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Abstract. We theoretically investigate the vibrational cooling of RbCs molecules formed via the 
photoassociation of Rb and Cs atoms. A sample of cold molecules, initially distributed across multiple 
vibrational levels, can be transferred into a specific vibrational level of the singlet ground electronic state, X1∑+. 
This is achieved by repeated optical pumping with a laser light spectrum broad enough to excite all populated 
vibrational levels except the target one. The results show that this cooling method achieves an efficiency of 
nearly 90 %. 
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1. Introduction 
The ability to precisely control both the internal and external degrees of freedom of 
molecules is highly promising and offers the potential for significant breakthroughs across 
different areas of physics [1, 2] and modern physical chemistry [3, 4]. From an experimental 
perspective, it is well established that molecules are more challenging to manipulate than 
atoms because of their internal complexity. This challenge has led to the theoretical 
development of innovative control methods, including those aimed at manipulating the 
internal degrees of freedom of (cold and ultracold) molecules [5–7]. Long-range interactions 
and quantum effects dominate dense molecular gas systems, making them an ideal platform 
for simulating solid-state behavior with exceptional control and accuracy, enabling the study 
of phenomena such as superconductivity and the discovery of new phases of matter [8–11]. 

Experimentally, producing a dense, cold molecular sample remains highly challenging 
for most species beyond a limited set. Existing methods in the literature generally fall into 
two categories. The first involves forming molecules from pairs of ultracold trapped atoms, 
achieved either through magnetoassociation (MA) using a magnetic Feshbach resonance 
(MFR) followed by optical transfer to the ground state [12–16], or via photoassociation with 
subsequent radiative emission [17–20]. While these techniques can generate cold molecular 
samples of around 105 molecules at temperatures between 0.2–50 μK, they are restricted to 
species that can be laser-cooled. The second category involves direct applications for the 
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production of cold molecules, such as collisions with a cold buffer gas [21] or the use of 
external electric [22–24], magnetic [25–27], or optical fields [28]. These methods typically 
produce dilute molecular samples at millikelvin temperatures. 

Cold polar molecules are a cornerstone for emerging applications in quantum 
simulation [10], quantum computation, quantum chemistry, and precision measurement 
[29–36]. This potential has attracted researchers from various scientific disciplines, such as 
atomic, optical, and condensed matter physics, physical chemistry, and quantum science, to 
work together to produce high-density samples of these molecules in their absolute 
rovibronic ground state. To this end, significant progress has been made. The most 
successful experiments often employ a pulsed technique that involves magnetoassociation of 
Feshbach molecules, followed by coherent transfer to the ground state via stimulated Raman 
adiabatic passage (STIRAP) [13, 37, 38]. An alternative route is direct photoassociation, in 
which spontaneous emission populates deeply bound states, a method demonstrated for 
various molecules, including KRb [39], LiCs [40], RbCs [41–44], and NaCs [45], and explored 
theoretically in Ref. [46]. 

Despite these successes, a significant challenge persists. The formed molecules are 
typically produced in a distribution of vibrational levels within the electronic ground state, 
rather than exclusively in the lowest vibrational level ( "v =0). The population of higher 
vibrational states limits the lifetime of the molecular sample due to inelastic collisions and 
spontaneous decay, and prevents the attainment of a pure, long-lived quantum gas in the 
absolute rovibronic ground state. This state is a prerequisite for most high-precision 
experiments, including those probing fundamental physics, quantum simulation, and 
quantum computation. Therefore, developing an efficient scheme for vibrational cooling such 
as a transfer of population from these higher-lying vibrational states ( "v >0) down to the 
absolute ground state ( "v =0) remains a critical challenge. While strategies such as optical 
pumping have been considered, a detailed theoretical proposal for a robust, multi-cycle 
optical cooling scheme specifically tailored to RbCs has been lacking. 

In this work, we address this gap by proposing and theoretically analyzing a path 
toward efficient vibrational cooling of RbCs molecules. Our scheme is based on optical 
transitions between the ground X1Σ+ state and the excited B1Π state, driven by a spectrally 
shaped broadband laser centered at 732 nm. This specific transition is particularly 
advantageous for two reasons. First, the relatively short lifetime of the excited state (~12 ns) 
allows for the high photon-scattering rates required for efficient cooling. Second, the Franck-
Condon factors (FCFs) between these states are highly favorable for closing the optical cycle. 
Building on foundational laser-cooling work in other molecules [47–60], our proposed 
scheme offers a practical route to producing pure, ultracold RbCs samples for next-
generation precision spectroscopy and quantum simulation experiments. 

2. Simulation 
The core idea behind the optical pumping method, as implemented in [41, 43–55], involves 
using a broadband laser tuned to address transitions between vibrational levels denoted Xv  

and Bv , which correspond to levels in the singlet ground electronic state 1ΣX   (hereafter 

referred to as X ) and the electronically excited state 1ΠB  (hereafter referred to as B ), 
respectively, of the RbCs molecule (see Fig. 1a). Fig. 1b illustrates the FCFs, which represent 
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the squared normalized overlaps between the vibrational wavefunctions for transitions from 
vibrational levels Xv  of the ground state X  to levels Bv  of the excited state B . The FCF 

distribution is non-diagonal; that is, the transition 0 0X Bv v    is not the most probable. 

Instead, the highest FCF is observed for the 0 2X Bv v    transition, with a value of 
0.26597 [52]. 

a)   b) 
Fig. 1. (a) Schematic diagram for RbCs 1ΣX   and 1ΠB  potential energy curves used in the proposed 
cooling scheme. (b) Franck-Condon Factors (FCFs) for transitions between the  1Σ XX v  vibrational 

levels and the  1Π BB v  vibrational levels. 

The goal is to begin with an initial distribution of molecules across different vibrational 
levels, Xv , and transfer them to a single selected target level. This is achieved through cycles of 

absorption and spontaneous emission, which, via optical pumping, redistribute the vibrational 
population in the ground electronic state. The process follows the general scheme:  

      RbCs RbCs RbCs ' ,X las B X emv h v v h        (1) 

where lash  and emh  are the energies of the laser and of the spontaneously emitted 

photons, respectively. Xv is the vibrational level after spontaneous emission. The broadband 

laser spectrum enables pumping from multiple vibrational levels Xv . Selective removal of 

excitation frequencies for a specific Xv  level renders it a dark state by preventing further 

depopulation. Over time, repeated absorption and spontaneous emission cycles, as described 
by Eq. 1, result in the accumulation of molecules in the target vibrational level, Xv . 

To model the process, the optical pumping cycle is divided into two steps: excitation 
from the ground state X  to the excited state B  (absorption), followed by spontaneous 
emission from B  back to X . The short pulse duration allows us to disregard spontaneous 
emission during absorption, as its impact on the final population distribution is negligible. 
Similarly, stimulated emission is omitted due to the low laser intensity. Based on the known 
potential curves and rotational constants of the molecular system, we compute the ro-
vibrational energy levels and FCFs for the transitions. The average laser intensity is 
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sufficiently weak to operate in a perturbative regime, meaning the excitation probability 
depends linearly on the laser spectral density at the transition frequencies, the FCF, and the 
Hönl-London factor (HLF). Given the excited-state lifetime of 15 ns, fewer than one photon is 
absorbed per pulse, ensuring complete population decay before the next pulse arrives  
(after 12.5 ns). Additional processes, such as broadband laser-induced three-photon direct 
ionization and predissociation, are also included in the simulation. 

In the perturbative regime (i.e., under low laser intensity), the distribution of molecules 
across the various vibrational levels during the absorption step is described by:  

 

( 1) ( ) ( )

( 1) ( )
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and in emission by  
( 2) ( 1) ( 1)P = P P .n n n

v vv v vX BX X BvB

E       (3) 

where  
X

n
vP  and  

B

n
vP  represent the populations of vibrational levels Xv  and Bv  at the thn  stage of 

the process. 

X B
v vA  denotes the fraction of the molecular population transferred from a vibrational 

level Xv  in the ground state to a level Bv  in the excited state, within the range accessible by 

the laser bandwidth. Similarly, 
X B

v vE  represents the fraction of the population that decays 

via spontaneous emission from an excited vibrational level Bv  to a level Xv . These rates are 

proportional to the corresponding FCFs, 
X B

v vq , the transition dipole moments, 2( )
X B

v vD , and 

transition frequency of the vibrational transition, 
X B

v v : 2 ,( )
X B X B X B X B

v v lasv v v v v vA q D I  and 

32( )
X B X B X B X Bv v v v v v v vE q D  , where ,

X B
las v vI  is the laser intensity. 

As a consequence, after N  steps of absorption-spontaneous emission cycles, we obtain  

 (2 ) (0)= ,N NP M P      (4) 

with = (1 ) = ( )ij ij ki ij ij ik kj ki ij
k k

M EA A E A A        where, E and A represent the population 

fractions decayed via spontaneous emission and gained by absorption, respectively. The indices i, 
j, and k denote the vibrational levels at each stage of the process (i is the initial vibrational level in 
the ground X state, j is the vibrational level in the excited B state after absorption, and k is the final 
vibrational level in the X state after spontaneous emission. For example, a very simple 
optimization procedure to pump toward a single level 0v  can only consider that the laser 

intensity ( , X Blas v vI ) can be either ON or OFF. We can then write A A Δij ij ij , where Δ 0ij   when 

the laser component is turned OFF and 1  when it is turned ON. 
The criterion for convergence is that the population in stage number 2,  2P , has to get 

closer to 0P , a target distribution defined by 
00( )i ivP  , where 0v  is the target vibrational 

level. This means that we have to minimize the norm  
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We note that if 0Xv v   and  
0

E > 0v v v vX B X Xv vX

 


 , we have to set 
0

Δ 0
Bv v  . This ensures 

that the target level 0v  is a dark state and cannot interact with the laser. On the other hand, if 

0Xv v   and  
0

< 0v v v vX B X Xv vX

E  


 , minimizing the norm, 1L , means 
'

Δ 1
B Xv v  . In this case, 

the laser is switched ON to excite all molecules in vibrational levels 0Xv v  . 
The laser must be sufficiently intense and cover all the needed vibrational transitions. 

In fact, optical pumping is usually limited by the finite laser spectral linewidth ΓL . The 

required irradiance density ΓLI , where I  is the laser irradiance, can be evaluated from a 
simple two-level (absorption and emission) model [61]. The model used in this study is 
based on calculating the resonant absorption rate   for the RbCs molecular transition using 
a cutomized form of Einestein’s absorption coefficient formula given by: 

 
3

0
Γ 

500 nm ΓX B
L

v vq AF I            
, where 0  is a constant that determines the 

magnitude of the absorption rate. The terms 
X Bv vq  and AF represent the Franck-Condon and 

angular factors, respectively [61]. The other variables are the laser wavelength λ, the 
normalized incident laser intensity I, and the natural linewidth of the transition Γ . Typically, 
for  Γ 2 10 MH  , a 1 W laser with a linewidth of 10 nm (corresponding to roughly 

Γ 2 L    (10000 GH) at 500 nm) focused on 1 mm leads to an excitation rate of one photon 

absorbed every 3 s. Thus, the full optical pumping probably takes hundreds of 
microseconds. 

In the scheme we are describing, the light's coherence is not a concern; any sufficiently 
collimated source can be shaped and focused onto the molecular sample. We then have to 
choose a laser system that has a broadband spectrum. 

3. Results and discussion 
We assume that the molecules are formed in the ground electronic state via photoassociation 
[41, 42], which predominantly populates the lowest vibrational levels of the RbCs ground 
electronic state, 20Xv  . Starting from an initial uniform distribution of molecules over the 

vibrational levels 1 10Xv   , we simulated the vibrational optical pumping using a 1 W laser 
with a Gaussian spectral profile of 300 cm–1 (bandwidth), centered at 13660 cm–1. The laser 
beam, with a waist of 0.3 mm, is assumed to uniformly cover the molecular sample. The 
corresponding laser spectrum is shown in Fig. 2a, where the frequencies associated with the 
transitions 0X Bv v   have been removed to prevent excitation from the 0Xv   level. It is 
not necessary to know the exact initial distribution of the molecular population, as repeated 
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excitation and relaxation cycles effectively redistribute the population. This leads to a final 
distribution that is independent of the initial distribution, provided all the initially populated 
energy levels fall within the range of the pumping laser. 

The result of this simulation is presented in Fig. 2b. As shown, a significant portion of 
the total molecular population – approximately 50% – is successfully pumped into the 
ground vibrational level after applying 42.5 10  laser pulses.  

 
Fig. 2. Results of the simulation. (a) The laser spectrum used in the simulation. (b) The molecular 
population in each vibrational level Xv  as a function of the number of pulses.  

Fig. 3a illustrates the temporal evolution of the population at 0Xv   level. The transfer 

of population to this level saturates after approximately 250 μs. Our results indicate that 
roughly 10 photons (corresponding to 5 absorption-emission cycles) are required to achieve 
vibrational cooling from the vibrational level 10Xv  .  

The remaining 50% of the molecular population is transferred to higher vibrational 
levels unaffected by the laser, as the corresponding transitions fall outside the pumping laser 
pulse's spectral range. This result is further confirmed by simulating the vibrational cooling 
efficiency from several vibrational levels 10Xv   to 0Xv   using a five-times-larger laser 

bandwidth. Fig. 3b shows that the vibrational cooling efficiency increases to ~90%. In 
practice, we can use a supercontinuum laser that spans 0.4–2.3 μm with a uniform power 

Fig. 3. (a) Time evolution of the population in 0Xv   level. Saturation is reached after a typical time of 
120s. (b) Results of the simulation of the vibrational cooling. The population of the 0Xv   level after 
2.5 ×104 pulses is around 90%. The laser bandwidth is now five times larger than that of the previous 
pulses in Fig. 2. 
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density of approximately 50 mW/nm [62]. Alternatively, it may be more practical to use 
separate (diode) lasers to drive the required transitions. Broadband laser diodes or 
(tapered) amplifiers, with or without anti-reflective coatings, represent one of the simplest 
and most cost-effective solutions [38], offering relatively narrow bandwidths (on the order 
of tens of nanometers) combined with high spectral power density. 

The idea of removing frequencies that correspond to (all) possible excitations of a 
particular vibrational level, to form a dark state, can be applied to any level Xv . Fig. 4 shows 

the case where the target vibrational levels are Xv   1 and 2, respectively. The simulation 

using a 300 cm-1 bandwidth laser predicts a total transfer of around 50% of molecules to 
1Xv   and 2Xv   levels. 

 
Fig. 4. The laser spectra (a,c) and corresponding molecular population in the Xv  1 level (b) and the 

2Xv   level (d). 

The vibrational dependence of an optical transition B Xv v  between two electronic 
states is typically characterized by the corresponding FCF. Fig. 5 provides a useful reference 
for qualitatively predicting how the vibrational population may evolve. Starting from an 
initial vibrational level Xv , excitation to a level Bv  is followed by spontaneous and efficient 
decay, predominantly near the inner Condon turning point, leading to the population of the 
ground vibrational level 0Xfv   (via point B). At the same time, excitation to this particular 

Bv  level can also result in a significant population of higher vibrational levels due to decay 
occurring near the outer Condon turning point (via point C). A key factor in analyzing how 
molecules redistribute their internal energy is the position of point A in Fig. 5. This point 
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corresponds to a specific vibrational level,  Xv A , which, when excited to 0Bv  , exhibits 

minimal deexcitation to other vibrational levels. Consequently, an effective strategy for 
optical pumping involves pumping populations in  Xv A , driving mainly transitions to 

0Bv  . However, some FCFs, such as those between 10Xv   and 0Bv   in Fig. 5, are too 
small to ensure efficient excitation. As a result, to improve pumping efficiency, absorption 
transitions with 0Bv   must also be considered and controlled. 

 
Fig. 5. (a) Schematics of the energy diagram of an electronic transition with (b) the corresponding FC 
matrix elements. The vibrational part is illustrated together with the FCFs for any vibrational B Xv v  
transition. When an initial level Xv  is excited to a Bv  state, spontaneous decay can occur via two 
pathways: (1) relaxation to 0Xfv   at the inner Condon point (path B), or (2) population transfer to 
higher vibrational levels at the outer Condon point (path C). The only exception occurs for the specific 
case of  Xv A  excited to 0Bv   (point A), where the population remains largely unchanged as 
spontaneous decay predominantly returns the system to its original level. 

In this study, we explore the use of a tailored "comb" of laser frequencies, selected to drive 
transitions that efficiently pump from initially populated vibrational levels to a desired target 
state. One approach to selecting the set of excited states involves identifying those with the 
highest FCFs (with the target vibrational level). However, given the constraints of finite laser 
bandwidth, it becomes crucial to avoid populating high vibrational levels (as indicated by point C 
in Fig. 5) that fall outside the laser’s effective range. Therefore, it is preferable to prioritize 
excitations involving vibrational levels on the "lower branch" of the FC parabola. With this 
strategy, when a molecule in a particular Xv  level is excited, it can either decay to a lower 

vibrational level within the "lower branch" or return to the same Xv  level via the "upper branch." 
In the latter case, the process can simply be repeated. This approach is illustrated in the 
simulation shown in Fig. 6, where the target vibrational levels are   0,1Xv A  . The initial 

population spans vibrational levels 1Xv   to 10Xv  , and the laser bandwidth is set to  

300 cm 1  . According to the simulation, after 2.5 410  laser pulses, approximately 70% and 60% 
of the population is transferred to 0Xv   and 1Xv  , respectively. The corresponding laser 

spectra used for this simulation are also presented in Fig. 6. 
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Fig. 6. Results of the simulation of the vibrational cooling. The shaped pulse used for the simulation for 

0Xv   (a) and 1Xv   (b). The population at the 0Xv   (b) and 1Xv   (d) levels after 2.5 410  pulses 
is 70 % and 60 %, respectively. 

4. Conclusion 
The simulation results for the vibrational cooling of RbCs molecules via optical pumping 
show that up to 70% of the molecular population can be transferred to the ground 
vibrational level. This efficiency increases to nearly 90% with further optimization of laser 
shaping and the use of a broader laser spectrum. These improvements pave the way for 
using this optical pumping technique as a repumping mechanism in molecular laser cooling 
schemes. Additionally, trapping the cooled molecules in an optical potential opens new 
opportunities to explore collisional dynamics, which could provide insights into the 
feasibility of evaporative cooling or serve as a platform for studying controlled chemical 
reactions. 
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Анотація. Теоретично досліджене коливне охолодження молекул RbCs, утворених 
внаслідок фотоасоціації атомів Rb та Cs. Холодні молекули, спочатку розподілені по 
кількох коливних рівнях, можуть бути переведеними на певний коливний рівень 
синглетного основного електронного стану X1∑+. Це досягається шляхом 
багаторазового оптичного нагнітання лазерним випромінюванням зі спектром, 
достатньо широким для збудження всіх заселених коливних рівнів крім цільового. Як 
свідчать отримані результати, ефективність цього методу охолодження може 
наближатися до 100%. 

Ключові слова: оптичне нагнітання, коливне охолодження, молекули 


