 510 nm M HOE R 10444,
EMOT L E A, Hifik v i 8 1) Rydberg Ji Al
4y T B T4 B I B MCP 3T HI; (b) seabmt i,
KW MOT %% (pump/repump) ZJ&, #KXFT I pulse-A
5 pulse-B #EAT XU 45 &, fie 5 H A K e L g R S
Rydberg Ji-TF14F, MCP AT 46 A 6 iR

Fig. 3. (a) Schematic of the experiment, the 852 and
510 nm beams counter-propagate through the cold-
atom cloud, the ions field ionized from Rydberg atoms
and molecules are accelerated and move to the MCP
detector; (b) timing sequence, after switching off the
MOT beams, the pulse-A and pulse-B are switched on
successively for the two-color photoassociation, and fi-
nally the ramped ionization-field pulse is switched on
to ionize Rydberg atoms and molecules for the MCP

detection.
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1 MHz, H Hi #8586 5 Ao 24 HIm it 73 AT
K, Wi 4 (b) FI R A= MATETR.
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K4 (a) Bt 7510 60Ds /o Rydberg i X &HH 43 F&
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F& MAERCAG %R, BANImAIEL T ERME; (b) 5 F
O (4, R pulse-B) Ml (60D /2)2 Rydberg 751
WA GO (), = AITEARIC IR XG4 & T )
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Fig. 4. (a) Calculations of adiabatic potential energy curve
of 60D5 /5 Rydberg-atom pair for indicated M values, symbol
areas are proportional to laser excitation rates, and symbol
colors correspond to different M values; (b) single-color ex-
citation spectra (red, only pulse-B) and two-color photoas-
sociation spectra of (60Dj/5)2 Rydberg molecules (black),
triangles denote the Rydberg-molecular signal produced by

the two-color photoassciation method.
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Abstract

The long-range multipole interactions between ultra-cold Rydberg atoms form adiabatic potentials, one of which
shows a binding potential that can be used to bind Rydberg-Rydberg molecules. Rydberg-atom molecule, known as
macrodimer due to its larger size (~ pm), has the properties of the abundant vibrational energy levels and large electric
dipole moment and so on. Compared with Rydberg atom, the Rydberg molecule, including Rydberg-ground molecule
and Rydberg-Rydberg molecule, is susceptible to manipulate by an external field and possesses potential applications in
the weak-signal detection, the quantum gas correlation measurement and the vacuum fluctuation and so on.

In this paper, we investigate a (60Ds5/2)2 Rydberg macrodimer theoretically and experimentally. In the calculation,
we take into account the multipole interaction of a Rydberg-atom pair, including dipole-dipole, dipole-quadrupole,
dipole-octupole and quadrupole-quadrupole interaction and so on. The adiabatic potential of 60D5,, Rydberg-atom pair
is obtained by diagonalizing the interaction Hamiltonian on a grid of internuclear separations, R. The potential depth
and binding length of the Rydberg molecular potential well are obtained. In experiment, we prepare the ultra-cold Cs
(60D5/2)2 Rydberg molecules by a two-color photoassociation method in a cesium ultracold atom trap. The first-color
(pulse-A) resonantly excites a seed Rydberg atom A, and the second color (pulse-B) is detuned and resonantly excites the
second Rydberg atom B near to the atom A. Both pulse-A and pulse-B are two-photon excitations (852 nm + 510 nm),
between which their 852-nm lasers have the same frequency, whereas the 510-nm laser frequency of the pulse-A is set to
be resonant with the atomic transition and the frequency of the pulse-B is detuned by using a double-passed acousto-
optic modulator. When the pulse-B is detuned to the molecular binding energy, atom-A and -B are bonded, forming
an ultra-cold Cs (60D5/2)2 Rydberg molecule. The two-color photoassociation spectra of Rydberg-Rydberg molecules
are detected by the field ionization of Rydberg atoms and molecules with a ramped electric field. Molecular spectra are
compared with calculated adiabatic molecular potentials, which yields the binding energy and equilibrium internuclear
distance. The two-color photoassociation method used in this work has a doubly resonant character that results in the

enhanced excitation rate.

Keywords: ultra-cold Rydberg-Rydberg molecule, two-color photoassociation, adiabatic potential
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