Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

B4 4 (60D 2), Rydberg 53 FHUM & A4 A S itk

axfe #H0E afk BEAA RFEY THY

Two-color photoassociation spectra of ultra-cold Cs (60D, ), Rydberg molecule

Bai Jing-Xu Han Xiao-Xuan Bai Su-Ying Jiao Yue-Chun Zhao Jian-Ming Jia Suo-Tang
5| F1% . Citation: Acta Physica Sinica, 67, 233201 (2018) DOI: 10.7498/aps.67.20181743

1E £ 1515 View online:  http://dx.doi.org/10.7498/aps.67.20181743
AP 4 View table of contents: http://wulixb.iphy.ac.cn/CN/Y2018/V67/123

1G] g RSB Bt S EE
Articles you may be interested in

—RHEEE KRR AR KL Mng 6 Fe 4NiSiy. 5Geo.5 1 NisoMnz, CoaSny g HIREFA RN 5 1 ) 2t AH S

Linear dependence of magnetocaloric effect on magnetic field in Mng sFeq 4NiSig 5Geg 5 and NisgMn3;,CooSnyy
with first-order magnetostructural transformation

YH 44,2018, 67(20): 207501  http://dx.doi.org/10.7498/aps.67.20180927

[ iR 1 H,B,C Xf LaFey 1 sAly 5t & Vs ARG FA RN (Y 52

Influences of interstitial atoms H, B and C on magnetic properties and magnetocaloric effectin LaFe;; sAl; 5
compound

YyPE2EH%.2018, 67(7): 077501 http://dx.doi.org/10.7498/aps.67.20172250

WG IS AR T T3t Fie
Research progress in magnetocaloric effect materials
YH%3:.2016, 65(21): 217502  http://dx.doi.org/10.7498/aps.65.217502

Dy3Al5O1o W T 5T
Study on the magnetic and magnetocaloric effects of Dy3Al5045
YE = 4.2015, 64(17): 177502  http://dx.doi.org/10.7498/aps.64.177502

PrNiy F L FIRE R RERE 72
Investigation on the magnetic and magnetocaloric properties of PrNi,
YE = 4.2014, 63(22): 227501 http://dx.doi.org/10.7498/aps.63.227501


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.67.20181743
http://dx.doi.org/10.7498/aps.67.20181743
http://wulixb.iphy.ac.cn/CN/Y2018/V67/I23
http://wulixb.iphy.ac.cn/CN/abstract/abstract72973.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract71828.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract68651.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract65128.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract61862.shtml

) I8 ¥ 48  Acta Phys. Sin.

Vol. 67, No. 23 (2018) 233201

224 (60D5/2)2 Rydberg 7 FHY
VD i s Rk

e D gD

EAAEDY

Fa Y

BV

1) (WL PER B AT, B2 b7 3 h K H T seahE, K5 030006)
2) (L7 K =M e 2 B R G oG, KR 030006)

(2018 4£ 9 A 21 HYLE; 2018 ££ 10 [ 21 HUREIMEHH )

ARSI S TR (60D5/2)2 Rydberg 73 XU G4 461, BUETHE T 4 60D5 o
Rydberg Ji 7% 25 B K FE B 2 A AH BAE A (60D5,/2)2 Rydberg 701 HI 48 #35 g # 2k, 3845 1 (60D5,2)2
Rydberg 731 {134 WA AT 1) #E. S86_ bR HI XU 6246 A 4 46 )5 7 19 77 i1 % 1 (60D52)2 Rydberg
T Hrp, AR08 (pulse-A) BOE T AR AT T Rydberg JET A; 25 0% (pulse-B, KT 71
RARE) SRS — A Rydberg J& T B, i A 5 B 140 FHPEALEE U (60D5 2)2 Rydberg 47 . H
ok i 3% H B PRI B AR 3R AR Rydberg 43 7 64666, W& 1 Rydberg 73 7 B 5 B R 5 B0 T B 45 5L

—3.

K H#iE]: A Rydberg 701, W46 G, 4ail3hae iz

PACS: 32.80.Ee, 36.20.-1, 33.20.-t, 31.50.Df

1 5 7

Rydberg J7 /2 3 87 Hn RKI S HR S R
¥, BA SRR R ) R AR R (2
N0 BERIE R /N (200 n3) R AL K (K
n") %, XERHEE Rydberg i TIRA 5 %2 3417
s (250w SRR F Rydberg J& 1 A9 41 LR
By kg # & UL JEAh, Rydberg J5 78] B A 1R
SR K AEAH BLAE (299 ntt), XA oA HAE F A8
FHAR IR T RS A%, BHLAE 5 Rt — ok
T T i BEL B 50 RE [78)) 3 6 T 7 (1 B 1 2 4
3100 0 22 o U U 45 it 5 B R L
IR AW TLR W, Rydberg J5 1A () B4 F it
] DL il SR 28 35 [ 38 T oK 28 4 4R ) Ry dberg B 1

DOI: 10.7498 /aps.67.20181743

JE & Rydberg 31~ [12-15]

Rydberg 73 ¥ & 5 4 5 70 7 #) — > 3 A
JR ¥ 4T Rydberg & B 73, 45 A 45 HL 1 1 A
[ 43 4 Rydberg-3 2 73 - #l Rydberg-Rydberg 43
. Rydberg-F£ & 7 + B W 45 HL i1 2 11K §E HL
B T2 B I 3, T MR 5] RS TR T IR R 4k
£ Rydberg i 1) J& FE ¥ K #2 Rydberg-J& 25 73
T 116-24 Rydberg-3£ 2553 F 56 - BUR T & 1
“= 1 #7 B Rydberg-3 45 7 1 117 M -3 B B
J ) B B Rydberg-%6 45 431 15191 4114331
1E LB MR B RS R T 5 nS & 2021 np 25 122
FnD 2 2224 Rydberg J& T 1 1 ) Rydberg-F£ 74
53 . Rydberg-Rydberg 73 X Y Rydberg E 4}
F (Rydberg macrodimer), HH 2L/ Rydberg

* EKE SRR (S 2017YFA0304203) [ 5K B AR 44 (kiS5 61475090, 61675123, 61775124, 11804202). EZ A
SRR R G ST H (HEdE S 11434007, 61835007). KL 23 FG1H HI A K B 7% (4%'5: RTIRT__17R70) FLL 744 “1331 T

T H AR BRI 9 B (PR
T #E/E#H. E-mail: zhaojm@sxu.edu.cn

© 2018 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

233201-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20181743
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 23 (2018) 233201

JER - TR] 1 HL 22 BIHH ELAE FH R R 35 . 58 T Ryd-
berg 43 ¥ B 78 T 38 31 1] 2002 4E, Boisseau 2 [12]
76 B S B 78 nP 25 Rydberg J& T % 1 A0 B /F F i
Ef}ﬁ!nP*RydbergJ??XﬂL H K FE AR BAE H AT
AR A, RS T KFE Rydberg 7 T A7
7E. 2009 4F, Overstreet 25 3] 78 Sz 56 | 1 vk W &2
F 1 (Cs)2 Rydberg 71 I [8] K47 )61 (time of
flight, TOF). SCHk [14, 15] £5£56 E W E] nSn'F,

(nP)s (22 < n < 32) 143P44S 4 Rydberg 41
E"Jj‘lﬁéﬁ?é\%%%ﬁlﬁ W, #H LT Rydberg JR -, Ryd-

berg 7> T HIRAGE /D, HE 5 ZBINAHIEAE. 1
PRI 15 BRI L AR DG R A 15200
ARk BO2T S50y T A B K ART S AT E )
82 5.

A S0 EOCE R SZ 3 B AT A
(60D5/2)2 Rydberg 7y 1B Xt 6 4 & G ik, &
55, WELIE 15 60D;5 /0 Rydberg J& X 25 )
Z AR ELAE R i h Rt 22, AR5 AE 5058 1l XY
G4 5 12 % Rydberg 231, FF H ik 37 fo
1238453 (60D5 2 )2 Rydberg 43 [¥1 6 45 & 6 1k & R

2 ARpER

ZEEP /N EIEE N R ) Rydberg T AR B, N
&, S AT AR S, BB T Z
. RS Z fh, BRI AR R PSR T
HNEFHER T, WE 1 (a) Fis. %55 Rydberg
JiR - [) B4 F 22 AIORE ELAE 58 A ELAE R G 2%
i R~ N

Ij—r = PIO + Vvinm (1)
H Vi % 8 Rydberg J5 1 %F 22 18] #) A0 H 4/ H,
Hy = Hp + Hg TR TR Rydberg 25 ({14 2515

. BZJE FEEE KT Le Roy 242 29 Le Roy
g8 XA

Rir = 2(v/(nalajali?|nalaja)
+ V/(nslsjs|*?|nslsjs))- (2)
ARG R T RN, T ] 2
A8 $5 AF LA FF AN E A S M EAE F BRI XA,
A LUK Rydberg L4 8 AT X 43 (KL F-. Rydberg
TS ARV ELAE ) Vi 27y 1133032,

Gmax — 1

Z Z faBoQaQs, (3)

La=1 Q=—-L_

mt E Rq+1
Lp=q—LA

-\ 2L +1 AiAYLA (4)
ALBY
Qs = \ 2L +1 "B (5)

)LB(LA+LB)
— DL+ (Lg—2)
(6)
H Lo M1 Ly 43 7 % 78 Rydberg Ji T A F1 B [
M2 Ml AH BAE A IR, g N La F1 Ly 2
YO YO RFIRWE ARG Lamy = 1RF A
WA, Lag) = 238 VORI S, Lo BUL, AN
Ly HEUIME; Qa M Qp 71 AN R T 1) 1 2 1
FERE, B E O RE T A EROE R P R P A
7~ Rydberg H 7 7£ i F A f1 B 1 1942 1] R &

fapa= V(@A + 9).(

E
(a) (b) nergy
Z '
PYoN [E— L, - T
TB
10 nm-B
’ Atom-B ‘?') i
@
‘f 852 nm
2
E, _— Y+ [T
R ! 2 (lgr)+Ira)
< 510 nm-A
d
TA =2
)
Y A, |852 nm
x Atom-A 0 lgg)

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
WK (852 nm + 510 nm) SEH, H A Pulse-B #1510 nm
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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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.
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FF LI ] (1) 3% 4% EEHL R T BT I 19 Ry dberg R 42
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F3  (a) LRRER, 852 M 510 nm M HOE R 10444,
EMOT L E A, Hifik v i 8 1) Rydberg Ji Al
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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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O (4, R pulse-B) Ml (60D /2)2 Rydberg 751
WA GO (), = AITEARIC IR XG4 & T )
Rydberg 7> 755

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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