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In this paper, ultracold cesium molecules are formed through photoassociation technology, which is carried out in a
magneto-optical trap. High resolution photoassociaion spectra with the rotational progressions up to J = 7 are obtained.
Three rovibrational levels of the long-range 0+u state of Cs2 below the (6S1/2 + 6P1/2) dissociation limit are specifically
investigated. By fitting their binding energy intervals to the non-rigid rotational model, the rotational constant of the long-
range 0+u state is determined. A proportional dependence of the value of the rotational constant on the vibrational quantum
number is demonstrated.
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1. Introduction
Recently, ultracold molecules have drawn great atten-

tion in physical research. Molecular gases refrigerated to the
ultracold regime (< 1 mK) provide significant applications
in molecular optics,[1,2] ultrahigh resolution spectroscopy,[3]

ultracold chemistry,[4] and fundamental physical research.[5]

Original insights stemming from cold and ultracold molecules
have gradually focused on the quantum dynamics of com-
plex systems and quantum information processing.[6] Never-
theless, even the simplest diatomic molecule has a compli-
cated energy level structure compared to an atom due to the
rich vibrational and rotational degrees of freedom. Thus the
direct laser cooling of molecules seems out of reach. Inter-
estingly, laser cooling of polar molecule SrF has been ex-
perimentally realized, reaching a few mK.[7] It should be
noted that this route is only limited to specific large chem-
ical molecules. Efficient and versatile approaches to pro-
ducing ultracold molecules are still under exploration. Over
the last decade, researchers have developed various methods
to directly cool the molecules to lower temperatures, which
mainly fall into two strategies, including imbedding and cool-
ing molecules in a cryogenically cold buffer gas[8,9] and slow-
ing molecular beams by Stark deceleration via an inhomoge-
neous electric field,[10,11] a supersonic jet,[12] or travelling op-
tical lattices in intense optical fields.[13–15] Other techniques
proposed theoretically include the sympathetic cavity cool-
ing technique within a high-Q cavity[16] and ultrashort laser
pulse induced photoassociation.[17,18] Molecular species ob-

tained through direct cooling reach temperatures range from
10 mK to 100 mK, which are sufficiently low to study pre-
cision measurements,[5] cold chemistry,[19] and collisional
properties.[20,21]

Although methods to directly cool molecules have been
explored, none of them have successfully reached a temper-
ature below a few µK. Alternative routes to acquiring ultra-
cold molecules of ∼ µK start from ultracold atoms and as-
semble them pairwise into bound cold molecules by magneto-
or photo-association (PA), i.e., indirect cooling.[19] Magneto-
association can be realized owing to the existence of the Fes-
hbach resonances originating from the coupling between the
initial free atomic scattering state and a bound molecular
state.[20] Photo-association, on the other hand, occurs as bind-
ing two colliding cold atoms through the resonant absorption
of a photon into an excited molecule, which is stabilized by
the spontaneous emission.[21]

Compared to the magneto-association, the PA of ultracold
alkali atoms has become a powerful and versatile tool to ob-
tain tightly bound cold molecules whose excited state levels
are crucial in exploring the long-range dipole–dipole interac-
tion and determining the molecular constants and even further
the potential curves.[22] PA has been successfully employed
in the production of homo- or hetero-nuclear molecules, such
as Cs2

[23,24] and RbCs,[25,26] in the lowest vibrational lev-
els of the electronic ground states. Photo-association spec-
troscopy (PAS) of ultracold molecules with high resolution
is thus a convenient and robust tool to acquire the full infor-
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mation mentioned above. The PAS has been applied to var-
ious atomic species and different mixed species.[27] Very re-
cently, the PAS of a specified Cs2 0−g state has been utilized to
reach the absolute frequency stabilization of a diode laser.[28]

Especially, the long-range rovibrational molecule coefficient
can be deduced from the PAS and then the atomic scatter-
ing length can be measured.[29,30] The PAS will continue to
be a significant tool for ultrahigh resolution measurement,[31]

atom–molecular collision studies,[32,33] creating deeply bound
ground molecules,[34,35] and quantum computing.[36]

Since the first observation of the PAS of ultracold Cs2

below the dissociation limit (6S1/2 + 6P3/2),[34] the reported
experimental and theoretical studies on Cs2 have mainly fo-
cused on the molecular vibrational levels. The PAS has been
performed in ultracold cesium atomic clouds with red detun-
ings as large as 51 cm−1 and 56 cm−1 below the cesium (6S1/2

+ 6P3/2,6P1/2) dissociation limit using trap-loss fluorescence
detection by Pichler et al.[29,30] Later the detection range of
the PAS has been extended for as far as 80 cm−1 below the
Cs (6S1/2 + 6P3/2) dissociation limit with a detailed analy-
sis of the spectra by using the well-known LeRoy–Bernstein
formula.[37] In the PAS, the rich rotational progressions for
a specified vibrational state enable an accurate determination
of the rotational constant. The rotational constant for the
Cs2(6S1/2 + 6P3/2) 0−g state has been reported.[31,38,39] How-
ever, the rotational constant of the cesium molecular (6S1/2 +
6P1/2) 0+u state has not yet been presented. In this paper, the
technique of modulated fluorescence of cold atoms in a cesium
magneto-optical trap is employed to obtain the high resolution
PA spectrum for the Cs2 (6S1/2 + 6P1/2) 0+u state with rich
rotational levels, according to which the rotational constants
are obtained by using the LeRoy–Bernstein (LRB) formula as
well as the non-rigid rotational model.

2. Experimental setup
The experiment was carried out in a conventional vapor

cell loaded magneto-optical trap (MOT) where an ensemble
of cesium atoms was prepared. As described in detail in
Refs. [38]–[41], a number of cold atoms (∼ 107) were accumu-
lated in the quartz vacuum chamber with a background pres-
sure of about 10−7 Pa. The temperature of the cold atomic
sample was ∼ 200 µK as measured by the time of flight
method. The trapping and repumping lasers were provided
by two frequency-stabilized diode lasers (DL100, linewidth
< 1 MHz) via standard saturated absorption technology. The
trapping laser frequency was red-detuned from the 6S1/2 (F =

4) →6P3/2 (F ′ = 5) atomic transition for about two natural
linewidths. The repumping laser was locked to the transition
of 6S1/2 (F = 3)→6P3/2 (F ′ = 4). The experimental setup is
shown in Fig. 1.
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Fig. 1. (color online) (a) Experimental setup, where arrow I represents
the trapping beam and the re-pump beam, and arrow II represents the
PA laser; (b) relevant energy levels of Cs2 molecule.

The photoassociation process was induced by a continue-
wave tunable Ti: sapphire laser system (MBR 110,∼ 900 mW,
typical linewidth < 100 kHz). The photoassociation laser
beam was focused to a diameter of 500 µm at the center
of the vacuum chamber, resulting in an available intensity
of ∼ 300 W/cm2. The absolute laser frequency was mea-
sured by using a commercial wavelength meter (High Finesse-
Angstrom WS/7R) with an accuracy of 60 MHz, which en-
abled a comparatively accurate analysis of the spectral data.
The fluorescence yielded from the trapped cold atoms was col-
lected by a convex lens and detected by an avalanche photo-
diode (APD Hamamatsu S3884) with 850 nm band-pass fil-
ters. In order to improve the sensitivity of the detection, we
utilized a lock-in detection technique by modulating the fluo-
rescence of the cold atoms.[28,39] The modulated fluorescence
signal was demodulated through a lock-in amplifier (SR830)
with an optimized integration time of 300 ms.

In our experiment, trap-loss spectroscopy instead of the
ionization detection technique was employed to detect the pro-
duction of cesium molecules.[42] In the photoassociation pro-
cess, a pair of cold atoms in the ground state (6S1/2, F = 4)
resonantly absorbed a photon whose frequency was red de-
tuned from the (6S1/2 + 6P3/2) dissociation limit, thus form-
ing a weakly bound molecule residing in the excited state. The
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process can be written as

Cs(6S1/2)+Cs(6S1/2)+ h̄ν → Cs2. (1)

In the molecular forming process, the number of trapped
cold atoms in the MOT decreased, and therefore the fluores-
cence from the atomic resonant transition between the ground
state and the excited sate showed a loss, meaning that the ex-
cited bound molecule was formed.[37]

3. High sensitivity rovibrational spectra
For the long-range (6S1/2 + 6P1/2) 0+u state of Cs2, the

high resolution rotational spectra are shown in Fig. 2, and the
rotational quantum number is resolved up to J = 7 for the vi-
brational state (v = 214). The spectra exhibit different narrow
and strong resonance lines, which result from the variation of
the Franck–Condon factors for the PA transitions from the ini-
tial state of the two cold free atoms to the final rovibrational
levels of the long-range states.[39] Here the rotational quan-
tum numbers are assigned in the spectra based on the accu-
rate spectroscopic investigation.[43] For 0+u state below the Cs2

(6S1/2 + 6P1/2) dissociation limit, the molecular levels tend to
couple with the same symmetry belonging to the 0+u state be-
low the (6S1/2 + 6P3/2) dissociation limit. It is worth noting
that the coupling of these levels provides an alternative route
to obtaining ultracold ground molecules.[35]
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Fig. 2. (color online) Ultrahigh resolution PA spectra for v = 214, 215,
216 vibrational states of the Cs2 long-range 0+u state.

We demonstrate the high resolution rotational spectra for
the vibrational levels v = 214, 215, 216, which are induced
by using the Ti: sapphire laser as the photoassociation source,
whose frequency is red detuned∼ 47.96 cm−1,∼ 49.33 cm−1,
and ∼ 50.37 cm−1 from the Cs2 (6S1/2 + 6P1/2) dissociation
limit, respectively. In the MOT, a comparatively low temper-
ature of 100 µK is reached. The s-wave scattering scheme
predominates the formed excited molecules at the rotational
quantum level of J = 2, thus leading to a strong loss signal
in this rotational progression for the three vibrational states,
as shown in Fig. 2. We have observed 6 rotational levels for

vibrational levels v = 214, 215, 216 with rotational quantum
numbers from J = 0 to J = 5. All the observed spectra exhibit
the same intensity undulation, owing to the variation of the
Franck–Condon factors for the photoassociation transitions
from the initial scattering state of the two cold free atoms to the
final targeted rovibrational levels of the long-range states.[43]

It should be noticed that for an additional J = 6, the 7th ro-
tational level in v = 214 is detected. This is attributed to an
additional angular momentum contribution, such as from the
orbital angular moment due to p-wave or d-wave.[44]

4. Determination of rotational constant
In the experiment, trap loss spectra with large detunings

below the 6P1/2 dissociation limit were measured carefully.
The spectra are of key importance in determining the molec-
ular rotational constant. Specifically, it is interesting to note
that we have observed the rotational levels of the Cs2 molec-
ular 0+u state from J = 0 to J = 5 (or J = 7) for the molecular
vibrational levels v = 215, 216, 214, which have not yet been
reported to our knowledge. Furthermore, the presented results
indicate that various partial wave scattering collisions have
participated in the atom–atom collision.[45,46] For the long-
range 0+u state of Cs2, the observed rotational quantum number
J is given by J = L+S+ l, where L = 1 is the total electronic
orbital angular momentum, S = 1 is the total electronic spin
momentum, and l is the magnitude of the orbital angular mo-
mentum of the collisional atomic pair. The rotational quantum
number J satisfies the following formula:

|l−|L+ s|| ≤ J ≤ |l + |L+ s|| . (2)

Besides, the quantum numbers should meet the selection
rule J+L = even number, which is the result of the symmetry
requirement for the two-body wave function.

In order to analyze the molecular rotational spectral data,
we employ the relationship between binding energy and rota-
tional quantum number

E/hc = BJ(J+1), (3)

where E is the molecular rotational energy eigenvalue, h is the
Planck constant, c is the speed of light, and B is the rotational
constant in units of cm−1. The above formula was obtained by
considering a simple rigid rotation model in Ref. [45].

Compared with the conventional chemical bond, the long-
range interaction between two alkali atoms of excited diatomic
molecules formed by photoassociation is weak and the bind-
ing energy can be written by considering the nonrigid rotation
model as

E/hc = BJ(J+1)−DJ2(J+1)2, (4)

where D is the centrifugal distortion constant in units of cm−1.
The effect from the centrifugal distortion is significant for the
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rotational levels with high rotational quantum numbers, be-
cause the electronic rotation at the higher rotational energy
level with a higher angular velocity, whose direction is per-
pendicular to the molecular axis, tends to produce a more se-
vere influence on the diatomic vibrational motion in the radial
direction.

For the same vibrational quantum number, the interval ∆E
between the neighboring rotational levels is

∆E = [E(J+1)−E(J)]/hc = 2B(J+1)−4D(J+1)3. (5)

In order to consider the influence of the centrifugal dis-
tortion effect on the molecular vibrational progress, the cen-
trifugal distortion constant D is introduced.[45] Figure 3 shows
a good agreement between the high resolution molecular ro-
tational data and the fitting of nonlinear equation (5), which
contains the rotational constant B and the centrifugal distor-
tion D, for the three molecular levels. The rotational constants,
0.00242 cm−1, 0.00175 cm−1, 0.0015 cm−1 for the three vi-
brational states, respectively, are obtained by fitting data to
Eq. (5). The variations of the rotational constants with the
molecular vibrational quantum number are presented in Fig. 3
and the constants are shown to increase as the vibrational num-
ber increases.
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Fig. 3. (color online) Rotational energy level interval ∆ν versus ro-
tational quantum number J for v = 214, 215, 216 of the Cs2 long-
range 0+u state. The symbols represent experimental data, while the
solid curves refer to the corresponding theoretical fitting according to
Ref. [39]. The inset illustrates the dependence of rotational constant on
vibrational quantum number v.

For the long-range state of a cesium dimer, the distance
between two atoms tends to be large with vibrational number
increasing, and the excited molecular state is closer to the dis-
sociation limit. This results in the increase of the vibrational
energy spacing while the vibrational number augments. It can
be reasonably explained by the fact that a vibrational level con-
tains many rotational levels; the rotational energy spacing con-
tributes to the enhancement of the energy spacing and the ro-
tational constant for the long-range 0+u state of Cs2 below the
(6S1/2 + 6P1/2) dissociation limit.

5. Conclusion
We experimentally present the rotational spectra with

high resolution for the long-range 0+u state of Cs2 by modu-
lating the fluorescence of the cold atoms. Three vibrational
states of v = 214, 215, 216 are observed below the Cs2 (6S1/2

+ 6P1/2) dissociation limit. The rotational constants for differ-
ent vibrational states are derived by fitting experimental data to
the nonrigid rotation model. The values of B(v) for the above
vibrational levels are equal to 0.00242 cm−1, 0.00175 cm−1,
and 0.0015cm−1, respectively. The dependence of the rota-
tional constant on the vibrational quantum number is also stud-
ied.
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