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ABSTRACT
Schemes for internal ro-vibrational cooling in Yb2 and Cd2, as well as

171Yb Bohm’s spin-1/2 particle
version of the Einstein–Podolsky–Rosen experiment based on photo-dissociation of (171Yb)2 are pre-
sented. The schemes are based on exploration of the rotational and vibrational energy structures
using both theoretical and experimental approaches.

1. Introduction

Exploration of molecular ro-vibrational energy struc-
ture (e.g. in laser spectroscopy experiments employ-
ing a supersonic beam method [1]) can be a sufficient
source of information to elaborate schemes for molec-
ular internal cooling processes [2]. Moreover, obtained
data can be used to propose the new Bohm’s spin-1/2
particle version of the famous Einstein, Podolsky and
Rosen (E–P–R) gedankenexperiment [3] based on con-
trolled dissociation of diatomic molecules in the beam
[4].

Detailed information on the mutual positions of inter-
atomic potentials and ro-vibrational energy levels can be
used in realisation of internal cooling of molecular degrees

CONTACT J. Koperski ufkopers@cyf-kr.edu.pl

of freedom as it was proposed in [2] for Hg2 by employ-
ing the F30u+ (63P1) ↔X10g+(61S0) electronic transition.
Here, after thorough analysis, using a similar approach
we propose a scheme for Yb2 or Cd2 employing the 30+u
(63P1)↔X10+g (61S0) or c31u(53P2)↔X10g+ (51S0) transi-
tion, respectively, following a photo-association (PA) of
(174Yb)2 or (114Cd)2 translationally cold dimer in Yb2
[e.g. 5] or Cd2 [e.g. 6] magneto-optical trap (MOT). As
described for Hg2, the vibrational cooling process starts
from the excitation at a chosen�υ = υ ′−υ ′′ = −1 vibra-
tional transition and makes use of the fact, that due to
small excited- and ground-state bond lengths difference
�Re, only the �υ = 0 transitions dominate in the emis-
sion.Due to the slow blue-detuning of the excitation laser,
the last act of the emission brings the molecule in to the
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υ ′′ = 0. No rotational heating takes place during the pro-
cess. Details are described in Sections. 2.2 and 2.3.

Ytterbium version of the Bohm’s spin-1/2 particle E–P–
R experimentmakes use of a Fry–Walther–Li proposal for
(199 Hg)2 [4] which is based on a Bohm’s idea [7] with
a pair of atoms coming from a molecular fragmentation
which correspond to a pair of spin-1/2 particles and could
be used to implement the E–P–R experiment. It has an
advantage over the mercury version as all the transitions
in fermionic isotope 171Yb and isotopologue (171Yb)2 are
in the visible or near infrared. Details are described in
Section 3.

2. On the perspective of internal ro-vibrational
coolingmechanism in Yb2 and Cd2

In order to employ a scheme for internal cooling of
molecular degrees of freedom, it is essential to analyse the
so-called Walter’s scheme for Hg2 [2].

2.1. Walther’s scheme for Hg2

The Walter’s scheme employs the F30u+ ↔X10g+ transi-
tion in Hg2. Here, the crucial are a very small differ-
ence between equilibrium internuclear distances �Re in
both states involved in the transition (i.e. �Re = Re

′

−Re
′′ = 0.04 Å as recently confirmed [8]) and small dif-

ferences in vibrational constants �ωe = ωe
′ − ωe

′′ and
�ωexe = ωe

′ xe′ −ωe
′′ xe′′ (−1.08 and −0.057 cm−1,

respectively [8]). Figure 1 shows ro-vibrational struc-
ture of the F30+u ↔X10+g transition that is the basis of
the scheme. According to the proposal, the molecule-
forming processmay start upon a collision of two trapped
ground-state 202 Hg atoms in a Hg MOT [e.g. 9] (for the
sake of clarity, description is limited to one isotopologue
only). Upon the 253.73 nm laser (i.e. 39,412.3 cm−1, the
63P1↔61S0 transition), the 202 Hg atoms can undergo a
free-bound PA transition to a vibrationally-excited level
υ ′ of the F30+u or D31u(63P1) state [8], from where they
can decay back down to υ ′′ bound or free-continuum lev-
els of theX10+g state (those decaying to the continuumare
lost). It is generally known that a single-step PA process
leaves a translationally cold molecule in rather high Tvib
i.e. in a relatively high υ ′′ level. Specifically, in PA process
molecules are generally rotationally cold as the process
starts with cold atom collisions and generally only low-J
partial waves are important [10]. The population of the
υ levels, however, is determined by the Franck-Condon
factors (FCFs) [8] when the molecules make the transi-
tion from the excited state into the ground state. Thus,
the Tvib can be relatively high.

As determined by Koperski et al. [11], due to a very
small �Re, the F30+u ↔X10+g bound–bound transitions

in (202Hg)2, especially those with �υ = υ ′–υ ′′ = 0, are
strongly allowed. The proposedmechanism for the vibra-
tional cooling is shown in Figure 1(a) [for values of the
FCFs, the reader should refer there], and the excitation
laser with wavelength close to υ ′ = 0←υ ′′ = 0 transi-
tion (254.10 nm i.e. 39,354.6 cm−1) is used for the pro-
cess. The cooling relies on decreasing the υ ′′ by contin-
uous blue-detuning of the laser, and successive acts of
laser-induced excitation (at�υ = –1 transitions) and flu-
orescence decays (at�υ = 0 transitions that are favoured
over those at �υ = –1 since the former are characterised
by much larger FCFs). Diagram in Figure 1(a) shows the
cooling process realised for the υ ′ = 4←υ ′′ = 5 tran-
sition as the starting one, with the excitation laser con-
tinuously detuned up to 1.13 cm−1 from the starting
wavenumber 39,335.16 cm−1. What is important is that
rotational heating does not occur during the process. This
can be understood by noticing that when tuning the exci-
tation laser from the red to the blue, the P-branch – at
least for rotational levels with a low J – is always in res-
onance first [see Figure 1(b)]. For instance, let us con-
sider a molecule in the (υ ′′ = 2, J′′ = 2) ground-state ro-
vibrational level. The laser is tuned from the red to the
blue until it is resonant with the υ ′ = 1←υ ′′ = 2 tran-
sition. The P-branch comes into resonance first (1) i.e.
the molecule is pumped into the (υ ′ = 1, J′ = 1) level
from where it spontaneously decays to the ground-state
υ ′′ = 1 level. In this transition, the rotational quantum
number is either reduced by one (�J′′ = −1, rotational
cooling) or goes back to J′′ = 2 (�J′′ = 0, no rotational
cooling or heating). If one tunes the laser slow enough,
all molecules initially in the (υ ′′ = 2, J′′ = 2) level will
have been pumped into the υ ′′ = 1 level by this proce-
dure before the laser comes into resonance with the R-
branch transition (2) to (υ ′ = 1, J′ = 3), which of course
would cause rotational heating (see inset in Figure 1 (part
(b)) with diagram of P- and R-branches simulated for Trot
= 3 K and Tvib = 50 K). But as no population is left in
(υ ′′ = 2, J′′ = 2), this does not happen and, ulti-
mately, there should be no significant rotational heat-
ing. Finally, transitions at e.g. 37,000–38,000 cm−1

(D31u, υ ′←X10g+,υ ′′ = 0) or 48,800–49,800 cm−1 (G10u+,
υ ′←X10g+, υ ′′ = 0) can be used for detection of the
(202 Hg)2 in the υ ′′ = 0 [8].

As stated in Ref. [2], motivations for the internal
cooling study in Hg2 (or in Cd2, see in Section 2.3)
are, among others, an investigation of the possibility of
observing Bose-Einstein condensate (BEC) in Hg (or
in Cd) by determining its s-wave scattering length, and
the exploration of possibilities for observing BEC in
Hg (or in Cd) by purely optical means (cooling via
the n3P2←n1S0 transition, n = 6 or 5 for Hg or Cd,
respectively).
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Figure . (Colour online) Simplified diagram of ro-vibrational internal cooling of ( Hg) in a MOT (so-called Walther scheme []) which
uses the Fu

+ (P)↔Xu
+ (S) transition. After a bound←free PA process of ( Hg) from two cold  Hg atoms and a photon with

,. cm− frequency (. nm), the  Hg atoms undergo a transition to aυ ′ level of the F+u [or D
u(

P)] state [] fromwhere they
can decay back down to υ ′′. (a) The scheme relies on the fact that FCFs (shown along the arrows) for the fluorescence decay transitions
with �υ = υ ′−υ ′′ =  (blue thick block arrows) are – times larger than those for LIF excitation with �υ = − (red thin arrows).
This leads to a very effective vibrational-cooling process in which the υ ′′ can be systematically decreased e.g. from υ ′′ =  to υ ′′ =  by
continuous blue-detuning of the excitation laser (exact wavenumbers for the detuning are shown) and consequently, repeated induced
excitation–fluorescence decay cycles. A time arrow is shown at the bottom. (b) No rotational heating is illustrated during blue-tuning of
the excitation laser: () Excitation in P-branch (�J= J′′−J′ = −) of the υ ′ = ←υ ′′ =  transition (red thin arrow) results in �J′′ = −
(cooling, blue thick block arrow) and�J′′ =  (no cooling, no heating, grey thick block arrow) in the υ ′ = →υ ′′ =  fluorescence decay.
[Note: () Excitation in R-branch (�J = ) of the υ ′ = ←υ ′′ =  transition (blue thin arrow) results in rotational heating process (�J′′
= )]. Inset on the right shows a diagram with P- (red scale) and R-branches (blue scale) simulated for Tvib =  K and Trot=  K; shades
from darker to lighter colours indicate the successive υ ′ = ←υ ′′ = , ←, ←, ← transitions]. For additional explanation, see text.
Colour version on line.

2.2. The 30+u (6
3P1)↔X10g

+ transition in Yb2

Similar cooling configuration as for the F30+u-and
X10+g -state potentials of Hg2 can be found in Yb2 for the
30+u (63P1) and X10+g (61S0) states [for the sake of simplic-
ity, similarly as for Hg2, the scheme for Yb2 is described
for (174Yb)2 only]. The similarity concerns small �Re =
−0.042 Å (but negative) and �ωexe = 0.15 cm−1 (but
positive) [12]. The only difference is considerably big-
ger (and positive) �ωe = 4.00 cm−1. Despite the fact,
a similar ro-vibrational internal cooling process, as pre-
sented for (202 Hg)2 in Figure 1, can be proposed. Again,
due to small �Re, the 30+u ↔X10+g transitions with �υ

= 0 are strongly allowed [for �υ = 0 and υ ′′ < 15 FCFs
are in the range from 0.70 to 0.96]. The mechanism for
the vibrational cooling is analogous as that presented in

Figure 1(a), with the blue-detuned excitation laser emit-
ting close to the υ ′ = 0←υ ′′ = 0 transition (551.78 nm
i.e. 18,123.0 cm−1) applied in the process. For the cool-
ing process that begins at the υ ′ = 4←υ ′′ = 5 transition
[as in Figure 1(a)], the excitation laser has to be continu-
ously detuned up to 14.5 cm−1 (i.e. one order of magni-
tude larger than for Hg2) from the starting wavenumber
18,115.92 cm−1. Rotational heating also does not occur
during the process. Figure 2(a) shows P- and R-branches
simulated for the �υ = −1 sequence of the 30+u ←X10+g
transition in (174Yb)2 assuming Trot = 10 K and Tvib =
50 K. If one blue-detunes the excitation laser from (1) to
(2) slow enough, all molecules initially e.g. in the (υ ′′ = 2,
J′′ = 2) are pumped into the υ ′′ = 1 level before the laser
comes into resonance with the R-branch transition to
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Figure . (Colour online) Absence of rotational heating that accompanies a vibrational internal cooling process in (a) (Yb) and (b)
(Cd) isotopologues. Diagrams with P-branches (red scale) and R-branches (blue scale) simulated for (a) the u

+ (P)←Xu
+ transition

in (Yb) and (b) the
u(

P)←Xu
+ transition in (Cd) for Tvib =  K and Trot =  K; in (b) alsoQ-branches (green scale) are included.

Scale from darker to lighter colours indicate the successive υ ′ = ←υ ′′ = , ←, ←, … transitions. No resulting heating in the rota-
tional structure is illustratedwhile tuning the excitation laser towards blue: () Excitation in P-branch (�J= J′′−J′ =−) of theυ ′ = ←υ ′′
=  transition (red thick arrow) results in�J′′ = − (cooling, blue thick arrow) and�J′′ =  (no cooling, no heating, grey thick arrow) in
the υ ′ = →υ ′′ =  fluorescence decay. Note: () Excitation in R-branch (�J= ) of the υ ′ = ←υ ′′ =  transition (blue thin arrow) results
in�J′′ =  (rotational heating, red thin arrow) and�J′′ =  (no cooling, no heating) in the υ ′ = →υ ′′ =  decay, () for (Cd), excitation
in Q-branch (�J= ) of the υ ′ = ←υ ′′ =  transition (green thin arrow) results in�J′′ = − (rotational cooling) and�J′′=  (rotational
heating) in the υ ′ = →υ ′′ =  decay. For additional explanation, see text.

(υ ′ = 1, J′ = 3), which would cause rotational heating.
But this would not happen as no population in the (υ ′′ =
2, J′′ = 2) is left, and there should be no significant rota-
tional heating. Finally, transitions at e.g. 16,000–16,700
cm−1 (31u,υ ′←X10g+,υ ′′ = 0) can be used for detection of
the (174Yb)2 in the υ ′′ = 0. In order to improve the rota-
tional cooling process it is necessary to repeat respective
cooling transitions [13].

2.3. The c31u(5
3P2)↔X10g

+ transition in Cd2

Conditions for ro-vibrational internal cooling are some-
what more difficult for the c31u(53P2) and X10+g states

in Cd2 than they are for Yb2 as described above [again,
for the sake of simplicity, the scheme is described for
one (114Cd)2 only]. The similarity with conditions for
Yb2 concerns considerably small (and positive) �Re =
0.10 Å, small (however, negative) �ωexe = −0.094 cm−1

and considerably large (and positive) �ωe = 5.8 cm−1

as determined in [14]. The only significant difference
is presence of an additional rotational Q-branch. Even
though, a similar ro-vibrational internal cooling process,
as presented for (171Yb)2 in Figure 2(a), can be suggested.
With considerably small �Re and the c31u,υ ′↔X10+g,υ ′′

transitions with �υ = 0 that are preferred due to the
FCFs in the range from 0.38 to 0.83 (for transitions with
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�υ = 0 and υ ′′ < 7), the mechanism is presented in
Figure 2(b) with the blue-detuned excitation laser emit-
ting close to the υ ′ = 0←υ ′′ = 0 transition (321.35 nm
i.e. 31 119.0 cm−1). For the cooling process that begins at
the υ ′ = 4←υ ′′ = 5 transition, the excitation laser has to
be continuously detuned up to 23.5 cm−1 from the start-
ing wavenumber 31,443.33 cm−1. What is very promis-
ing is, even with Q-branch taken into account, rotational
heating does not occur during the process. Figure 2(b)
shows P-,Q- and R-branches simulated for the �υ = −1
sequence of the c31u←X10+g transition in (114Cd)2 assum-
ing Trot = 10 K and Tvib = 50 K. If one blue-detunes the
excitation laser from (1) to (2) through (3) slow enough,
all molecules initially e.g. in the (υ ′′ = 2, J′′ = 2) are
pumped into the υ ′′ = 1 level before the laser comes into
resonance with theQ-branch transition to (υ ′ = 1, J′ = 2)
and R-branch transition to (υ ′ = 1, J′ = 3), which would
cause also rotational heating. But this would not happen
as no population in the (υ ′′ = 2, J′′ = 2) is left, and there
should be no significant rotational heating. Finally, tran-
sitions at e.g. 38,000–39,500 cm−1 (A10u+,υ ′←X10g+, υ ′′ =
0) can be used for detection of the (114Cd)2 in the υ ′′ = 0.

2.4. Quantitative assessment of efficiency of
vibrational cooling process inM 2 (M= Yb, Cd, Hg)

Assuming that at a given point of the cooling process,
laser excites the M2 (M = Yb, Cd, Hg) molecules from
a particular vibrational level υ ′′

ini in the ground X10+
g state

to the υ ′ = υ
′′
ini − 1 in the excited state (i.e. 30+

u , c31u
and F30+

u for Yb2, Cd2 andHg2, respectively), the sponta-
neous emission originating from the υ ′ = υ

′′
ini − 1 level

can result in four possible outcomes. In other words, the
excited M2 molecule can de-excite to:

(1) the final υ ′′ < υ
′′
ini (i.e. υ ′′ < υ ′ + 1); in this case

the vibrational cooling occurs;
(2) the final υ ′′ = υ

′′
ini (i.e. υ ′′ = υ ′ + 1); in this case

there is no vibrational cooling but the molecule
can be excited to the upper state again so, it can
be cooled in the future process;

(3) the final υ ′′ > υ
′′
ini (i.e. υ ′′ > υ ′ + 1); in this case

the vibrational heating occurs; furthermore, the
molecule ends in the state outside of the cooling
scheme and it cannot be cooled in the future pro-
cess;

(4) to the υ ′ in another lower-lying excited elec-
tronic state (de-excitation via an intermediate
state); from the intermediate state the molecule
can de-excite to the ground state but this process
is difficult to simulate, so it is omitted in further
considerations; it is also essential that in case of

de-excitation via intermediate state the molecule
can de-excite to the υ ′′ > υ

′′
ini in the ground state,

which leads to the vibrational heating and loosing
molecules from the cooling scheme.

It is evident, that in order to achieve high efficiency
in the cooling process, the probability of the process
described in (3) above should be low. Table 1 collects
FCFs for different vibrational components of the 30+

u →
X10+

g transition in Yb2 (upper part), c31u → X10+
g tran-

sition in Cd2 (middle part) and F30+
u → X10+

g transi-
tion in Hg2 (lower part). For each transition in the cool-
ing process, the efficiency of losing molecules, due to de-
excitation to the finalυ ′′ > υ ′ + 1 is described by the sum
of FCFs for the final υ ′′ > υ ′ + 1. Data collected in Table
1 indicate, for each υ ′, that these sums for Cd2 are at least
one order ofmagnitude larger than these for Yb2 andHg2.
It means that for Cd2 the cooling process is significantly
less efficient than for Yb2 and Hg2.

To assess the efficiency of the cooling process we con-
ducted a simulation with the following assumptions:

(1) initially, all molecules occupy one vibrational level
in the ground state (we assumed υ ′′ = 6 as an
exemplary outcome of the preceding PA process);

(2) the initial populations of all υ ′ levels in the excited
state are zero;

(3) dynamics of the υ ′′ and υ ′ levels populations are
described by the following equations:

dNυ ′′

dt
= −A(υ ′=υ ′′−1←υ

′′
) · Nυ ′′

+
∑
υ ′

(
FCFυ ′→υ

′′ · Nυ ′
)
, (1)

dNυ ′

dt
= +A(υ ′=υ ′′−1←υ

′′
) · N(υ ′′=υ ′+1)

−Nυ ′
∑
υ ′′

FCFυ ′→υ
′′ , (2)

where Nυ ′′ and Nυ ′ denote populations of particular υ ′′

and υ ′ levels, while A(υ ′=υ ′′−1←υ
′′
) coefficient denotes a

rate of pumping of population of molecules as a result of
theυ ′ ← υ ′′ transition caused by irradiation ofmolecules
by a laser beam. It is also assumed that the laser intensity
is sufficiently small to minimise de-excitation caused by a
stimulated emission from the excited state.

Additionally, we considered total population of all
vibrational levels in the ground state with υ ′′ ≥ 7 which
is described by the formula

dNυ ′′≥7

dt
=

∑
υ ′,υ ′′≥7

(
FCFυ ′→υ

′′ · Nυ ′
)
. (3)
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Table . Franck-Condon factors (FCFs) for different vibrational components of the 30+
u → X10+

g , c31u →
X10+

g and F30+
u → X10+

g transitions in Yb, Cd and Hg, respectively. For each molecule, also calculated
sums of FCFs for υ ′′ > υ ′+ are shown, which indicate losing of particular molecule in a given step of vibra-
tional cooling scheme (description in text). To guide an eye, diagonal FCFs are shown in bold.

30+
u → X10+

g transition in Yb

υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ = 

υ ′′ =  0.9509 . . . . . . . .
υ ′′ =  . 0.8654 . . . . . . .
υ ′′ =  . . 0.8003 . . . . . .
υ ′′ =  . . . 0.7536 . . . . .
υ ′′ =  . . . . 0.7235 . . . .
υ ′′ =  . . . . . 0.7084 . . .
υ ′′ =  . . . . . . 0.7072 . .
υ ′′ =  . . . . . . . 0.7185 .
υ ′′ =  . . . . . . . . 0.7413
υ ′′ =  . . . . . . . . .
υ ′′ >  . . . . . . . . .
Sum for υ ′′ > υ ′+ . . . . . . . . .

c31u → X10+
g transition in Cd

υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ = 

υ ′′ =  0.8339 . . . . . . . .
υ ′′ =  . 0.6122 . . . . . . .
υ ′′ =  . . 0.4965 . . . . . .
υ ′′ =  . . . 0.4406 . . . . .
υ ′′ =  . . . . 0.4164 . . . .
υ ′′ =  . . . . . 0.4024 . . .
υ ′′ =  . . . . . . 0.3795 . .
υ ′′ =  . . . . . . . 0.3317 .
υ ′′ =  . . . . . . . . 0.2518
υ ′′ =  . . . . . . . . .
υ ′′ >  . . . . . . . . .
Sum for υ ′′ > υ ′+ . . . . . . . . .

F30+
u → X10+

g transition in Hg

υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ =  υ ′ = 

υ ′′ =  0.9583 . . . . . . . .
υ ′′ =  . 0.8847 . . . . . . .
υ ′′ =  . . 0.8271 . . . . . .
υ ′′ =  . . . 0.7835 . . . . .
υ ′′ =  . . . . 0.7524 . . . .
υ ′′ =  . . . . . 0.7325 . . .
υ ′′ =  . . . . . . 0.7229 . .
υ ′′ =  . . . . . . . 0.7227 .
υ ′′ =  . . . . . . . . 0.7309
υ ′′ =  . . . . . . . . .
υ ′′ >  . . . . . . . . .
Sum for υ ′′ > υ ′+ . . . . . . . . .

For the sake of simplicity, we also assumed that fre-
quency of the cooling laser is not swept in a continu-
ous mode but it is tuned in seven separate steps. For
each tuning step, the laser frequency is chosen to be
equal to the energy of the current vibrational transition
(υ ′ = υ ′′ − 1) ← υ ′′ in M2. Under this assumption, for
a given tuning step, all the A(υ ′=υ ′′−1←υ

′′
) coefficients

are constant (they are time independent) and only one
A(υ ′=υ ′′−1←υ

′′
) coefficient – associated with the current

laser frequency – is not equal to zero. In order to compute
the distribution of molecules after the cooling process, in

Matlab environment [15] for each laser tuning step, for
all considered vibrational levels, we solved a set of 14 dif-
ferential equations i.e. Equations (1)–(3). The simulation
shows that with an assumption ofA(υ ′=υ ′′−1←υ

′′
) > 0 , the

exact value of A(υ ′=υ ′′−1←υ
′′
) does not have an impact on

the distribution of populations between vibrational levels
for large time t but only on how ‘fast’ the final distribution
is obtained (the final distribution is obtained where there
are no molecules in the υ ′′ that is pumped by the laser in
the considered tuning step). The simulated final distribu-
tions of the υ ′′-level populations for each cooling step are
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Table . Distribution of υ ′′-level populations after consecutive steps of vibrational cooling in Yb, Cd and Hg using
the 30+

u ↔ X10+
g , c31u ↔ X10+

g and F30+
u ↔ X10+

g transitions, respectively. An initial number of  molecules in υ ′′ = 
was assumed. Due to fact of losingmolecules from the cooling scheme, the efficiency of the cooling process (υ ′ = υ ′′−←υ ′′
excitation followed by υ ′→υ ′′ spontaneous emission cycles) for Cd is much smaller in comparison with that for Yb and Hg
(compare with Figure ; for details see text).

final
υ ′ = ←υ ′′ =  υ ′ = ←υ ′′ =  υ ′ = ←υ ′′ =  υ ′ = ←υ ′′ =  υ ′ = ←υ ′′ =  υ ′ = ←υ ′′ = 

Initial followed by followed by followed by followed by followed by followed by
population υ ′ = →υ ′′ υ ′ = →υ ′′ υ ′ = →υ ′′ υ ′ = →υ ′′ υ ′ = →υ ′′ υ ′ = →υ ′′

Yb2

υ ′′ =        
υ ′′ =        
υ ′′ =        
υ ′′ =        
υ ′′ =        
υ ′′ =        
υ ′′ =  ,      
υ ′′ �        

Cd2

υ ′′ =        
υ ′′ =        
υ ′′ =        
υ ′′ =        
υ ′′ =        
υ ′′ =        
υ ′′ =  ,      
υ ′′ �        

Hg2

υ ′′ =        
υ ′′ =        
υ ′′ =        
υ ′′ =        
υ ′′ =        
υ ′′ =        
υ ′′ =  ,      
υ ′′ �        

presented in Table 2 and in Figure 3. From the presented
data one can infer that cooling process is much more
effective for Yb2 and Hg2 than for Cd2 (after cooling pro-
cess, 97%, 94% and 42% of Yb2, Hg2 and Cd2 molecules,
respectively, occupy the vibrational level υ ′′ = 0).

2.5. Determining the number of cycles in each step
of vibrational cooling ofM2

To evaluate the time that is necessary to cool a suffi-
cient number of molecules in each laser tuning step (or
to evaluate the laser tuning speed for a continuous tuning
mode), the following reasoning is proposed.

Assuming that the stimulated emission of radiation
by an excited molecule is negligible, the de-excitation of
the molecule from a particular vibrational level υ ′ by a
spontaneous emission process occurs after lifetime τυ ′ ,
on average. The probability, P(I)

cool, that the molecule ini-
tially in a vibrational stateυ

′′
ini, after its excitation is cooled

in one ‘excitation – spontaneous emission’ cycle, is given

by the formula (please note, that υ ′′ denotes the vibra-
tional level after the cooling cycle)

P(I)
cool =

∑

υ ′′<υ
′′
ini

FCF(υ
′=υ

′′
ini−1→υ ′′) . (4)

The probability P(I)
again, that after its excitation the

molecule returns to the same vibrational state υ
′′
ini from

which it is excited to the upper state, is given by

P(I)
again = FCF (υ

′=υ
′′
ini −1→υ

′′
ini)

. (5)

The probability, P(N)

cool, that the molecule will be cooled
in N cycles, is given by the sum of first N terms of geo-
metric sequence

P(N)

cool = P(I)
cool

N−1∑
i = 0

(
P(I)
again

)i
= P(I)

cool

1 −
(
P(I)
again

)N

1 − P(I)
again

. (6)
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Figure . (Colour online) Efficiency of vibrational cooling for Yb, Cd and Hg molecules using the 30+
u ↔ X10+

g , c
31u ↔ X10+

g and
F30+

u ↔ X10+
g transitions, respectively. Simulations performed for exemplary set of  molecules, which initially occupy only υ ′′ = 

vibrational level of the X10+
g state. The simulations show that, due to the large loss of molecules from the cooling scheme for Cd, the

cooling process is significantly more efficient for Yb and Hg (compare with Table ). For all plots vertical scale the same as shown in the
middle plot.

Using data from Table 1, one can calculate that for
Yb2 and Hg2, for υ

′′
ini ≤ 7, only three ‘excitation – spon-

taneous emission’ cycles lead to P(N=3)
cool > 0.975. For Cd2,

the P(N=3)
cool is lower due to losing of molecules from the

cooling scheme, but in all three cases further increasing
N does not significantly increase Pcool probabilities.

To conclude, the presented reasoning shows that when
the stimulated emission is omitted from consideration,
the efficient vibrational cooling of Yb2 andHg2 molecules
is obtained for relatively small number of the ‘excitation
– spontaneous emission’ cycles.

3. Ytterbium version of the Bohm’s spin-1/2
particle E−P−R experiment

The 171Yb-version of the 199 Hg-proposal of Fry et al. [4]
and its 111Cd-analogue [16] has one superior advantage
which is the availability of lasers that have to be employed.
All transitions in (199 Hg)2 and (111Cd)2 (abundances
2.85% and 1.64%, respectively), as well as in 199 Hg and
111Cd, are in the ultraviolet. On the contrary, transitions
in (171Yb)2 (abundance 2.04%) and 171Yb are in the visible
or near infrared [except ionisation transition of the two-
photon excitation–ionisation (TPEI) process – see below]
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and easily accessible with dye lasers or low-cost diode
lasers. On the other hand however, production of stable
Yb2 beam can be relatively difficult. Aiming at produc-
tion of an efficiently ‘dense’ expansion beam requires cre-
ating a sufficient Yb vapour partial pressure. This imposes
necessity of heating metallic Yb up to 1300 K. In con-
trast, to produce comparable vapour partial pressure, Hg
and Cd have to be heated up to 520 and 870 K, respec-
tively. Also, except the ground state, the energy structure
of Yb2 is not sufficiently explored neither theoretically
(e.g. [12,17–19]) nor experimentally [20,21], as it is in the
case of Hg2 or Cd2. So, the 171Yb-version of the E–P–R
experiment should be preceded by high-resolution spec-
troscopy (using laser induced fluorescence (LIF) excita-
tion and dispersed emission spectra) of Yb2 in a super-
sonic beam, which has to be employed as a source of
these weakly bound dimers to ensure an existence of Yb2
in their ground state. (Note: dissociation energy of Yb2
is in the range of 210–750 cm−1 as concluded from ab
initio calculations at different levels of theory [12,17–19]
and 1399 cm−1 as resulted from one and only old exper-
imental finding [20]). It is also possible to perform Yb2
spectroscopy in a high-temperature cell (so-called heat-
pipe); in this case, excited states are accessible from the
metastable 3�g

± (63P0), � = 0 state that is populated as
a result of a PA process of two ground-state Yb atoms in
the presence of a near-resonance photon.

Like the 199 Hg and 111Cd, also the 171Yb-version of
E–P–R experiment is based on the fact that the 171Yb has
nuclear spin I = 1/2 (the remaining S = 0, L = 0, J = 0,
so F = 1/2) which ensures spin-1/2-particle requirement
according to Bohm’s proposal [7]. Creation of two entan-
gled 171Yb atoms that are born from (171Yb)2, is ensured
via stimulated Raman adiabatic passage (STIRAP)
process. The process undergoes via properly chosen
ro-vibrational level in the intermediate 3�u

+ (63P1), � =
1 electronic energy state (i.e. the 31u in Hund’s case c) by
applying two laser pulses: first, sufficiently narrowband
(10 MHz), at 611.39 nm (16,356.3 cm−1) that excites
the (υ ′ = 17, J′ = 5) level from the (υ ′′ = 0, J′′ = 6)
level in the (171Yb)2 isotopologue [see Figure 4(a–c)] and
second, from the range 697.84–702.00 nm (14,245–
14,330 cm−1), which stimulates transition from the
excited J′ = 5 to the repulsive branch of the X1�g

+ (61S0),
� = 0 state [see Figure 4(d)]. The scheme is based on
ab initio calculated potentials of Wang and Dolg [12]:
De

′ = 3146 cm−1, Re
′ = 3.978 Å, β ′ = 1.1306 Å−1,

De
′′ = 613 cm−1, Re

′′ = 4.653 Å and β ′′ = 1.0062 Å−1.
The ab initio potentials were obtained from fully rela-
tivistic multi-configuration Dirac–Hartree–Fock (DHF)
calculations. The calculations included a perturbative
correction for the Breit interaction (B) and some higher-
order quantum-electrodynamic effects (QED) and

scalar-relativistic energy-consistent using 42-valence-
electron pseudopotentials [DHF-B-QED-PP(42)] at the
coupled-cluster level with single and double excitation
operators, and a perturbative estimate of triple excita-
tions [CCSD(T)], including basis set superposition error
correction for the X10+g state. For the 31u state, relativistic
multi-reference configuration interactions calculations
with complete active space self consistent field (CASSCF)
and core-polarisation potential were included. It has
to be stressed that the STIRAP-process scheme can be
proposed for different pair of the X10+g–and 31u-state
potentials calculated at different level of theory. In addi-
tion, experimental studies of the Yb2 potentials are
extremely required and no support is available for ab
initio obtained results.

One may calculate that after the STIRAP process
for the chosen energy range of second-step laser, the
separation angle between the 171Yb atoms after photo-
dissociation should be approx. 51° with initial velocity
800 m/s of the (171Yb)2 in the beam and energies 0.251–
0.262 eV of both atoms with respect to the (171Yb)2 dis-
sociation energy.

In the following TPEI process, the entanglement cre-
ated between the two 171Yb atoms is studied using
the 6s6p 3P1←6s2 1S0 (555.80 nm i.e. 17,992.0 cm−1)
and 5d6s6p3P2←6s6p3P1 (241.63 nm i.e. 41,385.1 cm−1)
transitions in 171Yb and 171Yb+, respectively (see Figure
5). Thus, to selectively detect the orientation of nuclear
spin I with respect to the quantisation axis, one can use
TPEI process in two parallel detection planes that are
reached by the two entangled 171Yb atoms after STIRAP
at the separation angle. A circularly polarised analysis-
laser (555.80 nm) is sufficiently spectrally narrow of
1 GHz (0.03 cm−1), and can selectively excite one of the
F levels in the hyperfine structure which in 171Yb is about
4 GHz (0.13 cm−1) [22] – see Figure 5. Along with the
fact that the only non-zero angular momentum in the
6s2 1S0 state of 171Yb is its nuclear spin, one can antic-
ipate that excitation of the 171Yb atom is possible only
if orientation of the nuclear spin is properly correlated
with circular polarisation of the analysis-laser (σ + and σ−

can only excite atoms with mF = −1/2 and mF = +1/2,
respectively). The second ionisation-laser (241.63 nm)
is linearly polarised (π) and ionises the excited atom to
the 5d6s6p 3P2 state of the 171Yb+. After focusing by ion
lenses, products of the ionisation process (ion and elec-
tron) can be detected by channeltrons cooled by liquid
nitrogen to minimise dark counts. In the original pro-
posal for (119 Hg)2 [4], it was estimated that under an
assumption of e.g. 2.4 × 1011 atoms cm−3 in the inter-
action region in the beam, 10 Hz laser pulse repetition
rate and several other parameters (like detector efficien-
cies, dimensions of interaction region, estimation of Hg2
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Figure . (Colour online) LIF spectra and schemeof STIRAPprocess proposed for the experiment of controlled photo-dissociation of Yb in
a supersonic beam and creation of pairs of entangled Yb atoms. The LIF excitation and dispersed emission spectra of Yb are simulated
for the u(

P)←X+g (
S) transition using ab initio result []. (a) Overall LIF excitation spectrum showing theυ ′←υ ′′ =  progression,

(b) isotopic structure of themost intense ← vibrational component, (c) rotational structure of the band-head of the Yb with .%
and .%abundancies for the YbYb and YbYb, respectively; simulation is performed for Trot =  K; components belonging to P(J′′)
transitions in the YbYb are indicated above the spectrum. [Note: P() overlaps with more intense P() of the YbYb, the remaining
components in the spectrum belong to R-branch or the YbYb; P() can be selected for the first-step of STIRAP process]. (d) Simulated
LIF dispersed emission spectrum of the u, υ

′ = , J′ = →X+g transition; region of wavenumbers that can be selected for the second-
step of STIRAP process is shown with green arrow. (e) Scheme of the STIRAP process drawn according to the result of Ref. [].

Figure . (Colour online) Scheme of the two-photon excitation–
ionisation process used for nuclear spin selective detection of Yb
(see text for details).

molecules in particular J′, etc.), ultimately in the E–P–R
pair detection regions one can obtain two 119Hg–119Hg
coincidences per second. For Yb2 and Cd2, estimation
would be comparable (i.e. of the order of one coinci-
dence per second) assuming similar density of atoms in
the beam and their number interacting with a laser beam.

As a result, Bell’s inequalities for the massive entan-
gled objects can be examined for yet another system,
namely 171Yb–171Yb. So far, two proposals for creation
of the 111Cd–111Cd [16], 199Hg–199Hg [4] and entan-
gled pairs of group 12 atoms have been described. Pro-
posals for 23Na–23Na [23] and 1H–1H [24] systems are
also known, and experimental realisation of those for
111Cd and 1H are in progress. For the group 2 alkaline
earth metal atoms and group 12 transition metal atoms
(including lanthanide Yb), there is no other possibility for
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realisation and study of the original Fry et al. [4] proposal
with the Bohm’s 1/2-spin version – there are no isotopes
with 1/2 nuclear spin among them.

4. Conclusions

Schemes for molecular internal ro-vibrational cooling in
Yb2 and Cd2, as well as 171Yb Bohm’s spin-1/2 parti-
cle version of the Eistein–;Podolsky–Rosen experiment
based on a controlled laser photo-dissociation of (171Yb)2
were presented.

In case of vibrational cooling, simulations of the effi-
ciency of the process in Yb2 and Cd2 were performed and
compared with that performed for Hg2. The simulations
indicated that the effectiveness of vibrational cooling in
Yb2 andHg2 is significantly larger than that in Cd2. Rudi-
mentary analysis of possible rotational transitions indi-
cated that overall rotational cooling should predominate
rotational heating.

Both presented schemes, for internal ro-vibrational
cooling in M2 (M = Yb, Cd) molecules and for
E–P–R experiment for (171Yb)2 are based on results of
exploration of vibrational and rotational energy struc-
tures using theoretical and experimental approaches. It
concerned both determination of interatomic potentials
as well as spectroscopic characteristics (vibrational and
rotational) and calculation of FCFs. So, the proposed
internal cooling mechanism and E–P–R experiment for
(171Yb)2 were based entirely on ab initio calculated poten-
tial energy curves for the electronic states involved in the
considered transition [12] and atomic data available from
experiment [22]. The cooling scheme for Cd2 was based
entirely on experimental data [14] as it was in case of Hg2
[8,11] performed here for the sake of comparison.

From a theoretical point of view, Cd2 and Yb2 are
important for testing new methods for ab initio calcula-
tions due to the presence of relativistic effects and cor-
relations. On the other side, measurements performed
for vibrationally (and rotationally) cold Cd2 and Yb2
may result in significant input data for these models.
To the best of the authors’ knowledge, there is no more
favourable configuration of the excited- and ground-state
interatomic potentials among the group 2 alkaline earth
metal atoms and group 12 transitionmetal atoms (includ-
ing lanthanides) to be predestined to propose the internal
molecular coolingmechanisms. To the best of our knowl-
edge, any of the proposed schemes has not been realised
experimentally so far.
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