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ABSTRACT
Method of ro-vibrational cooling of Cd2 and Yb2 molecules occupying initially their excited ro-
vibrational levels in the ground electronic state is proposed. Themethod employs the c31u(53P2)↔
X10+g (51S0) and 30+u (63P1)↔ X10+g (61S0) electronic transitions in Cd2 and Yb2, respectively. The
cooling relies on a successive decrease of population of the ground-state vibrational υ ′′ and rota-
tional J′′ levels using a series of laser-induced excitations from a selected ground-state (υ ′′, J′′)
to the excited-state (υ ′ = υ ′′ − 1, J′ = J′′ − 1) ro-vibrational levels, followed by spontaneous de-
excitations to the ground state. The proposal is an extension of the vibrational cooling method
recently proposed by Urbańczyk et al. [Mol. Phys. 116, 3475–3486 (2018)].
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1. Introduction

Since the advent of cooling methods for atoms and
molecules, cooling of the latter has been a challenge
caused by a complex molecular energy structure. Cool-
ing of the internal (rotational and vibrational) degrees
of freedom of diatomic molecules has been achieved to
a certain degree rather early by introducing a super-
sonic beam technique [1,2]. Internally cooled weakly
bound molecules created using the supersonic expan-
sion sources possess, however, significant translational
velocities which are unfavourable for various applica-
tions. Nevertheless, supersonically expanded molecules,
for example, those with large permanent electric dipole
moment, can be further decelerated as shown by Tarbutt
et al. for 174YbF [3] and stored or trapped as comprehen-
sively presented byMeerakker et al. in their recent review
[4]. Lev and co-workers performed Stark deceleration
of OH that allowed precised ro-vibrational spectroscopy

CONTACT Jarosław Koperski ufkopers@cyf-kr.edu.pl Smoluchowski Institute of Physcics, Jagiellonian University, Łojasiewicza 11, 30-348, Kraków,
Poland

of the ground state [5]. Development of methods dif-
ferent than supersonic expansion such as photoasso-
ciation (PA) [6] allowed cooling internal degrees of
freedom in molecules that are translationally ultracold.
For molecules that are of interest here, PA schemes can
be realised, for example, inmagneto-optical traps (MOT)
constructed for Yb2 [7] or Cd2 [8]. One can also refer to
articles of Doyle’s group which succeeded in buffer-gas
magnetic trapping and cooling of CaH [9], VO [10], NH
[11] and polar van der Waals (vdW) Ag3He [12].

There exist techniques of ro-vibrational cooling that
are based on interaction ofmolecules with laser radiation
employing, for example, optical pumping or so-called
Sisyphus cooling. The methods that use optical pumping
are based on the concept of a luminorefrigeration pro-
posed by Kastler in 1950 [13]. Since then, many cooling
methods for different diatomicmolecules were proposed.
The reader is referred to the seminal article of Di Rosa
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[14] where plans for laser-cooling of molecules are pre-
sented. Further reviews by Carr et al. [15] and Bohn et al.
[16] present progress in the field.DeMille’s group demon-
strated laser cooling of SrF in radio-frequency MOT
[17,18]. Recently, molecules with complex level struc-
ture have drawn particular attention as good candidates
for trapping in MOTs [19] or direct laser cooling [20].
Consequently, SrF molecules have been laser-cooled
below the Doppler limit [21] and for ultracold CaF mag-
netically trapped in a single quantum state, coherent
microwave control of the rotational, hyperfine and Zee-
man levels has been demonstrated [22]. Another impor-
tant step was realisation of an efficient laser-cooling of
optically trapped CaF well below the Doppler limit [23].

Schemes for realisation of the internal molecular cool-
ing have been proposed by several groups, for example, by
Morigi et al. for OH [24], by Hamada et al. in their elab-
orated review for Cs2, NaCs, Rb2, RbCs, LiCs, RbCs and
LiCs alkali diatoms as well as for BaF [25], byWalther for
Hg2 [26] and by Horchani for Cs2 [27]. Several schemes
have been tested experimentally e.g. for Cs2 [28,29] and
NaCs [30]. Direct laser-cooling can also be realised for
molecular ions. Requirements for such a process have
been studied by Nguyen et al. for BH+ and AlH+ [31].
Direct laser-cooling of molecular ions and their prepa-
ration in the desired ground-state ro-vibrational level
was demonstrated for MgH+ and HD+ in Drewsen’s
[32,33] and Schiller’s groups [34], respectively. Odom
and co-workers studied a possibility of broadband-laser
cooling of AlH+ to its ground ro-vibrational quantum
state simultaneously employing a number of different
rotational levels [35].

Recently, in our laboratory vibrational cooling sche
mes for Yb2 and Cd2 have been suggested [36]. In this
article, we extend the proposed schemes by including the
rotational energy structure.

2. Vibrational cooling scheme

Details of our proposal for vibrational cooling were
demonstrated in [36], so here only the main idea is
presented. We assume, that initially a set of cooled
molecules occupy one or several vibrational levels υ ′′
in the ground electronic energy state and υ ′′max−ini is
the highest occupied vibrational level. We also assume
that the applied laser radiation can excite the molecules
from the selected υ ′′ = n to υ ′ = n− 1 in the excited
electronic state. In case of Cd2, the c31u(53P2)↔
X10+g (51S0) electronic transition is used for the process.
The idea of lowering vibrational quantum number υ ′′
via an interaction with laser radiation is presented in
Figure 1.

Figure 1. One of the steps of vibrational cooling process in Cd2
using the c31u(53P2)↔ X10+g (51S0) transition. Molecules from
the initially populated ground-state υ ′′ = 5 level (red full circle)
are laser-excited to υ ′ = 4 in the c31u state (blue full circle). Fol-
lowing excitation (green full circles), 57.3% of all molecules: 1)
spontaneously de-excite to υ ′′ = 4 (41.6%), υ ′′ = 3 (3.1%) and
υ ′′ ≤ 2 (12.5%), and are vibrationally cooled, 2) de-excite toυ ′′ =
5 (26.9%) and can be excited to the c31u state again, and 3) de-
excite toυ ′′ ≥ 6 (15.8%) and are lost from the cooling process.We
assume that the excitation laser is spectrally wide and can excite
molecules from all J′′ in the considered υ ′′. Colour version online.

The scheme is based on the assumption that distri-
bution of Franck-Condon factors (F-CFs) in the c31u→
X10+g transition is nearly diagonal. It means that dur-
ing the spontaneous de-excitation, transitions without
changing of υ (�υ = υ ′′ − υ ′ = 0) are most probable,
while transitions which increase υ bymore than 1 (�υ >

1) are much less probable so, the losses of molecules
from the cooling scheme are small. If a molecule is ini-
tially in υ ′′i = n level, after excitation to υ ′ = n− 1 it can
spontaneously de-excite to υ ′′f ≤ n− 1 with very high
probability and the vibrational cooling occurs. There is
also significant probability that the molecule will de-
excite to the same vibrational level (υ ′′f = n) but in this
case it can be excited again. During the consecutive
steps of the cooling process, the laser is tuned to tran-
sitions originating from descending υ ′′i , so the popula-
tion of molecules is gradually transferred to levels with
smaller υ ′′.

Considering sole vibrational cooling [36], we assume
that the rotational structure in each υ involved in the
cooling process is neglected. It indicates that the laser can
excitemolecules from any populated rotational level J′′ in
the selected υ ′′i = n to any J′ in υ ′ = n− 1 (i.e. allowed
by the rotational selection rules). In further part of the
article, an extension of the idea of vibrational cooling by
incorporation of rotational levels structure is presented
for Cd2 and Yb2.
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3. Rotational cooling scheme

The idea of rotational cooling is based on the�J = −1, 0
and 1 selection rules that correspond to rotational P-,
Q- and R-branches, respectively. Also, the selection rule
associated with the total parity of the wavefunction of
particular levels (+ or −) has to be taken into consid-
eration, as the selection rule for dipole radiation allows
only transitions between positive and negative levels
(+ ↔ −) or (− ↔ +) [37] (compare with Figure 2).

In case of ro-vibrational cooling scheme, we also
assume that the bandwidth of the excitation laser is suffi-
ciently narrow so, it can be tuned to a specified rotational
transition. However, in the experimental realisation of
the proposed cooling scheme also, a broadband band-
width of excitation laser can be used (compare with
BROC – Broadband Rotational Optical Cooling, the
idea of Odon’s group, which was experimentally realised
in [35]). It is possible due to the fact, that for the
c31u← X10+g excitation transition in Cd2, the consid-
ered range of J transitions belonging to rotational P-
branch is well separated from transitions belonging to
Q- and R-branches.

To explain the idea of lowering both vibrational and
rotational quantum numbers, we assume a set of Cd2
molecules which are initially in different ro-vibrational
levels in the X10+g state; however, the reasoning is also
valid for Yb2. In further part of the article, the following
notation will be used:

Figure 2. The allowed (solid arrows) and forbidden (dashed
arrows) ro-vibrational transitions in the 30+u ↔ X10+g and c31u ↔
X10+g electronic transitions in Yb2 and Cd2, respectively, with
depicted laser-excitation (red arrows pointing up) and de-
excitation (blue arrows pointing down) transitions. In Cd2, due to
the�-doubling effect in the c31u state, the Q-branch (�J = 0) in
the laser-excitation process exists. However, because of the selec-
tion rule (+ ↔ −) or (− ↔ +), in the excitation – de-excitation
cycle�J changes by 0 or –2. Colour version online.

Figure 3. Probability of losing Cd2 (black bars) and Yb2 (red bars)
molecules from vibrational cooling schemes in a single υ ′′f ←
υ ′ ← υ ′′i ‘excitation – de-excitation’ cycle which starts from par-
ticular υ ′′i . For υ

′′
i > 0 and υ ′′i = 0, these are probabilities of tran-

sitions to υ ′′f > υ ′i + 1 and υ ′′f > 0, respectively. Colour version
online.

• nmax−ini and mmax−ini denote the highest vibrational
and rotational levels, respectively, which are initially
populated.

• nmax and mmax denote the highest vibrational and
rotational levels, respectively, which are considered
in the simulation; to properly take into consideration
losses of molecules from the cooling scheme (due to
the de-excitation to υ ′′ > nmax−ini), nmax should be
larger than nmax−ini; nmax should be chosen in that
way, that the probability of de-excitation from all υ ≤
nmax−ini to υ ≥ nmax should be negligible.

• subscripts i and f in υ ′′i , J′′i ,υ ′′f and J′′f are related to the
initial conditions (υ ′′i and J′′i ) and to the results (υ ′′f
and J′′f ) in a single step of the cooling process.

The cooling process can be divided into steps, asso-
ciated with transferring molecules occupying particular
ro-vibrational υ ′′, J′′ level using laser-excitation method.
Therefore, each step requires different laser-excitation
wavelength.

Let us consider one step in the cooling process, which
can transfer the majority of molecules from the ground-
state (υ ′′i = n, J′′i = m) level to (υ ′′f < υ ′′i and J′′f < J′′i )
level (see Figure 4). In the process, the molecules are
laser-excited from the initial to (υ ′ = n− 1, J′ = m− 1)
level in the c31u state. Subsequently, the molecules spon-
taneously de-excite to the ground state. Due to the nearly
diagonal character of F-CFs distribution in the c31u→
X10+g transition, the majority of molecules de-excite to
υ ′′ ≤ n− 1. Some fraction of molecules de-excite to
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Figure 4. One of the steps of ro-vibrational cooling process in
Cd2 or Yb2 that starts from the X10+g ground-state (υ ′′i = n, J′′i =
m) ro-vibrational level (red full circles). Laser excitation to (υ ′ =
υ ′′ − 1, J′ = J′′ − 1) level in the c31u or 30+u state of Cd2 or Yb2,
respectively, is depicted (red arrow). Spontaneous de-excitation
of molecules to different ro-vibrational levels of the X10+g state
is shown (solid arrows). Forbidden de-excitation transitions that
break the (+ ↔ −) or (− ↔ +) selection rule are depicted by
dashed arrows. Colour version online.

υ ′′ = n, another small fraction to υ ′′ > n and these
molecules are lost from the scheme. However, modifica-
tion of the cooling scheme aiming at minimalisation of
these losses is presented in the further part of the article.

Due to the�J = −1, 0 and 1 selection rules,molecules
can spontaneously de-excite from J′ = m− 1 to J′′ =
m− 2,m− 1 and m levels, respectively. However, the
parity selection rule (+ ↔ − or − ↔ +) allows only
for de-excitation with�J = −1 and 1. Consequently, the
molecules can de-excite to J′′ = m− 2 and m. Another
words, parity of J quantum number is preserved dur-
ing the cooling process. Molecules that initially occupy
a rotational level with even J can be transferred only to
the levels with even J (to J′′ = 0 at best). Molecules ini-
tially occupying levels with odd J can be transferred only
to the levels with odd J (to J′′ = 1 at best). Probabilities
of de-excitation to the neighbouring rotational levels are
very similar as their energies are close to each other. Thus,
in one excitation – de-excitation cycle, J′′ cannot increase,
but it decreases or does not change with similar probabil-
ity. The molecules which de-excite to the initial (υ ′′i = n,
J′′i = m) level can be excited again, so ultimately, after the
entire cooling step, there are no molecules which occupy
the initial level.

In order to transfer molecules to possibly the low-
est ro-vibrational level, the individual cooling step,
which was described above, has to be repeated (see
Figure 5). In each step of the process, the laser is tuned
to ro-vibrational transition originated from different
(υ ′′i , J′′i ).

From the algorithmic point of view, themultistep cool-
ing process can be associated with two nested for loops.
The outer for loop is associated with selecting initial υ ′′i
whereas the inner for loop with selecting J′′i . The process
can be expressed by the following pseudocode:

for υ ′′ = nmax to υ ′′ = 0
{

for J′′ = mmax to J′′ = 0
{

execute cooling step starting from
(υ ′′, J′′)

decrease J′′ by 1
}
decrease υ ′′ by 1

}.
There are two special cases in the ro-vibrational cool-

ing scheme described above. In the first case, molecules
initially occupy the lowest rotational level (υ ′′i = n > 0,
J′′i = 0), so the laser excites molecules to (υ ′ = n− 1,
J′ = 0, 1) decreasing vibrational quantum number. The
choice of J′ is associated with presence of rotational Q-
branch in the laser-excitation transition. It means that
for Cd2 – due to �-doubling effect in the c31u state – it
is possible to transfer molecules from J′′ = 0 to J′ = 0,
whereas for Yb2 only transition from J′′ = 0 to J′ = 1
is allowed. In the second case, only rotational cooling is
needed (υ ′′i = 0, J′′i = m > 0), so molecules are excited
to (υ ′ = 0, J′ = m− 1). It is obvious that for two lowest
ro-vibrational levels (υ ′′ = 0, J′′ = 0, 1) the cooling step
is not executed (see Figure 6).

4. Simulation procedure

Dynamics of the populations of ro-vibrational levels
(υ ′′, J′′) and (υ ′, J′) in the ground and excited states,
respectively, can be described using following equations:

dN(υ ′′,J′′)
dt

= −A(υ ′,J′)←(υ ′′,J′′) · N(υ ′′,J′′)

+
∑

υ ′

J′=J′′+1∑

J′=J′′−1
[N(υ ′,J′) · FCF(υ ′,J′)→(υ ′′,J′′)],

dN(υ ′,J′)
dt

= +A(υ ′,J′)←(υ ′′,J′′) · N(υ ′′,J′′)

− N(υ ′,J′)
∑

υ ′′,J′′
FCF(υ ′,J′)→(υ ′′,J′′),

where N(υ ′′,J′′) and N(υ ′,J′) denote populations of ro-
vibrational levels in the ground and excited states, respec-
tively, A(υ ′,J′)←(υ ′′,J′′) are coefficients describing pump-
ing rates of molecules caused by excitation laser, and



MOLECULAR PHYSICS 5

Figure 5. Scheme of the simplest version of ro-vibrational cooling process in Cd2.

Figure 6. Scheme of one cooling step in the ro-vibrational cooling process that starts from (υ ′′i , J
′′
i ).

FCF(υ ′,J′)→(υ ′′,J′′) are F-CFs for transitions between ro-
vibrational levels in the ground end excited states.

Taking into consideration the analysis from Section 3,
we assume:

A(υ ′ ,J′)←(υ ′′ ,J′′) = A(υ ′=υ ′′−1,J′=J′′−1)←(υ ′′ ,J′′) for υ ′′ > 0, J′′ > 0,

A(υ ′ ,J′)←(υ ′′ ,J′′) = A(υ ′=0,J′=J′′−1)←(υ ′′=0,J′′) for υ ′′ = 0, J′′ > 0,

A(υ ′ ,J′)←(υ ′′ ,J′′) = A(υ ′=υ ′′−1,J′=0)←(υ ′′ ,J′′=0) for υ ′′ > 0, J′′ = 0, where Q-
branch in excitation transition
is allowed (Cd2),

A(υ ′ ,J′)←(υ ′′ ,J′′) = A(υ ′=υ ′′−1,J′=1)←(υ ′′ ,J′′=0) for υ ′′ > 0, J′′ = 0, where Q-
branch in excitation transition
is forbidden (Yb2).

In the simulation, only ro-vibrational levels up to
nmax and mmax are considered. Consequently, a set of
2(nmax + 1)(mmax + 1) differential equations describing
populations of all ro-vibrational levels (with υ ≤ nmax
and J ≤ mmax) in both ground and excited states was
constructed. It was solved using SciPy library [38] in
Python language. Due to the fact, that even for small val-
ues of nmax and mmax, the set of equations comprises
several dozen of them and that the complexity of each
equation increases with nmax andmmax, in order to avoid
errors, the fragment of Python code containing the set
of equations was generated automatically using C# pro-
gram. (Note: an exemplary set of generated differential
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equations can be obtain from one of the authors, TU,
upon request). In the generated code, the initial popu-
lations N(υ ′,J′) and N(υ ′′,J′′) as well as FCF(υ ′,J′)→(υ ′′,J′′)
and A(υ ′,J′)←(υ ′′,J′′) coefficients were treated as variables,
which were defined in another parts of Python code.

The values of FCF(υ ′,J′)→(υ ′′,J′′) for considered ro-
vibrational transitions were extracted from an output file
of the simulation performed using LEVEL program [39].
The simulation was based on interatomic potentials of
the electronic states involved in the transition [40,41].We
assumed, that in each of the cooling steps the excitation
laser transfers molecules only from one selected ground-
state (υ ′′i , J

′′
i ) ro-vibrational level to the selected excited-

state ro-vibrational level. Thus, in one cooling step, only
one A(υ ′,J′)←(υ ′′,J′′) coefficient has non-zero value. We
also assumed, that at the beginning of each cooling step,
the excited-state ro-vibrational levels are not populated
(N(υ ′,J′) = 0 for all considered υ ′ and J′). Solving the
set of differential equations for particular cooling step
resulted in a distribution of molecules between differ-
ent ground-state ro-vibrational levels which determined
the initial distribution for the next cooling step. The
entire cooling process, which encompasses [(nmax + 1)
(mmax + 1)− 1] cooling steps, was executed by the two
nested for loops (compare with pseudocode in Section 3).

5. Results

As a continuation of our previous work [36], here we
extend the analysis and take into account the rotational
levels structure. We present results of simulation of ro-
vibrational cooling process for Cd2 and Yb2 molecules.
To illustrate the cooling scheme, the c31u ↔ X10+g and
30+u ↔ X10+g electronic transitions are used for Cd2 and
Yb2, respectively. Table 1 collects parameters of inter-
atomic potentials of the electronic states involved in the
process.

Figure 3 shows probability of losing Cd2 (black bars)
and Yb2 (red bars) molecules from the vibrational
cooling scheme in the single υ ′′f ← υ ′ ← υ ′′i excitation

Table 1. Characteristics of the electronic-state interatomic
potentials, represented by a morse function, involved in
ro-vibrational cooling process for Cd2 and Yb2.

Cda2 Ybb2

Parameter X10+g (51S0) c31u(53P2) X10+g (61S0) 30+u (63P1)

ωe 21.4± 0.2 27.2± 0.5 22 26
ωexe 0.35± 0.20 0.256± 0.010 0.20 0.35
Re 3.76± 0.01 3.86± 0.02 4.653 4.611
β 1.0826 0.9259 1.006 1.338

Note: All parameters are in [cm−1], except Re and β that are expressed in [Å]
and [Å−1], respectively.

aRef. [40].
bRef. [41].

– de-excitation cycle due to spontaneous de-excitation
to υ ′′f > υ ′′i . One can see, that losses for Cd2 are signif-
icantly larger than those for Yb2 so, one can expect that
the vibrational cooling efficiency for Yb2 is significantly
larger.

5.1. Cd2

In the simulation, we assumed a set of 16 000 Cd2
molecules. Initially (as shown in Figure 7(a)), all
molecules were in υ ′′ = 7 and they were distributed
between rotational levels as follows: J′′ = 3: 1000, J′′ =
4: 2000, J′′ = 5: 3000, J′′ = 6: 4000, J′′ = 7: 3000, J′′ =
8: 2000 and J′′ = 9: 1000 molecules (the distribution is
arbitrary, Gaussian-like). The initial υ ′′ = 7 was chosen
arbitrarily, however, it is comparable to the value chosen
in [36]. Moreover, in Section 5.4, we present the results
of the cooling process for different initial conditions.
Based on F-CF-s, in the simulation we decided to con-
sider vibrational levels up to nmax = 13, whereas mmax
was set to 10. The electronic-state interatomic potentials
involved in the cooling scheme were taken from [40] (see
Table 1). Result of a simplest version of the cooling pro-
cess, described by pseudocode in Sec. 3 and shown in
Figure 5, is presented in Figure 7(b). After cooling, 32%
of Cd2 molecules (about 5100 out of 16000) was trans-
ferred to (υ ′′ = 0 , J′′ = 0, 1) two lowest ro-vibrational
levels. Below (see Section 5.2), we present modifications
to the cooling scheme, which can significantly improve
this result.

5.2. Improvements of the cooling scheme for cd2

Analysing Figure 7(b), one can find that a significant
number of molecules (approx. 950) occupy the low-
est rotational levels, J′′ = 0, 1, 2 and 3, in υ ′′ = 1. It
should be noted, that these rotational levels were pop-
ulated as the result of cooling cycles associated with
excitations from (υ ′′i = 0, J′′i = 2) and (υ ′′i = 0, J′′i = 3).
In these cycles (for which only rotational cooling was
needed as the molecules populated the lowest υ ′′ = 0),
the molecules were excited to the proper rotational lev-
els in υ ′ = 0 of the c31u without change of υ. Due to the
fact that in the analysed process de-excitation via sponta-
neous emission from υ ′ = 0 to υ ′′ = 1 has not negligible
probability (about 16%), after the cooling process some
molecules ended up in υ ′′ = 1 level.

Applying the modification to the cooling scheme,
one can transfer a majority of the ‘lost’ molecules from
υ ′′ = 1 to (υ ′′ = 0, J′′ = 0, 1) lowest ro-vibrational lev-
els. In the modified scheme, after first execution of the
cooling procedure, part of the process is repeated (for
details see Figure 8, where the additional cooling steps
were shown in green frame).
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Figure 7. Distributions of Cd2 molecules between ro-vibratinal levels in the X10+g state (a) before and (b) after the standard, and (c) and
(d) two modified ro-vibrational cooling processes. Details in text.

In the repeated part of the process, the outer and inner
for loops start fromυ ′′ = 1 and J′′ = 3, respectively. After
applying this modification, about 5900 molecules (37%)
end in the lowest (υ ′′ = 0, J′′ = 0, 1) ro-vibrational levels
(see Figure 7(c)).

Analysis of Figure 3 reveals that the largest losses of
molecules in the cooling process (i.e. de-excitation to
υ ′′f > υ ′′i ) occur for the cooling steps associated with the
highest υ ′′ (probabilities of loosing molecules vary from
0.004 forυ ′′ = 1 to 0.47 forυ ′′ = 10). To increase the effi-
ciency of the process, second modification to the cooling
scheme can be applied. It minimises losses in the cooling
cycles originating from high υ ′′.

In the second modification, after execution of first
cooling cycles that start from υ ′′ = 7 and 6, one goes
back and applies cooling cycles that start from υ ′′ = 8
(to cool molecules that were transferred to υ ′′ = 8 in the
previous cycles) and repeats cooling cycles for υ ′′ = 7
and 6 (see Figure 8, where the additional steps were
enclosed in red frame). After applying both modifica-
tions, about 8330 molecules (52% of the entire pop-
ulation) are transferred to (υ ′′ = 0, J′′ = 0, 1) (refer to
Figure 7(d)).

5.3. Yb2

Due to nearly diagonal distribution of F-CFs for the
30+u ↔ X10+g transition in Yb2, the cooling process in
this case is much more efficient than for Cd2. Thus, for
Yb2, we applied only the simplest version of the cool-
ing scheme, without any modification (compare with
Figure 5). The initial distribution of molecules was the
same as it was for Cd2. The electronic-state interatomic
potentials for calculation of F-CFs were adopted from
[41] (see Table 1). The result is presented in Figure 9.
After cooling is finished, about 14,200 molecules (almost
89%) out of 16,000 were transferred to the two lowest
(υ ′′ = 0, J′′ = 0, 1) ro-vibrational levels.

5.4. Results for different initial conditions

As it was mentioned earlier, the initial cooling condition,
i.e. an occupied υ ′′, was chosen arbitrarily. In this section,
the cooling efficiencies for different initial conditions are
presented. Results are collected in Table 2 which shows
efficiencies of the standard cooling process as well as the
efficiencies of processes with modifications described in
Section 5.2.
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Figure 8. Scheme of ro-vibrational cooling process in Cd2 with modifications allowing transfer of molecules which ‘stuck’ in υ ′′ = 1
level (green frame, lower part) and molecules which ‘stuck’ in υ ′′ = 6, 7, 8 (red frame, left upper part). Colour version online.

Figure 9. Distributions of Yb2 molecules between ro-vibratinal levels in the X10+g state (a) before and (b) after the ro-vibrational cooling
process. Details in text.
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Table 2. The efficiencies (in %) of cooling of Cd2 using the
c31u ↔ X10+g transition and Yb2 using the 30+u ↔ X10+g transi-
tion for different initial conditions of υ ′′ distribution.

Cd2 Yb2

Initial Standard With first With second Standard
υ ′′ version modificationa modificationb version

3 63.6 79.9 79.9 87.6
4 60.0 72.5 72.5 89.5
5 50.9 60.2 60.2 90.1
6 40.2 46.9 57.7 89.8
7 32.0 37.0 52.1 88.7
8 25.8 29.6 47.1c 87.8

Notes: The efficiency was calculated as the ratio of population of molecules
which – after the cooling process – occupy the two lowest (υ ′′ = 0, J′′ =
0, 1) ro-vibrational levels to the initial population of molecules. simulations
were made under assumption that initially 16 000 molecules were dis-
tributed between rotational levels of the given υ ′′ as follows: J′′ = 3: 1000,
J′′ = 4: 2000, J′′ = 5: 3000, J′′ = 6: 4000, J′′ = 7: 3000, J′′ = 8: 2000 and
J′′ = 9: 1000.

aModification that allows cooling molecules which are ‘stuck’ in υ ′′ = 1,
details in Section 5.2.

bModification that allows cooling molecules which are ‘stuck’ in high υ ′′ ,
details in Section 5.2.

cDue to the fact, that initial occupation of υ ′′ = 8 leads to significant transfer
of molecules to υ ′′ = 9 and 10, in this case the repeating round of cooling
cycles starts from υ ′′ = 10 (not from υ ′′ = 8).

6. Conclusions

A method of ro-vibrational cooling of Cd2 and Yb2
molecules using the c31u(53P2)↔ X10+g (51S0) and
30+u (63P1)↔ X10+g (61S0) electronic transitions, respec-
tively, was presented. We proposed a simple cooling
scheme in which 32% of Cd2 molecules and 89% of Yb2
molecules, which initially had occupied several rotational
levels in υ ′′ = 7 vibrational level (i.e. from J′′ = 3 to J′′ =
9) were transferred to the two lowest (υ ′′ = 0, J′′ = 0, 1)
ro-vibraitonal levels. We have also proposed two mod-
ification to the cooling scheme that caused an increase
to 52% the number of Cd2 molecules, which are trans-
ferred to (υ ′′ = 0, J′′ = 0, 1). The proposed methods can
be applied also to other diatomic molecules that have
nearly diagonal distribution of F-CFs between ground
and excited electronic states that are involved in the
process.

It is also worth to notice that possibility of changing
�J by−1 in one cooling cycle will enable transferring the
molecules to one, lowest-lying ro-vibrational level (υ ′′ =
0, J′′ = 0) instead of two lowest-lying levels (υ ′′ = 0,
J′′ = 0, 1). However, the presence of �-doubling in the
c31u state is not sufficient to allow lowering of �J by 1
in the laser-excitation – spontaneous de-excitation cycle
(compare Figure 2). Only the existence of �-doubling in
both lower and upper states involved in the transitionwill
allow to change �J by 0,−1,−2 in one cooling cycle.
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