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a b s t r a c t 

We report the production of ultracold heteronuclear NaCs molecules in excited electronic states by pho- 

toassociation (PA) of ultracold Na and Cs atoms. The saturation of the photoassociation scattering prob- 

ability is observed from the dependence of the trap loss probability on the photoassociation laser inten- 

sity. Based on the scattering theory, we estimate the saturation intensity of photoassociation, which is 

deduced by fitting the experimental data to a saturation model. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

Heteronuclear polar molecules have recently attracted enor-

ous attention owing to their ground state having a large elec-

ric dipole moment. [1] The long-range anisotropic dipole-dipole

nteraction in such systems is the basis for a variety of applications

ncluding quantum computing, [2] precision measurements, [3] ul-

racold chemistry, [4] and quantum simulations. [5] The two pri-

ary methods for the production of heteronuclear bi-alkali-metal

olecules have been magnetoassociation (MA), as in the case of

Rb, NaK, NaLi, NaRb and RbCs, [6–12] and photoassociation (PA),

s in the case of LiCs, LiRb, KRb, RbCs, LiK, NaCs and YbRb [1,13–

8] . PA offers a unique opportunity of studying the longrange inter-

ction between atoms, and provides a wealth of information about

olecular structures in the near-dissociation region. The PA spectra

f ultracold atoms have provided significant information about the

round-state collision properties [19] between alkali-metal atoms,

ccurate measurements of the molecular parameters, the PA rate

oefficients, and the radiation lifetimes. [20] 

The investigation of the dependence of a PA transition on laser

ntensity is a topic of interest because of its role in understanding

he regime of resonant excitation of converting a pair of free atoms

nto an excited-state molecule and determining the PA rate. The in-

olved dependence of an amplitude of a resonant signal responsi-
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le for the population of a rovibrational level can offer a direct and

ffective indication for a PA rate. In the past decades, several inves-

igations of the PA rate have been performed in various samples.

cKenzie et al. [21] measured the PA spectra for various intensities

nd durations of the light pulse in a sodium Bose–Einstein conden-

ate and obtained the saturation limit of the PA rate coefficient,

he line shape, and the shift in resonance. Schloder et al. [22] re-

ort heteronmclear photoassocition spectroscopy in a mixture of

agneto-optically trapped 

6 Li and 

7 Li. Prodan et al. [23] have mea-

ured the intensity dependent rate and frequency shift of a pho-

oassociation transition in a quantum degenerate gas of 7 Li. Kraft

t al. [24] presented studies of strong coupling in single-photon

hotoassociation of cesium dimmers using an optical dipole trap.

ourav et al. [1] identified several strong PA resonances. They de-

ermined the molecule formation rate and the PA rate coefficient.

ickelson et al. [25] investigated the saturation effects in the PA

pectrum of 86 Sr. As mentioned above, these studies have pre-

ented the laser intensity dependences of the PA rate coefficient

n various alkali molecules. However, before our present experi-

ent, measurement of the intensity dependence of the PA of NaCs

olecules in the c 3 �+ state for different rotational levels in a vi-

rational state had not been performed. 

In order to understand the regime of strong coupling in PA,

hich is of pivotal role in the formation of ground state molecules,

e report in this paper researches of saturation effects in the PA

ormation from the Na-Cs continuum to excited molecular states.

sing a modulation spectroscopy technique [26] , we are able to
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Fig. 1. (a) Experiment setup: Simplified diagram of key elements of the apparatus. The Na and Cs ultracold atom samples are trapped in a dual-species Magneto-Optical 

Trap (MOT). (b) Potential energy curves(PEC) of the molecule NaCs. 
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other resonance lines in this letter. 
develop systematic investigations of the dependence of the PA rate

of polar molecules on the photoassociation laser intensity. Some

hyperfine structures of high-lying vibrational levels are observed

and analysed in the c 3 �+ electronic state [27] . We investigate the

intensity dependence of PA loss rate of PA transitions for differ-

ent rotational levels at the v = 61 , 64 vibrational levels of the NaCs

c 3 �+ molecular state. PA loss rate exhibits the theoretically pre-

dicted dependence on the laser intensity characteristic for the sat-

uration phenomena and the saturation of the PA is observed in our

experiment. 

2. Experimental setup 

Our experiment begins with overlapping dark-spot magneto-

optical traps (dark-spot MOTs) of sodium and caesium. The dark-

spot MOTs allow us to obtain many ultracold atoms with minimal

losses caused by light-assisted interspecies collisions [28] . The spa-

tial overlap of the two MOTs is monitored using a pair of CCD

cameras placed orthogonal to each other and a good overlap is

ensured for our PA experiments. The details of the apparatus are

shown schematically in Fig. 1 . Potential energy curves(PEC), which

selected low electronic states are also presented. The 133 Cs dark-

spot MOT typically contains N Cs ≈ 6 × 10 7 of Cs atoms at a density

of 1.5 × 10 9 cm 

−3 , with most of the 133 Cs atoms in the lower hy-

perfine ( F = 3 ) levels of the 6s 2 S 1/2 state. The 23 Na dark-spot MOT

typically contains N Na ≈ 9 × 10 6 of Na atoms at a density of 2.0 ×
10 9 cm 

−3 , with most of the Na atoms in the ∼120 μK and ∼150 μK

respectively, by using a time-of-flight method. 

The PA light is served by a widely tuneable continuous-

wave Ti:sapphire laser system (Coherent MBR 110, power ∼3.5 W,

linewidth ∼100 KHz). The long-time frequency drift is suppressed

within 500 KHz by locking to its self-reference cavity. The absolute

frequency of the PA laser is measured by a wavelength meter (High

Finesse-Angstrom WS/U) with an accuracy of 30 MHz. The wave-

length meter is repeatedly calibrated with the Cs atomic hyperfine

resonance transition 6S 1 / 2 (F = 4) → 6P 3 / 2 (F = 5) corresponding

to the wave number of 11732.176 cm 

−1 . The PA laser beam is col-

limated to a 1/e 2 diameter of 0.78 mm with a maximum available

average intensity of ∼650 W/cm 

2 . 

PA resonances lead to the formation of the excited NaCs

molecules, which either spontaneously decay to NaCs molecules in

the ground electronic state or to free Na and Cs atoms with high

kinetic energies. One of the simplest techniques for detecting a PA

transition is to monitor the number of atoms remaining in an MOT.

Both mechanisms result in loss of the Na and Cs atoms from the

MOT, leading to a decrease in the MOT fluorescence. The formation
f the NaCs molecules can thus be detected from this so-called

rap loss spectrum. A convenient way to monitor the number of

rapped atoms in an MOT is by observing the level of the fluo-

escence emitted by the atoms as they are continuously bathed in

he near-resonant light which forms the MOT. The variation of the

umber of atoms with the PA laser frequency gives the spectral

nformation [29] . In our experiments, the fluorescence from the Cs

Na) dark-spot MOTs is collected using a lens and detected by an

valanche photodiode (a photomultiplier) with an 852 nm (589 nm)

andpass filter. Direct fluorescence detection is usually not satis-

actory because a noise arising from stray fluorescence nearly sub-

erges the useful signal. The lock-in method, based on modulating

he fluorescence of the ultracold atoms, is used to improve the de-

ection sensitivity of the trap loss spectroscopy in our experiment.

 modulation frequency of 3.4 KHz (3.2 KHz) for the fluorescence

rom the trapped Cs (Na) atoms is also used in stabilising the trap-

ing laser frequency. The modulated fluorescence is demodulated

ith a lock-in amplifier (Stanford Research SR830) and recorded

y a computer. 

The dependence of the PA rate on the laser intensity is of

articular interest since we can determine the timescales of a

olecule formation. The rate is predicted to increase in intensity at

ow intensities, while various mechanisms responsible for the sat-

ration of the rate at high intensities have been proposed [32,34] .

e experimentally study the PA resonance below the Na(3S 1/2 ) +

s(6P 3/2 ) asymptote, i.e., near the D 2 line of Cs at 852 nm. Accord-

ngly, the PA laser scanning rate is set to 5 MHz/s so that the PA

pectra can be observed with a reasonable resolution. 

The losses of the trapped Na atoms, experimentally monitored

y detecting the Na atomic fluorescence signal, can represent a

eal PA for heteronuclear NaCs molecules, whereas the losses of

he trapped Cs atoms represent the sum of PAs for heteronu-

lear (NaCs) and homonuclear (Cs 2 ) molecules. Moreover, the PA-

nduced loss of the Cs atomic fluorescence monitored simultane-

usly with the Na atomic fluorescence in the process of the pho-

oassociation is not distinguishable in our experiments. In our pre-

ious work [27] , we have obtained clear spectroscopy of the ultra-

old NaCs molecules, Here we focused on two spectra of different

ovibrational levels v = 61, 64, which are red detuned from the

S 1/2 + 6P 3/2 dissociation limit for ∼31.7 cm 

−1 and ∼14.8 cm 

−1 , re-

pectively. 

We have observed some other rotational levels ( J > 1) and vi-

rational states, but the loss ratio of the signal is not satisfactory;

ost resonance lines are nearly indistinguishable. In order to keep

he data relatively complete and organised, we do not report the
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Fig. 2. The high-resolution PA spectra of the v = 61 J = 1 vibrational state for the 

c 3 �+ with different intensities. F here is the ordinal number of a hyperfine peak 

in the entire rovibrational line profile. The NaCs (3S 1/2 + 6P 3/2 ) dissociation limit is 

11732.176 cm 

−1 [27] . 

Fig. 3. The high-resolution PA spectra of the v = 64 J = 1 vibrational state for the 

c 3 �+ with different intensities. F here is the ordinal number of a hyperfine peak 

in the entire rovibrational line profile. The NaCs (3S 1/2 + 6P 3/2 ) dissociation limit is 

11732.176 cm 

−1 [27] . 
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. Experimental results and discussion 

In the regime of the low laser intensity, the PA rate is propor-

ional to the laser power, as shown by Prodan et al. [30] For the

igh-intensity regime, a semianalytic model of the PA rate was de-

ived in Bohn and Julienne’s report, [31] in which the scattering

rocess in a dressed molecular state picture was treated. The PA

ate coefficient G can be written as an averaged product of the

elative velocity v r , the maximal inelastic cross section β = π/k 2 

with k being wavenumber), and the scattering probability 〈 | S | 2 〉
s follows: 

 = 

〈
βv r | S| 2 

〉
= 

〈 
π

k 2 
v r | S| 2 

〉 
. (1) 

The scattering probability between the free scattering state and

 bound molecular state is predicted to have a Lorentzian shape

nd can be written as: 

| S| 2 〉 = 

γ�

[ E − (� + E 1 )] 2 + ( γ +�
2 

) 2 
. (2)

here � is the absorption rate stimulated by the PA laser, γ is

he spontaneous decay rate of the bound excited state, � is the

A laser detuning from the resonance of rovibrational levels, E is

he energy difference between the two states, and E 1 is the new

nergy after a light-induced energy shift. 

In the theoretical model of Bohn and Julienne [31] for pho-

oassociation in strong laser fields, the rate � of the ultracold

toms PA, which depends on the PA laser intensity I , [32] de-

otes the coupling between the initial continuum wave function

 �( E kin → 0) 〉 with the final bound state wave function | 	( v ) 〉 , and

s expressed as: 

= 2 π(V eg ) 
2 |〈 	(v ) | �〉| 2 . (3)

here V eg is the radiative coupling of the scattering and bound

tates of the electronic transition, which is proportional to the

quare root of the laser intensity. Generally, � depends on the col-

iding energy E kin , but, thanks to the relative narrowness of the

axwellian distribution at ultracold temperatures, this dependence

an be neglected in our simplified treatment via substituting its ef-

ective averaged value. γ is the spontaneous decay rate, modeling

he coupling of the upper state with all the (decaying)channels. It

s determined only by the coupling between the bound state wave

unction 	 and a virtual final free state wave function �1 , and can

e expressed as: 

= 2 π |〈 	(v ) | V | �1 〉| 2 . (4)

ith V being an artificial electronic matrix element between the

ound excited state and the ultimate free state. 

Summarizing, � increases linearly, while γ remains unchanged.

hen this intensity � becomes comparable to the spontaneous

mission line width of 12 MHz, the PA transition rate begins to sat-

rate. The saturation intensity I s is defined by I/I s = �/γ . The ex-

ited state wave functions 	( v ) are different at different rotational

evels of the same vibrational state, so there is a consequential dif-

erence in I s . One more contribution to this effect is the depen-

ence of the I s . As this drop-off occurs on an energy scale compa-

able to γ , it must be included in any PA line-shape analysis, as

as been emphasised. 

The inelastic-scattering probability in Eq. (2) possesses the form

f a Lorentzian distribution, but in the low-energy regime, both the

idth � and the energy shift E 1 exhibit the intensity dependent

ariation. The maximum amplitude of the resonant line is achieved

ith � = E − E 1 and equals: 

| S max | 2 〉 = 

4 γ�

(γ + �) 2 
. (5)
The amplitude Eq. (5) increases proportionally to � ∼ I when

< < γ and decreases as 1/ � ∼ 1/I when � > > γ , having the max-

mum value at � = γ . This behaviour of the amplitude is accom-

anied by a monotonic increase of the total linewidth ( � + γ )/2,

o that the total integral rate A ( A = 2 aπ I γ / (γ + aI )) monotoni-

ally increases exhibiting a typical saturation behaviour. Hence, the

axima of the PA loss rate corresponding to the laser intensity I

ndicate the achievement of the saturation regime I = I s . In order

o investigate how and at which intensity the PA rate is saturated,

e measured the dependences of the PA probability on the laser

ntensity for different rotational levels of the v = 61, 64 vibrational

tates of the c 3 �+ state below the 3S 1/2 + 6P 3/2 dissociation limit.

n Figs. 2 and 3 , the values of the high-resolution trap-loss for four

ifferent laser intensities are shown. The Figs. 2 and 3 show the

yperfine structure that is resolved up to J = 1, v = 61 and J = 1,
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Fig. 4. (a) Plots of the experimental PA loss rate of resonant lines for the v = 61, J = 1, F = 3, 4 hyperfine levels versus the PA laser intensity, with the curves representing 

the fittings to the saturation model given by Bohn and Julienne [31] . (b) Plots of the PA loss rate of resonant lines for the v = 64, J = 1, F = 3, 4 hyperfine levels versus PA 

laser intensity, with the curves representing the fittings to the saturation model given by Bohn and Julienne [31] . 
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[  
v = 64 with a high signal-to-noise ratio, and that the peak posi-

tions remain unchanged. The resonance positions for the two vi-

brational states v = 61 and 64 are 11700.44 cm 

−1 , 11717.36 cm 

−1 ,

respectively, the assignment of which are in accordance with the

results from Ref [33,34] . 

In Fig. 4 , the solid squares denote the experimental data, while

the curves represent the fitting to the saturation model of Bohn

and Julienne [31,35] . From the figure, we can easily observe that

the PA rate increases with the increasing PA intensity at first, and

then decreases owing to various mechanisms. When the PA inten-

sity rises to 260 W/cm 

2 , 250 W/cm 

2 , 325 W/cm 

2 , or 330 W/cm 

2 , de-

pending on the corresponding v and F combinations, the satura-

tion effect is clearly observed. All the rotational progressions can

be fitted by formula (5) within experimental accuracies. We only

present the results for v = 61 J = 1, F = 3, 4 and v = 64 J = 1, F =
3, 4 in the figures, respectively. 

4. Conclusion 

We have achieved the ultrahigh resolution trap loss spec-

troscopy by monitoring the fluorescence of trapped sodium atoms

as a function of the PA laser frequency. The hyperfine structures of

the c 3 �+ state for v = 61, J = 1, F = 3, 4 and v = 64, J = 1, F = 3, 4

below the NaCs 3S 1/2 + 6P 3/2 dissociation limit are obtained under

different PA laser intensities. The PA loss rate of resonant lines be-

gin to increase and then decrease with PA laser intensities, which

the saturation is observed. The PA loss rate are quantitatively in

good agreement with the theoretical model. A complete study of

the saturation of PA related to rotational levels is required to un-

derstand the PA regime of sodium atoms and cesium atoms and to

perform the stimulated Raman PA in the well-defined rovibrational

levels. 
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