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The light-induced frequency shift (LIFS) of ultracold molecular ro-vibrational levels originates from
the strong coupling of the atomic-scattering state and the bound-molecular state. In this paper, we
present our experimental determination of the LIFSs of the lowest vibrational levels (ν = 0, 1) in the
purely long-range 0−g state of ultracold cesium molecules. A high-resolution double photoassociation
spectroscopy is developed, which serves as frequency ruler to measure the frequency shifts of the lowest
molecular levels for Cs2. The experimental results are qualitatively consistent with the theoretical
expectations.

Keywords light-induced frequency shift, ultracold molecule, double photoassociation spectroscopy,
long-range state

1 Introduction

Atoms refrigerated to ultralow temperatures (usually < 1
µK) have provided various opportunities in fundamental
physics and quantum science [1, 2]. Compared with atoms,
molecules are often rich with complex energy-level struc-
tures due to their vibrational and rotational degrees of
freedom, which present a challenge with respect to imple-
menting sophisticated laser-cooling technologies [3]. Con-
trolling these aspects will open up new possibilities to ex-
plore the collective phenomena in quantum many-body
systems [4], as well as to synthesize exotic quantum matter
with superconductive phases or topological orders [5, 6].
After years of research, ultracold molecules have been suc-
cessfully produced and manipulated by photoassociation
(PA) [7], Feshbach resonances [8], stimulated Raman adi-
abatic passage [9], and laser cooling [10]. Related research
has shown wide applications in cold-reaction chemistry
[11, 12], precision measurements [13], quantum simulation
[5, 14], and quantum-information processing [15].

As a powerful and versatile approach, the PA of cold
atoms has been widely used to produce tightly bound cold
molecules [16]. High-resolution PA spectroscopy (PAS) en-
sures the detailed information of molecule structure, es-
pecially for the molecular long-range state. Due to the
rich spectra with many different transition types, high-
sensitive molecular PAS has been widely used for various

atomic species as well as different mixed species [17] to ob-
tain precise molecular parameters [18], to test the stability
of fundamental constants [19], and to predict unexplored
levels and thus obtain the potential energy curve [20].

Recently, there has been renewed interest in the light-
induced frequency shift (LIFS) of the ro-vibrational lev-
els of ultracold molecules formed by PA [21]. The LIFS
originates from the light-induced coupling of the atomic-
scattering state and the bound-molecular state. The LIFS
is crucial and it must be considered when preparing
and precisely manipulating ultracold molecular quantum
states [22], as well as when measuring the s-wave scat-
tering length [23] and in controlling the interactions be-
tween ultracold atoms [24]. Several atomic species have
been investigated experimentally on the frequency shift of
PA light-induced transitions [21, 25–28]. Moreover, vari-
ous theoretical models have also been proposed for LIFS
based on multichannel-scattering theory [29]. Controlling
the LIFS of ultracold Cs2 ro-vibrational levels based on
an external magnetic field has been recently reported by
[30]. The LIFSs for molecular hyperfine levels of ultracold
polar molecules have also been observed by [31]. Unfortu-
nately, these studies mainly concentrate on the high-lying
molecular levels for both homonuclear and heteronuclear
molecules. In other words, LIFS studies are yet to exam-
ine low-lying molecular levels due to the extremely low
probability of PA transition and the suppressed PAS res-
olution [32]. Specifically, the LIFSs for the lowest vibra-
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tional levels in the external well of ultracold Cs2 molecules
— i.e., the pure long range (PLR) 0−g state, which usually
serves as the intermediate state in transferring the excited
molecules to the ground states — are yet to be examined.

In this paper, we develop a robust technique — the dou-
ble PAS (DPAS) — to measure frequency, demonstrating
with high accuracy the LIFS for the lowest vibrational
levels (ν = 0 and 1) in the Cs2 molecular PLR 0−g state
below the dissociation limit (6S1/2 + 6P3/2). Accordingly,
the linear dependence of the LIFS on PA laser intensity
is demonstrated. It should be noted that there have been
reports of the missing levels in Cs2 molecular 0−g potential
in theory by Bouloufa et al. [33] and in experiment [34]
that was performed by our group. In order to be consistent
with the work that we demonstrated in Refs. [35, 36], here
the “lowest levels” are labelled according to the references
[17, 18, 35–38]. Indeed, our results provide a groundwork
for future works examining the potential curve of the long-
range state as well as determining the energy required to
prepare stable molecules at ground states.

2 Experiments

Our experimental setup is similar to the one presented by
[35]. The experimental scheme is demonstrated in Fig. 1.
Ultracold cesium atoms were confined in a typical vapor
cell loaded magneto-optical trap (MOT). The trapping
laser and the repumping laser were provided by two diode
laser systems (Toptica, DL Pro, ∼ 100 mW), the frequency

drifts of which were narrowed to ∼ 0.5 MHz using stan-
dard saturated-absorption technology. A quadrupole mag-
netic field for the MOT was generated using a pair of anti-
Helmholtz coils with a typical gradient of 15 Gauss/cm.
The measured atomic number was ∼ 4.5× 107, which was
obtained using the absorption method, and the dimension
of the atomic cloud was ∼ 800 µm, yielding a peak density
with an order of 1011 cm−3. The temperature was ∼ 150
µK, which was obtained using the time-of-flight method.
The cesium atomic fluorescence was collected using a con-
vex lens and detected with a silicon avalanche photodiode
(Hamamatsu S3884) with several 850 nm band-pass filters.
PA was induced by a widely tunable continuous-wave Ti:
sapphire laser (Coherent MBR-110, line width ∼ 0.1 MHz,
∼ 1 W) pumped by a 10 W Verdi laser. The long-time
frequency drift of the Ti: sapphire laser system was less
than 500 kHz by locking to its self-reference cavity. The
absolute PA laser-frequency measurement was conducted
and monitored using a wavelength meter (HighFinesse-
Angstrom WS/7R, absolute accuracy ∼ 60 MHz), which
was calibrated according to the cesium atomic hyperfine
resonance transition, 6S1/2 (F = 4) → 6P3/2 (F′ = 5),
corresponding to a wavenumber of 11 732.176 cm−1.

The production of ultracold molecules by PA is schemat-
ically depicted in Fig. 1(a). Two colliding Cs atoms in the
6S1/2 ground state pair-wisely formed an electronically
excited bound molecule by resonantly absorbing a pho-
ton from the PA laser with a frequency of ν. The excited
molecule de-excited spontaneously into two free atoms or
stable ground state molecules. PAS below the dissociation

Fig. 1 Experimental schemes. (a) Schematic diagram of the double PAS. Experimental setup for the double PA light: optical
isolator (OI), half-wave plate (H), quarter-wave plate (Q), polarization beam splitter (PBS), acousto-optic modulator (AOM),
mirror (M), lens (L), fiber (F), and shutter (S). (b) The related energy levels. Schematic diagram of the PA process and the
double PAS.
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limit (6S1/2 + 6P3/2, 6P1/2) was recorded by monitoring
the atomic fluorescence with PA laser scans [37, 39]. In this
sense, the PAS directly illustrates the produced molecule
number as a function of ν.

In order to determine the LIFS, we used a DPAS tech-
nique, which provides accurate references to measure the
frequency intervals of neighboring rotational levels for the
lowest vibrational states. As shown in Fig. 1(b), by alter-
nately controlling the interacting time between the two
PA laser beams (I and II) and the MOT, a typical dou-
ble PA spectrum was recorded. Beam II (i.e., the partial
output of the PA laser) was frequency shifted and double
passed by an AOM system (MT110-B50A1-IR AA Opto-
electronic). As a calibration beam, Beam II had a fixed
offset of ∆ν = νI–νII = 220 MHz (the central frequency
for the AOM was set as 110 MHz) against Beam I, which
was the main output of the PA laser. The two beams were
effectively superimposed in space. A typical ro-vibrational
PA spectrum including J = 0, . . . , n (e.g., n = 4) was
obtained due to the trap loss induced by Beam I. There-
after, Beam I was switched off and Beam II was switched
on to simultaneously interact with the MOT. The time
for switching each beam was comparatively shorter (∼ 5
ms) than the loading time (∼ 10 s), in which the reso-
nance peaks are clearly demonstrated with a high reso-
lution without affecting each other. A selected spectral
feature containing a resonant rotational level J = 4 was
scanned twice, and the second resonant peak was labelled
as J ′ = 4 in the same spectrum.

In our scheme, the PA laser frequency must be scanned
with a high linearity. Accordingly, the frequency was mon-
itored and manipulated in real time using a wavelength
meter (WS/7R). The frequency interval between J = 4
and J ′ = 4 was exactly equal to 220 MHz. This fixed fre-
quency offset between Beam I and II was used to calibrate
the double PA spectra. Accordingly, frequency intervals
∆νJ (J = 0, . . . , n − 1) between the neighboring rota-
tional levels were accurately deduced, thereby obtaining
the LIFSs.

3 Results and discussion

A lock-in method based on modulating the fluorescence
of the ultracold atoms was employed to improve the sen-
sitivity of trap-loss detection. The technique was realized
by changing the frequency detuning of the trapping laser.
Figure 2(a) depicts the noise-power spectra of the atomic
fluorescence as a function of electronic noise of the de-
tection system, comparing the modulation signal and the
corresponding higher order terms. From Fig. 2(a), it is
evident that the demodulated signal, ω, in the first order
(the cyan curve in the inset) corresponds to an optimal
signal-to-noise ratio (SNR) of 21, which is much larger
than the second and third orders. Therefore, first-order ω
is taken as the demodulation-reference frequency.

Fig. 2 (a) Noise-power spectra of cold atomic fluorescence
versus electronic noise of detection system (the inset shows the
demodulation signals with the different orders of the demod-
ulation frequency). (b) Time evolution of atomic fluorescence
with turning the PA laser on and off when MOT is working.

In PA experiments, the response time of the MOT is
typically slow (∼ 1 s). Figure 2(b) shows the atomic flu-
orescence variation as MOT loading as well as with the
PA laser on, from which it is evident that the charac-
teristic time is 6.76 s and 1.25 s, respectively. As a re-
sult, the PA laser scanning is required slowly to obtain a
high-resolution rotational spectroscopy. The PA laser was
slowly scanned at a rate of 1 MHz/s.

High-resolution spectra of the low-lying vibrational lev-
els ν = 1 and 0 of the Cs2 PLR state 0−g (6S1/2 + 6P3/2)
are shown in Fig. 3, which are red detuned from the (6S1/2

+ 6P3/2) dissociation limit for approximately 75.4 and
77.1 cm−1, respectively. The spectrum for the high-lying
vibrational level, ν = 17, which is red detuned for 51.0
cm−1 from the same dissociation limit, is also shown in
Fig. 3 to show the distinctions between PLR states.

DPAS was used to acquire the LIFS values for the afore-
mentioned low-lying vibrational levels, as shown in Fig. 3.
At first, the Cs MOT was illuminated by Beam I with an
intensity of 102.5 W/cm2 and J = 1–4 rotational levels.
Parts of the spectrum containing rotational level J = 4
were scanned twice (denoted as J ′ = 4) by Beam II with
a fixed frequency difference (∆ν) and same laser inten-
sity as Beam I. As ∆ν can be set through the AOM,
the frequency interval of the neighboring rotational lev-
els, ∆νJ , can be directly measured. Compared with the
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Fig. 3 Typical high resolution DPAS for low-lying vibra-
tional levels ν = 0 and 1 of the Cs2 0−g PLR state. The in-
tensity of beam I and II are both 102.5 W/cm2. The case for
a high-lying vibrational level ν = 17 is also provided for com-
parison. The colorful curves are the multi–eak Lorentzian fits
of the spectra.

high-lying vibrational levels for the same state [18], ∆νJ
for ν = 0 and 1 ranges from 200–450 MHz. The undula-
tion of the spectra for different J values is the result of
different Franck–Condon factors (FCF) for the PA tran-
sitions between the initial atomic-scattering state and the
final ro-vibrational levels of excited molecules.

As the FCF for the lowest level ν = 0 is two orders
smaller than ν = 17 for Cs2 0−g state [32, 36], the experi-
mental parameters are optimized to obtain the PA spectra
with a high resolution. Hence, the PA laser-scanning rate
should be given a small value; namely, 1 MHz/s. The in-
teraction between the PA laser and the cold atomic sample
is well performed. Due to the low sensitivity in detecting
the signal using long integration times (1 s) of the lock-
in amplifier, the PA spectra for ν = 0 can be observed
with a low resolution and low reliability [36]. By increasing
the integration time to 300 ms, the developed PA spectra
are obtained with an improved resolvability. More impor-
tantly, by using a DPAS technique, a higher progression
J = 4 can be acquired, by virtue of which the binding
energies of the rotational levels for ν = 0 and the rota-
tional constants can be accurately determined [35]. To be
sure, the spectrum for J = 5 of ν = 0 is more difficult to
acquire than that of ν = 1 and ν = 17. The large rota-
tional progressions can be rationalized due to additional
angular-momentum contributions, such as orbital angular
momentum due to p-waves or d-waves [18].

By using the DPAS, we are able to accurately mea-
sure the LIFS for the lowest vibrational levels, as shown
in Fig. 4. For Beam I and II, a given rotational line ap-
pears twice in the spectrum with a frequency separation
equal to the frequency shift between both beams. Con-
sequently, the frequency interval between the two peak
positions is exactly 220 MHz, which serves as an accurate
optical-frequency ruler. For beams with unequal intensity,
the frequency separation differs from the frequency shifts

Fig. 4 LIFS values of the PA resonance as a function of PA
laser intensity for ν = 0 and 1 of the Cs2 0−

g PLR state. LIFS
for ν = 17 case is also present for comparison. Colorful circles
denote experimental data and the solid lines denote linear fits.

between both beams. Thus, DPAS allows us to determine
the differential light shift.

In Fig. 4, the ν = 17 case is also plotted for com-
parison with ν = 1 and 0, from which it is evident
that the lines become gradually steeper as the quantum
number v increases. The slopes for ν = 0, 1, and 17
are −0.086, −0.098, and −0.220 MHz·cm2/W, respec-
tively. The LIFS effect is pronounced approximal to the
molecular-dissociation limit. The error bars mainly origi-
nate from the systematic uncertainty in determining beam
intensity, which stems from the difficulty associated with
accurately measuring the beam diameter at the MOT lo-
cation. In addition, the interaction between the two laser
beams with the MOT, the calibration of the laser-power
meter, and the nonlinear Lorentzian fitting are also vital
in determining the error bars.

4 Conclusions

In this paper, a DPAS technique was proposed to provide
a precise frequency reference to experimentally determine
the LIFS of the lowest vibrational levels of the molec-
ular long-range state. The LIFS measurement of ν = 0
and 1 supplemented the potential curve of the PLR state.
Our scheme has several advantages. First, the LIFSs of
the lowest vibrational levels of Cs2 long-range states have
been directly determined for the first time. Secondly, an
onerous cavity is not required. Finally, this simple and
robust scheme can be easily applied to investigate the po-
tential behaviors of long-range states of other homonuclear
or heteronuclear molecular species.
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