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Optical pumping techniques using laser fields combined with photo-association of ultracold atoms

leads to control of the vibrational and/or rotational population of molecules. In this study, we review
the basic concepts and main steps that should be followed, including the excitation schemes and

detection techniques used to achieve ro-vibrational cooling of Css molecules. We also discuss the

extension of this technique to other molecules. In addition, we present a theoretical model used

to support the experiment. These simulations can be widely used for the preparation of various

experiments because they allow the optimization of several important experimental parameters.
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1 Introduction

A variety of fields require robust and selective methods of
performing population transfer in quantum systems. We

can cite fundamental tests in physics, molecular clocks,
molecular spectroscopy, ultracold reactions, controlled
photochemistry, and quantum computation. In particu-
lar, the precise control of both the internal and external
degrees of freedom of cold and ultracold molecules be-
comes very attractive and promises new insight and ad-
vances in various domains of physics [1-3] and modern
physical chemistry [4-6]. Several theoretical approaches
have been proposed to control the internal degrees of
freedom of cold molecules, such as the use of an external
cavity to favor spontaneous emission toward the lowest
ro-vibrational level [7] or the controlled interplay of co-
herent laser fields and spontaneous emission via quantum
interference between different transitions [8-11]. From
the experimental point of view, molecules are more diffi-
cult to control than atoms because of their complex inter-
nal structure. However, cold molecule formation has been
achieved using different approaches that can be roughly
grouped into two main classes: direct cooling of pre-
formed molecules and indirect cold molecule formation
by assembling cold or ultracold atoms [1]. In summary,
two major challenges have been faced, the first is the
decrease in the translational temperature of molecules
(analogous to atom cooling) and the second is the reduc-
tion of the internal ro-vibronic energy. Ultimately, exper-
imental efforts have focused on the control of the external
degrees of freedom, leading to impressive achievements:
one-dimensional transverse laser cooling [12] and longi-
tudinal slowing [13] of a SrF beam, (more recently) one-
and two-dimensional laser cooling with magneto-optical
trapping of polar YO molecules [14], and Sisyphus cool-
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ing of electrically trapped polyatomic CH3zF molecules
[15]. Other techniques have also been developed to coher-
ently transfer molecular populations from one hyperfine
level to another (Csq [16], KRb [17]).

2 Production of molecules

Photo-association (PA) of atoms in atomic vapors is a
well known process [18-21] in which two atoms collide
in the presence of a photon of suitable energy hvyp to
create molecules in a ro-vibrational level (v,J) of an ex-
cited electronic state 2. In the case of cesium molecules
studied here, the PA can be described according to the
following reaction:

Cs(6s,F) + Cs(6s, F) + hvy, — Cs5(£2(6s+ 6p;); v, J).

In this case, two atoms in a hyperfine level F' of the 6s
ground state absorb a photon of energy hr; and red-
detuned from the atomic transition energy (6s + 6p;,
j = % or %) in such a way they create a molecule in a
ro-vibrational level (v,J) of an excited electronic state {2
related to one of the asymptotic (6s + 6p;, j = %) or (6s
+ 6pj, J = %)

Depending on the shape of the excited state potential,
the excited molecules have a short lifetime of a few tens
of nanoseconds; most often, they decay by spontaneous
emission into two free “hot” atoms with a large relative
kinetic energy, or into ro-vibrational levels of the lowest
stable electronic states, which is the case of interest for
the production of translationally cold molecules.
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2.1 Molecules in the singlet state

The PA process used to produce cold cesium molecules
in the singlet ground electronic state (X 12;, hereafter
referred to as X) is achieved in a cesium magneto-optical
trap in which nearly 10® atoms are trapped at a tem-
perature of T ~100 uK using a clockwise (CW) Ti-
tanium:Sapphire laser with an intensity of up to 300
W /em?, it is pumped by an Art laser and has a spec-
tral bandwidth smaller than 1 MHz; it can be tuned
in a range between 700 nm to 1100 nm. The scheme is
schematically presented in Fig. 1(a). The PA laser excites
a pair of atoms to the ro-vibrational level (v, J = 8) at
11730.1245 cm~! which is roughly 2 cm~! below the 65 +
6p3/2 asymptote of the lowest 1,(6s + 6p3/2) long-range
molecular potential. At short distances, this potential is
coupled to the lowest 1,(6s + 5d5/2) potential through
several avoided crossings induced by the spin-orbit in-
teraction. The v = 0 level of this potential is predicted
to be very close to the (6s + 6ps/2) dissociation energy.
By spontaneous emission via a two-photon cascade, the
excited molecules end to the X ground electronic state
via the 0 (6s + 6p;/2) potentials, producing nearly 10°
molecules per second. Here, we note that one-photon
spontaneous emission favors the decay to ro-vibrational
levels of the triplet electronic state a3, as reported in
the first observation of the formation of translationally
cold molecules [22]. However, this state, at the average
internuclear distance of 8.73 aq, corresponds to the range
of the repulsive wall so that only “hot” atoms could be
formed.
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Fig. 1 Formation of cesium molecules in the ground electronic state by Photo-association through 14(6s + 6ps/2) (a)

and 07 (65 + 6p1/2) (b) states. The solid line arrows correspond to the laser excitation, the dotted line arrows represent

spontaneous emission paths.
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Recently, we identified another efficient mechanism of
formation of cesium molecules in the X ground state [23].
The transitions involved in this mechanism are shown in
Fig. 1(b). Here, the PA laser is used to excite long-range
vibrational levels of the 0, (6s + 6p1/3) state. In the
first 20 cm~! below the atomic asymptote, vibrational
levels are coupled to certain inner potential curves that
presumably belong to the upper 0 (65 + 6p3/2) and 0,
(65+6p5/2) states. Because the 0, state has gerade sym-
metry, any one-photon spontaneous decay ends up either
as dissociating pairs or as the 2 = 0;/+, 1, and 2, com-
ponents of the A'Y} or b*I1, state located at interme-
diate energies. The 2, state should be metastable, nev-
ertheless, a resonant coupling with the 0 (A'S}) state
allows for a decay of the 0, (A%Il,) component into the
X ground state.

2.2 Molecules in the triplet state

To produce cesium molecules in the triplet electronic
state a®3;} (hereafter referred to as the a state) we use
an efficient PA scheme called giant line, G1 [22]. The fre-
quency of the PA laser is set at 11730.0422 cm ™!, which
corresponds to the vibrational level v = 103 of the 0
(65 + 6p3)2) state.

The potential 0, (6s + 6ps/2), described in Refs. [24,
25], has a potential curve with a distinct double-well
shape, with a deep inner well with an equilibrium dis-
tance of roughly 10 a.u. and a shallow outer well caused
by the competition between the long-range electrostatic
interaction between the 6s and the 6p atoms (varying
as R~3, where R is the internuclear distance) and the
spin-orbit interaction, which couples the (1)*X} (654 6p)
state and the (1)*II,(6s + 6p) state. To our knowledge,
spectroscopy of the inner well, which matches the (1)3I1,
state, is not yet available. In contrast, the outer well is
well represented by an analytical asymptotic model [26],
which accurately accounts for all available spectroscopic
data given in Ref. [25]. Because of the potential barrier
between the two wells, the outer well presents a favor-
able Condon point at intermediate internuclear distances
(roughly 15 a.u.) that favors spontaneous emission to-
wards vibrational levels of the triplet state (see Fig. 2).

Note that the photo-association process works mostly
to form molecules in the triplet state [27]. However, by
combining the PA process with the technique of con-
version described in [28], we are able to produce large
samples of ultracold molecules in the ground electronic
state. In the case of cesium, this process forms twice the
number of molecules in the ground electronic state than
any other PA scheme.

Table 1 summarizes the frequencies of photoasso-
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Fig. 2 Photo-association scheme (arrow labeled with PA) used to
produce deeply-bound ultracold Cs2 molecules in the agﬁi (65+65)
state [arrows (2) and (3)]. Arrow (1) shows the decay of excited
molecules by spontaneous emission into two “hot” atoms.

Table 1 Experimental values of PA frequencies used to produce
cesium molecules.

State PA Frequency (cm~1)
XisF 1g (v,J =8) 11730.1245
05 (P1/2) (v=26,7 =2) 11167.15855
a3 05 (P3/5) (v =103) 11730.0422
05 (P3/2) (v =T79) 11725.61
05 (P3/2) (v = 80) 11725.7422

ciation that can be experimentally used to produce
molecules either in the singlet state or in the triplet state.

2.3 Detection

The scheme of detection is shown in Fig. 3. The
formed Csy molecules are ionized by resonance-enhanced
two-photon ionization (RE2PI) through the excited
C11,(6s + 5d) or DX} (6s + 5d) molecular interme-
diate state for molecules formed in the X state and
through the (3)32;]Ir molecular intermediate state for
molecules formed in the a state. RE2PI detection uses a
pulsed dye laser (DCM) spectral bandwidth of 0.5 cm™1)
pumped by the second harmonic of a pulsed Nd:YAG
laser (repetition rate: 10 Hz, duration: 7 ns) to ionize the
molecules. The formed ions are then quickly extracted
from the MOT region and are accelerated toward a pair
of micro-channel plates (MCPs) by applying a static elec-
tric field. The ions are detected through a time-of-flight
mass spectrometer. By scanning the RE2PI wavelength
in the available range (15800~ 16100 cm~1), we obtain an
ionization spectrum in which the peaks that appear cor-
respond to vibrational transitions from either the triplet
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Fig. 3 Scheme used to detect vibrational populations (solid up
arrows) by RE2PI. In the case of the X state, the probed spectral
range has two distinct possible transitions through either C1II,
or DS, however in the case of a state, molecules are detected
through (3)3%] state.
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Fig. 4 RE2PI spectrum of Csa molecules obtained after a PA pro-
cess through the 0, (6s + 6p; /o) state. Transition labels vo «— vx
are extracted from computed Franck—Condon factors between vi-
brational levels of the spectroscopically known C and X states.

state or the X state. An example of RE2PT is shown in
Fig. 4. The observed ionization lines are assigned based
on the spectroscopy given in Refs. [29-31]. Any change
of the population of any vibrational level in the X or
a state introduced by an additional laser light can be
seen via a clear change in the relative intensities of the
lines present in the spectrum. The molecular distribu-
tion among different vibrational levels can thereby be
monitored. However, this method, because of its low res-

113301-4

olution, remains unable to analyze the rotational distri-
bution of the molecular sample.

3 Vibrational cooling by optical pumping

3.1 Basic principle

The principle of optical pumping has been successfully
used to decrease the vibrational temperature of NaCs
[32] and cool molecular ions [33, 34]. The ro-vibrational
cooling scheme has been experimentally realized. In this
study, for simplicity, we do not consider any hyperfine
structure. However, hyperfine structural splitting is typ-
ically in the MHz range, which can be resolved and ma-
nipulated by generating side bands in the laser spectrum
[34].

The operating principle of vibrational cooling, as per-
formed in Refs. [35] and [36], is based on the so-called
“luminorefrigeration” process proposed by Kastler [37]
in 1950 to accumulate sodium atoms in the lowest state
of the hyperfine manifold. Later, luminorefrigeration was
also used to lower the “J” value of Csy molecules [38].

The proposed method relies on the accumulation of
the molecular population in a particular state via spon-
taneous emission. Accumulation can be achieved by iso-
lating a closed ro-vibronic transition using a suitable
laser spectrum and forcing the target state to be a
“dark” state of the system, and thus, to not interact
with the light and participate in the repeated absorption-
spontaneous emission cycles. The simultaneous excita-
tion of several vibrational levels is achieved using a
broadband laser tuned to the transitions between the
different vibrational levels labeled vx and vg, belonging,
respectively, to the X ground electronic state and to an
excited electronic state. In the cesium case we used B'I1,
(hereafter referred as B state) as an excited state. Start-
ing from a given vibrational distribution of molecules in
the X state, the absorption-spontaneous emission cycles
lead, through optical pumping, to a redistribution of the
population into the ground state according to the follow-
ing scheme:

Cs(vx) + hgser — Cs(vg) — Cs(vk) + Avem, (1)

where hvygser and hve,, correspond to the energies of the
laser and of the spontaneously emitted photons, respec-
tively.

Thanks to the broadband character of the laser, which
permits repetition of the pumping process from multiple
vibrational vx levels. We remove all of the frequencies
corresponding to the excitation of a selected vibrational
level from the laser spectrum, and thereby, make it im-

R. Horchani, Front. Phys. 11(4), 113301 (2016)
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Fig. 5 Vibrational cooling of cesium molecules: (1) All molecular population is simultaneously excited by using shaped
femtosecond pulses. (2) Redistribution of molecular population among the various vibrational levels by spontaneous emission.
(3) Suppression of all frequencies that excite the ground vibrational state which makes it a “dark” state of the system. (i)
After a sufficient number of steps all molecular population is accumulated to the ground vibrational level.

possible for an interaction with the laser to occur (the se-
lected level is now a dark state). As time progresses, a se-
ries of absorption-spontaneous emission cycles described
by Eq. (1) leads to an accumulation of the molecules in
the selected level vx (see Fig. 5).

The experimental demonstration of vibrational cooling
consists of a comparison of RE2PI spectra of molecules
before and after turning the femtosecond laser on. As
shown in Fig. 6, the application of the shaped laser signif-
icantly modifies the photo-ionization spectrum. Intense
resonance peaks appear; they correspond to the transi-
tion vx = 0 — vx = 0-3, which are mostly absent in the
original PA spectrum. This result reveals a net increase
in the population at vx = 0. The intensity of the lines
indicates a very efficient transfer of the molecules in the
lowest vibrational level, meaning a vibrational cooling
of cesium molecules. Taking into account the efficiency
of the detection (<10%), the detected ion signal corre-
sponds to approximately 1,000 molecules at the vx = 0

vx~vc=0-0 0-1 0-2
|
80+

I I I
15940 15960 15980 16000
Wavenumber (cm ')

15900 15920

Fig. 6 Photo-ionisation spectra, the presence of the shaped fem-
tosecond radiation results to the observation of strong lines corre-
sponding to transitions from the ground vibrational level (red line)

which were absent in the spectrum acquired without its presence
(blue line).

R. Horchani, Front. Phys. 11(4), 118301 (2016)

level, corresponding to a flux of vx = 0 molecules of sev-
eral 10° per second. The vibrational pumping toward v
= 0 is very efficient only at low vibrational levels (vx <
10).

3.2 Theoretical modeling

We have modeled the optical pumping in a simple way
based on the information from the potential energy
curves (PECs) for the particular molecular system. It
is not necessary to initially know the precise distribution
of the molecular population, because the large number
of excitation-relaxation circles redistributes the molecu-
lar population in such a way that the final distribution
does not depend on the initial distribution, as long as
all of the initially populated states lie within the range
of the broadband laser. However, in the simulation, we
start from a molecular distribution close to the experi-
mental distribution, which is obtained from a fit of the
detection spectrum.

Figure 7 shows the optical pumping process, as it
is used in our simulations. The process is divided in
two steps: the femtosecond pulse excitation (absorption)
from ground electronic state (X state) to the excited elec-
tronic state (B state) and the spontaneous emission from
the B state to the X state.

The small pulse duration (<100 fs) leads us to neglect
spontaneous emission during the absorption step, as its
contribution to the final molecular population distribu-
tion is very small. Stimulated emission is also neglected
because of the small femtosecond laser intensity. Using
the known potential curves of the chosen molecular sys-
tem and their rotational constants [30, 39], we calculate
the ro-vibrational energy levels and the Franck—Condon
(FC) factors for the transitions. The average laser in-
tensity is very low, which corresponds to a perturbative
regime, and thus, we assume that the excitation prob-
ability is simply proportional to the laser spectral den-
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Fig. 7 The two physical process with which the rate equations
used in the simulations of the vibrational cooling are associated.
(a) The spontaneous emission step, in which molecules relax from
a vibrational levels of the excited electronic state B to vibrational
levels of the ground electronic state X. (b) The absorption step,
in which vibrational levels of the X state are excited towards sev-
eral vibrational levels of the B state. in this step, both excitation
and spontaneous emission occur; however, in our simulations this
spontaneous emission is omitted (see text for details).

sity at the transition frequencies, the FC factor, and the
Honl-London factor. During the excited state lifetime
(15 ns), less than one photon is absorbed and, as a con-
sequence, we assumed total population decay before an-
other pulse is sent, i.e., 12.5 ns later. Other processes,
such as three-photon direct ionization by the broadband
laser or predissociation, are taken into account in the
simulation.

In the perturbative approach, the distribution of
molecules in the various vibrational levels is described

§ A’UB VX ’UX )

PiS];H_l) = ZAUB'UX vx )

in absorption by

P’g;ﬂrl P(n

and in emission by

pv(;z+2) _ P(n+1) + ZE'UX'UB (n+1)_

UB

REQ) and Pég ) denote the population of the vibrational
levels vx and vp of the ground and the excited electronic
states, respectively, at the stage number n of the process.
Apyop denotes the ratio at which molecular populations

113301-6

are transferred from one vibrational level vx to any vp
accessible by the laser bandwidth. Similarly, E,g., de-
notes molecular population decay by spontaneous emis-
sion from one vibrational level vg to vx. These rates are
proportional to

2
AUXUB X FC’UX’UB( ’UX’UB) Ilaser,vvaa
2.3
Eyxvs ¢ FCyyup (Dyyog) w

UXUB °

FCyyvg, (Dyxog)? and wyyypy correspond to the FC fac-
tor, the dipole moment, and the transition frequency of
the vibrational transition, respectively. In the harmonic
approximation of the potential curves, the F'C factors

are given by the following formula:

A /WX WB e_

wx + wp

w(rep—rex)?wxwp
hlwx+wp)

|(vx = Olvg = 0)|?

)

where p is the reduced mass, wx and wp are the vibra-
tional angular frequencies, and r.x and r.x are the equi-
librium positions. As a consequence, after N absorption
emission cycles,

peN) — MNP(O),

with Mij = (1 + EA)Z']‘ -

A]ﬂ'(sij).
The simulations prove to be valuable, because, they
can be used for the estimation of parameters that can-

S Akidi; = 045 + > (B Akj —
% %

not be experimentally determined, the most important
being the overall efficiency of the vibrational cooling
technique. For example, in Ref. [23], we showed that vi-
brational pumping toward vx = 0 is very efficient only for
low vibrational levels (vx < 10). This result is confirmed
by our simulation, as shown in Fig. 8, where the pump-
ing efficiency from a given vx toward vx = 0 is a given
function of the vibrational levels, which is due only to the

TV
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Efficiency in vy
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Fig. 8 Numerical simulation evaluating the transfer efficiency of
molecules initially in a given vx toward the ground vibrational vx
= 0 for a two broadband lasers with bandwidth similar to one used
in the experiment (200 cm™?!, blue line) and a laser twice broaden
(400 cm™1, red line).

R. Horchani, Front. Phys. 11(4), 118301 (2016)



REVIEW ARTICLE

40
354 : 8

30_; - L] .
254 E

204 .
154

Photons number

54

10 20 30 40 50 60
"

Fig. 9 Total number of photons necessary to transfer cesium
molecules from a given vibrational level vx <10 toward vx = 0.

limited laser bandwidth. Additionally, these simulations
can be widely used for the preparation of various exper-
iments, because they allow the optimization of several
important experimental parameters.

Figure 9 shows the time evolution of the population at
different vibrational levels. For a power of the femtosec-
ond laser close to the experimental value (100 mW), we
evaluate the number of photons (laser and spontaneous
emission) necessary for vibrational cooling from a given
vx toward vx = 0. Roughly 10 photons (5 laser cycles)
are required to achieve vibrational cooling from vibra-
tional level v<<10. The transfer of population in the vy
= 0 level is nearly saturated after 10 000 pulses, which
requires 100 us.

3.3 Laser system

When performing vibrational cooling via optical pump-
ing, the coherence of the light does not play any role,
which means that any collimated and broadband source
focused on the molecular sample can be used. The laser
spectrum must therefore be shaped. One of the simplest
and cheapest solutions is to use a broadband laser diode
[40].

The spectral resolution required for spectral shaping
is on the order of the vibrational frequency divided by
the number of levels involved; however, this is not an
issue because, even when considering heavy atoms, vi-
brational frequencies are higher than hundreds of GHz.
The simplest shaping is a basic cut-off of part of the light
spectrum using black paper or a simple interference filter
[36]. For shaping we use a 4-f imaging system similar to
that shown in Fig. 10. The broadband laser is sent to a
diffraction grating (1800 lines/mm) that spatially splits
the different frequency components and then collimates
the beam using a 100-mm cylindrical lens. The resulting
beam is selectively reflected backward by a mirror placed
in the Fourier plane of the optical system. Because the
laser spectrum is spatially spread over the entire mir-
ror, a spatial mask or any means preventing the reflection

R. Horchani, Front. Phys. 11(4), 118301 (2016)

Micro-mirrors

Grating

Fig. 10 Schematic representation of the 4-f line used for the shap-
ing of the broadband laser (from right to left: diffraction grating,
cylindrical lens f = 100 mm, micro-mirrors) spatially spread the
laser spectrum. I;,, and Iyt respectively sketch the incident laser
beam and the reflected shaped laser beam.

locally leads to the removal of frequency components.
Note that if vx = 0 is the dark state, shaping can be
achieved using a simple cut-off above 13 030 cm™! in
the laser spectrum. The important aspect here is how
well the shaping removes the unwanted transition fre-
quencies. For example, the standard liquid crystal spatial
light modulator (SLM), as used here, has an extinction
ratio between desired and undesired transition frequen-
cies of 97%, which may result in an imperfect dark state.
Therefore, it is preferable to use a spatial mask such as
rotatable micro-mirrors [41], used later in our experi-
ment, which have an on-off ratio of 100%.

3.4 Potential energy curves

The basic geometrical characteristics of the potentials
involved in the transition affect the form of the corre-
sponding FC parabola, and thus, the efficiency of the
optical pumping technique. Here, we outline the criteria
that define the applicability of this technique to a given
electronic transition. In light of this study, we can con-
sider realistic choices for molecular electronic potentials.

e It is important to consider an electronic tran-
sition with good properties in terms of life-
time, coupling strength, laser accessibility, and
losses (photo-dissociation, pre-dissociation, photo-
ionization, etc.).

e The electronic transition should be as ’closed’ as
possible, with the assumption that spontaneous
emission should return the molecular population
after excitation for the initial electronic potential
at the largest possible percentage. The molecular
population can be lost during the optical pumping
process for a variety of reasons such as ionization,
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pre-dissociation, and coupling to other electronic
potentials.

e The internuclear position of the minimum (equilib-
rium point) of the excited potential must be as close
as possible to the minimum of the ground potential
rea = Tex. If the objective of optical pumping is
to transfer the molecular population to the lowest
vibrational state possible, then all frequencies that
lie lower than the point A in Fig. 11 should be cut,
because if they participate in the process, they lead
to an increase in vibration.

e The angle 6 indicates the speed of vibrational cool-
ing. The larger this angle, the “faster” the cooling
(fewer transitions are required for a certain decrease
in vibration). This effect can easily be seen in the
“bending” of the parabola’s arms up to the point
at which they touch the axis. In this case, we can
see that all transitions towards v = 0 are favored
(vx for the upper arm and va for the lower arm).

3.5 Accumulation in other vibrational levels

The ranging applicability of the optical pumping tech-

(b)

0.8+

Vexcited

Ufundamental

Fig. 11 Schematic representation of the geometric characteris-
tics of the molecular potentials and how they affect the form of
the generated Franck—Condon parabola.

nique exceeds the case of the ground vibrational level
vx = 0. It was demonstrated for other vibrational levels
(vx = 1, 2, and 7) using more complex laser shaping
[36]. Figure 12 shows the case in which the vibrational
level vx = 1 is the target level. Figure 12(a) shows the
transitions that can be excited by the pulse-shaped laser
(hatched red), which are useful in the study of laser
excitation and FC factors for the transitions between
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Fig. 12 Simulation and experimental results obtained in the case of vx = 1. (a) Franck—-Condon parabola for transition
between the ground state and the excited state. The hatched (red) area shows the transitions excited by the shaped pulse.
(b) The laser spectrum used in the simulation (upper one) and in the experiment (lower one). (¢) Results of the simulation
with a color level (log scale) indicating the molecular population in each vibrational level vx as a function of the number of
pulses. (d) The obtained photo-ionization spectrum showing a signature of vx = 1 molecules because only transition from

vx = 1 tovc = 0 and vc = 1 are present in this spectrum.
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the vx and the vg vibrational levels, which are, in turn,
useful in the study of the spontaneous emission of ex-
cited molecules. The required spectrum and the experi-
mental spectrum are shown in Fig. 12(b). Here, we re-
moved any transition frequencies between vx = 1 and
any vibrational level vp of the B state. The result of the
simulation is shown in Fig. 12(c); the result predicts a
total transfer of 53% to the vx = 1 level. Finally, Fig.
12(d) shows the photo-ionization spectrum in which we
can see that the lines corresponding to vx =1 — vo =
0, 1, 2, and 3 transitions, appear with strong intensity.
In principle, any vibrational level can be chosen as the
target state. The only challenge arises from the unavail-
ability of a broadband laser that can excite all of the
initial molecular distribution; one possibility is the use
of a supercontinuum laser.

3.6  Optimized vibrational cooling

To optimize the efficiency of the vibrational cooling pro-
cess, i.e., the number of molecules transferred to the tar-
get vibrational level, more complex pulse shaping should
be used. Here, we used the case of a “comb” of selected

(a)15

(b) 1.0

Intensity (a. u.)

laser frequencies chosen in such a way that only the tran-
sition required to produce efficient optical pumping from
the initially populated vibrational levels to the target
vibrational level is used. To obtain this optimized spec-
trum, many approaches can be followed. One approach
is maximizing the FC coeflicients between the excited
states and the target vibrational level. However, because
of the limited laser bandwidth, it is more important to
limit the transfer of population to high vibrational levels
that are not more strongly affected by the laser. There-
fore, we have chosen to favor excitation in levels that
correspond to the “lower branch” of the FC parabola.
With this choice, once a molecule is excited from a vi-
brational level vx in this “lower branch”, it will decay
either to the same vx level or to the “upper branch” of
the FC parabola, i.e., in lower vibrational levels than its
initial value.

An example is given in Fig. 13 where the target state is
again the vx = 1 level. We use a spatial light modulator
to remove all of the frequencies from the laser spectrum
except those that excite the various vibrational levels vx
# 1 to vibrational levels vg that decay to levels vl <
vx. The required pulse is shown in Fig. 13(b). The simu-
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0.8 [—— Experiment]

0.6
0.4

0.2 ﬂjﬂ

0.0

12700 12800 12900 13000
Wavelength (cm™)

1-0 1-1 1-2

becrr
13100

(d)
804

604

+£|
]
401

204

15920 15940 15960
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15900

Fig. 13 Population accumulation in vx = 1 by using an optimized shaping. (a) FC factors for transition between vibra-
tional levels of X state and B state. The hatched (red) area represents transitions allowed by the shaped laser pulse: i.e.,
between vx non-equal to 1 to vp levels that decay in levels 1’3( < vx. (b) The shaped pulse used for the simulation (upper
part) and in the experiment (lower part). (c) Results of the simulation. (d) Experimental detection spectrum showing that

mainly vx = 1 molecules are present.
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lation is presented in Fig. 13(c); it predicts a transfer of
60%. On the experimental side, in Fig. 13(d), the larger
signal, relative to the corresponding signal in Fig. 12(d),
indicates that the transfer of population, in the “comb”
pulse case, is indeed more efficient than using the “hole”
pulse case.

In conclusion, we note that after the first realization
of vibrational cooling of Css molecules, some prelimi-
nary results have also been obtained for Rby molecules.
These results demonstrate continuous production of vi-
brationally cooled Rby molecules in three steps [42].
First, they use a dedicated photo-association laser to pro-
duce molecules at high vibrational levels of the X 12;
state. Second, a broadband fiber laser at 1 071 nm
is used to transfer the molecules to lower vibrational
levels via optical pumping via the A'Y¥F state. This
process transfers the molecules from vibrational lev-
els around v” = 113 to a distribution of levels where
v” < 35. Then, molecules may be further cooled us-
ing a broadband super-luminescent diode at roughly
685 nm with a shaped frequency spectrum. The result-
ing vibrational distributions are probed using resonance-
enhanced multi-photon ionization with a pulsed dye laser
at roughly 670 nm.

3.7 Vibrational cooling of heteronuclear molecules:
NaCs case

Recently, the vibrational cooling has been successfully
demonstrated for polar NaCs molecules [34]. The lack of
gerade-ungerade symmetry in hetero-nuclear molecules
enables other electronic transitions and different schemes
are possible. The initial vibrational distribution of
molecules in the ground electronic state XXt is v =~
4-6. The optical pumping approach was based on the
use of simple, commercially available multimode diode
lasers selected to optically pump the population into
vx=0. The ground state molecules are pumped using
a 300 mW CW laser covering the 979-991 nm region.
This laser is able to excite low vibrational levels toward
the A'XT-b311 complex. Because of spin-orbit coupling,
the excited molecules can also decay toward the a®>Y ™
states, where the same laser can re-excite them. To in-
crease the efficiency, high vibrational levels are excited
using a second laser (1.5 W, 6 nm linewidth, 1203-1209
nm). Both lasers have 1-mm waists and were not shaped.
The authors also investigated the impact of the cooling
process on the rotational state distribution of the vibra-
tional ground state. For rotation, they obtained an ini-
tial distribution of J = 0-2, which becomes moderately
spread after the vibrational cooling process (J = 0-4).
We performed a simulation using the excited electronic

113301-10

state (2)'II, which can lead to efficient vibrational cool-
ing of NaCs molecules. In this section, we show the re-
sults of a simulation of vibrational cooling of NaCs with
the excited electronic state (2)!II. The pulses have Gaus-
sian shape; we start with an equidistribution of the 11
first vibrational levels. Note that no spontaneous emis-
sion towards a potential other than the ground state is
taken into consideration. In the left column of Fig. 14,
we show vibrational cooling with a simply shaped pulse,
where all of the frequencies that can excite the popula-
tion from the vx = 0 level have been removed. As we see
in Fig. 14(c) of this column, this pulse can transfer ~50%
of the total molecular population to the ground vibra-
tional level. If an optimized pulse is considered (middle
column), a higher percentage of ~66% can be transferred
to the level vx = 3. This level is now the level with the
highest FC coefficient; the pulse considered here follows
the natural tendencies of the FC-dipole parabola. A per-
centage of &~10% is left in the vx = 0 state because of
the small value of the FC coeflicient corresponding to
the vx = 0 — vp = 0 transition, which does not permit
efficient pumping of the molecular population out of this
state. However, the level vx = 0 can be coupled to other
vibrational states because other FC coefficients, such as
those connecting to vg = 3 or 4, have high values. This
situation permits us to perform the following trick, as
shown in the right column of Fig. 14. The transition vx
= 3 — vg = 0 is now addressed, whereas vx = 0 — vp
= 2 is not, and thus, vx = 0 is now a dark state. This
pulse is optimized to transfer the molecular population
to the vx = 3 vibrational level; however, the frequency
component addressing the vx = 3 — vg = 0 transition
manages to ’steal’ the molecular population from this
level and to bring it to the vx = 0 dark state, where it is
accumulated. This pulse results in a transfer of ~95% of
the total molecular population to the ground vibrational
level.

4 Rotational cooling

4.1 Detection of rotation

After the photo-association process [(v, J = 8) of the
1, state at 11730.1245 cm™'], only a small number of
molecules is produced in any given vibrational level vx.
Consequently, to observe the rotational population, it is
useful to increase the number of molecules in each rota-
tional level of vx = 0 by applying the vibrational cooling
process. Once molecules are transferred to the ground
vibrational level, they are spread over several rotational
levels (typically 4 < Jx < 14). This situation can be

R. Horchani, Front. Phys. 11(4), 113301 (2016)
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Fig. 14 Left: (a) A simply shaped pulse is used in this simulation. All the frequency components that can excite the vx "E
= 0 level are removed. (b) The FC-dipole parabola in a linear gray-scale while the red squares correspond to transitions o
addressed by the pulse shown in (a). (¢) Simulation with the initial molecular population equally distributed in states with E

vx = 0-9. After the vibrational cooling, the molecular population in the vx = 0 level has risen from 10% to 51%. Middle:
(a) An optimized pulse to transfer the molecular population in the vx = 3 level. (b) The FC-dipole parabola in a linear
gray-scale while the red squares correspond to transitions addressed by the pulse shown in (a). (¢) Simulation with the
initial molecular population equally distributed in states with vx = 0-9. The molecular population transferred to the vx
= 3 level is now equal to 66% of the total population. Right: (a) The optimized pulse used in this simulation is the same
as previously, only that now, vx = 3 is not a dark state while vx = 0 is (b) The FC-dipole parabola in a logarithmic
gray-scale while the red squares correspond to transitions addressed by the pulse shown in (a). (¢) Simulation with the
initial molecular population equally distributed in states with vx = 0-9. The population transfer to vx = 0 is predicted
close to 95%.

00 cause its line-width is larger than the separation between
= 0.254 (] two rotational levels. For this reason, we have applied
é 0.204 — other methods that can perform rotational spectroscopy.
= These methods are based on a continuous narrow-band
g W5 (=] - laser that can selectively excite a rotational level Jx.

% 0.10+ —
£ 0054 | 4.1.1  Depletion spectroscopy
B 2 i 6 8 0 12 14 16 In depletion spectroscopy [43] we use a continuous-wave
J (vx=0) (CW) diode laser scanned over a transition BII, (vg,

Fig. 15 Rotational distribution of molecules in the ground vi- JB)<— XlE_j (’UX =0, Jx), which should have a strong
brational level after the photo-association (upper figure) and after F(C factor. The narrowband laser quickly pumps the
the the vibrational cooling (lower figure). . . . .
molecular population out of the ground vibrational level;

the loss is monitored using the REMPI technique. In

seen in the simulation performed using the Honl-London  Csy; molecules case, all of the involved transitions are
factors (Fig. 15). schematically presented in Fig. 16(a). Briefly, we used a
Another obstacle is that the rotational splitting of Css  CW DFB laser scanned over the transition BII, (v =
levels is too narrow (=600 MHz); thus, they cannot be 3, Jg)«— X12; (vx = 0, Jx). Even this transition has a
resolved using the pulsed dye laser for the vibration, be- small FC factor. We used this transition because of the

R. Horchani, Front. Phys. 11(4), 118301 (2016) 113301-11
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S

and X' (v=0-9) [39].

Table 2 Franck-Condon factors (z 100) between B'II, (v=3)

X v=0 v=1 v=2 v=3 v=4 v=5 v=6 v=T7 v=8

v=9

FC 139 177 28 7.7 10.8 0.4

54 14.4 14 8.2

ing equations:
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(REMPI detection).

CS2('UX =0, Jx> + hvpr — CS2(UB =3,Jg =

limitations on diode lasers at the required wavelength.
The population in vx = 0 varies according to the follow-

CSQ (UX = 0) + thulscd - CS; (UC) + thulscd - CSQ+

When the frequency of the depletion laser is scanned,

we acquired a typical depletion spectrum, similar to that

shown in Fig. 16(b).

4.1.2  Spontaneous-decay-induced double resonance

(SpIDR)

Another detection method of the rotation consists of
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Cs, cooling laser
2501 g s Narrowband
o | SpIDR laser
TE 200-\(‘('“,,} 1' lonization laser
rg \ <= Spontaneous
= 1501 *2 emission
a’ﬁ - Jg=3
2 100] = f
0;
J=3
<= % %
. XD e —
8 10 12
R (ag)

number

+
2

Cs

—— b b

WdRnCh -l S h O LA

131

spectroscopy method. (b) Depletion spectrum of ground state vx = 0 level. The depletion laser is scanned over (vg = 3,
JB)+— (vx = 0, Jx) rotational transitions.

measuring the spontaneous-decay-induced signal of a vi-

brational level vx of the ground electronic state, which
has a good FC factor with a vibrational level vg of the

excited electronic state. In Csy case, we chose vx = 7

both because

it has the largest FC factor with vg = 3,

as shown in Table 2, and because vx = 7 is efliciently

emptied by the vibrational optical pumping. Finally, the

population in vx = 7 is probed by the pulsed dye laser

through the v¢ = 9 « wvx = 7. The various processes
involved are summarized below:
Csz(vx =0, Jx) + hvprs — Cs;(vp = 3, Jp) (excita-

tion),

Csa(vp = 3, Jp) — Csa(vx =7, Jx) + h/em (Sponta-
neous emission),
Css (’UX = 7) + thulscd — CS§ (’Uc) + thulscd — ng

(REMPI

detection).

The schemes of the laser transitions used to detect

rotation using the Spontaneous-decay-induced double
resonance (SpIDR) method are shown in Fig. 17(a). The
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M

{P(7) P PO QBIQG) QDR
; ; : ()

i Q(ll Oﬁ(g}b(.. i PR
' 6)
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Fig. 17 (a) Transitions used to probe the rotational distribution after the optical pumping toward the ground vibrational
level. The rotational spectroscopy is performed by a narrow-band SpIDR laser which is scanned over (vg = 3, Jg) < (vx
= 0, Jx) rotational transitions. The brown arrow represents the pulsed laser that ionizes molecules in the vx = 7 level,
through the intermediate C'TI,, state (vc = 9). (b) Rotational spectra obtained by SpIDR method after vibrational cooling
has been applied with three different PA schemes: through (1) 05 (v =26, J = 1), (2) 04 (v = 26, J = 2) and (3) 14 (v,

J=8).
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main difference of this method with the depletion method
is in the pulsed laser wavelength. As in Ref. [44], we found
that this method requires less power and a shorter pulse
duration than depletion spectroscopy, despite both meth-
ods only differing in their post-ionization step. This situ-
ation is caused by the spontaneous-decay-induced signal
being almost background-free whereas the depletion sig-
nal starts from the fluctuating signal of the vx = 0 pop-
ulation, which strongly alters the signal-to-noise ratio.
The spectra obtained via the spontaneous-decay-induced
signal method are shown in Fig. 17(b).

Note that we can also use direct ionization of the vp
population after a very fast narrow-band laser pulse ac-
cording to:

Csa(vx = 0, Jx) + h/diode — Cs3(up, Jp) (selective

excitation),

Csa(vB, JB) + hpuisea — Csy (ionization).

However, it is very difficult to generate such a short
pulse using the required narrow-band laser; therefore, we
have used other detection methods, as described above.

4.2 Rotational cooling with a broadband laser

To realize rotational cooling, we consider optical pump-
ing with broadband radiation, similar to the method for
vibrational cooling. Rotational cooling involves simulta-
neous excitation of all ro-vibrational levels of the ground
electronic state. Shaping of the femtosecond pulse can
be used to remove frequencies that excite the absolute
ground state of the system vx = Jx = 0, and thus, turn
it to a dark state. A similar method of approaching the
problem is related to the P, Q, and R transitions, for
which the rotation is modified by 0, +1, and —1 respec-

(a) 13040.05+
13040.00-
13039.95 A A
13039.90] 4
13039.854 . .
13039.80 .
13039.75-
13039.70
13039.65- -
13039.604 .
13039.55- ‘ "

bom
O
]

T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10
Jx

tively. Rotational cooling of the molecular sample can
be performed by removing the frequencies correspond-
ing to the transitions AJ = Ja—Jx = 0, +1 using a
simple “cut” in the laser spectrum or by selecting only
the P-branch using a shaper with a very high resolution.
With this shaping, absorption-spontaneous emission cy-
cles will lead to a decrease in the average principal ro-
tation quantum number Jx, i.e., to laser cooling of the
rotation. Note that the rotational degree of freedom can-
not be manipulated independently from the vibrational
degree of freedom. In fact, vibrational pumping modi-
fies the rotational distribution, just as rotational pump-
ing modifies the vibrational distribution of molecules. In
fact, after a single absorption-spontaneous emission cy-
cle, the rotational quantum number can decrease by two
units or remain at the same value with a similar proba-
bility, i.e., 1/2. However, as the vibrational level is mod-
ified by this operation, vibrational pumping is required,
which is likely to modify the rotational quantum num-
ber again. Figure 19 gives a quantitative analysis of the
way vibrational cooling modifies the rotational quantum
number. The accumulation of several cycles is, thus, suf-
ficient to efficiently transfer populations to the absolute
ro-vibrational ground state (v = 0, J = 0). As a con-
sequence, global ro-vibrational cooling can be achieved
through an interplay between both processes.

In Fig. 18, a plot of the energies that correspond to
vibrational transitions between vx = 0 of the ground
electronic state (XIE;‘) and v c = 0 of the BII, or
C'11, state is shown. In the case of the B'IL, potential, it
is not possible to uniquely suppress the transitions start-
ing at AJ = Jg — Jx = 0 with simple pulse shaping. The
situation is different if we consider the state C'II,. We

(b) 15942.85
1 5942.8(:-_/
15942.75
15942.70-
15942.65
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Fig. 18 Ro-vibrationnel transitions energy (Q, R and P branches which correspond to AJ = 0, 1 and —1, respectively)
with the B state (a) and with the C state (b). The C state allows a rotational cooling with a simple laser shaping by
removing all frequencies larger than 15942.557 cm~!. Such that we ensure that AJ = Jg — Jx = —1 in each excitation step
except for the Jx = 1 to Jo = 1 transition and the Jx = 0 level is now a dark state of the system. However, in the case of
B state it is not possible to remove the frequencies with a simple shaping.
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Fig. 19 Effect of vibrational cooling on the rotational distribu-
tion: simple Honl-London formula give the probability to find Jx—
2 (down triangles), Jx (circles), Jx+2 (up triangles) from a given
Jx after a cycle of absorption/spontaneous emission produced by
vibrational cooling.

see that the transitions AJ = Jg — Jx = 0 can now be
suppressed.

One disadvantage related to the choice of the C'II,
potential instead of the B'II, potential is that vibra-
tional cooling cannot be performed via this state. This
limitation exists because this state is “shallow” and sup-
ports only a small number of vibrational levels (up to v
= 12). However, the application of two separate cooling
pulses (one for vibration and one for rotation, each ad-
dressing a different electronic transition), can be consid-
ered. Figure 20 shows the results of simulation where the
molecules are first vibrationally cooled via the excitation
of the state B'II, and then rotationally cooled via the
excitation of the state C'II,. The simulation supposes
equal power for the two lasers and that each vibrational
level has 10 rotational levels. The overall optical pumping
process requires 60 000 pulses to transfer a population
of 65% of the initial population to the absolute ground
state of the system.

Experimentally, in the case of heavy molecules such as
Csy molecules, the rotational spectrum is too narrow to
be resolved and the shaping considered in the simulation

(a)10

Pulses (X 10°)

vy

Pulses ( X 10%)

is very difficult to achieve. In fact, the resolution required
to excite only the P branch is on the order of ~600 MHz.
If we consider the realization of the required shaping with
a 4-f line like that considered for vibrational cooling, the
required width of the optical grating is more than one
meter. Another complication derives from the fact that
we want to perform vibrational and rotational cooling in
temporary separated steps. This constraint could become
important if the time available to perform our manipula-
tions of the molecules before they exit the MOT volume
is limited.

4.3 Rotational cooling with narrow-band laser

As already described, the manipulation of the rotational
populations is based on the same principle as that used
to achieve the vibrational cooling scheme [45]: a broad-
band laser excites all of the rotational states except the
state of interest, where the molecules accumulate after
spontaneous emission. However, in the case of a heavy
molecule such as Cssy, the rotational spectrum is too
narrow to be resolved using a simple grating, and thus,
the resolution limitation must be improved. To do so,
two distinct laser sources are simultaneously used. The
first source, devoted to vibrational cooling, is a broad-
band laser with a spectrum shaped by both a grating
and a selective element in the Fourier plane. The second
source is a narrow-bandwidth DFB diode laser with a
spectrum that is artificially broadened by modulating
the diode current so as to obtain a uniform ~5 GHz
scan range. The amplitude, center, speed, and repetition
of the scan are controlled by a function generator driving
the laser diode current. The effect of temporal scanning
is identical to that of a broadband source with the same
width. The narrow-band CW diode laser, (~ 2 MHz, ~ 6

mW power, 3.5 mm? beam size), is continuously scanned

(b) 50

40

0 6 8 10 12 14 16

Jy (0y=0)

18 20

Fig. 20 (a) Vibrational cooling via the B state. The plotting is now versus the rotational states, while the vibrational levels
are also noted, and the effect of the vibrational cooling in the rotational distribution is shown. (b) Rotational cooling via C
state. The initial distribution of the part (b) is the final distribution of the vibrational cooling process shown in part (a).
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across the correct B'IL,(vg = 3,J5) « X'S}f(vx =
0, Jx) transitions with a period of 100 us. As the rota-
tional cooling laser tends to redistribute the molecules in
other vibrational levels because of unfavorable FC fac-
tors [46], global ro-vibrational cooling is achieved. By
studying the FC factors, we learn that the spontaneous
decay from vg = 3 populates vx < 10 primarily, thus
providing a global quasi-closed pumping system. Figure
21 shows a typical temporal sequence, allowing for PA
and ro-vibrational cooling.

In the experiment to favor a decrease of the J quan-
tum number, the rotational laser spectrum induces only
Jp = Jx — 1 transitions (P branch). The rotational laser
cooling is scanned over the B'II,,vg = 3, J—1 « XlE;‘,
vx = 0,J = 2 — 6. The energies of transitions between
rotational levels of vx = 0 and vg = 3 are summarized
in Table 3.

Vibrational cooling Rotation detection ﬂR[ MPI

B

20 40 49 50 Time (ms)

/
i

Fig. 21 Temporal sequence used to achieve a global ro-
vibrational cooling: PA is applied for 20ms, the rotational and
vibrational cooling lasers are applied simultaneously but they are
turned off respectively 5ms and 8ms after the PA laser. The rota-
tional detection laser is turned on 1 ms later during typically 50us.
Finally, a pulsed Nd:YAG laser is turned on 1 ms later to detect
Xlzér vibrational levels via the C1II,, or DlEi states.

PRIQAQIR(O) R(2) R(4)

P(6) P(4)

Cs5 number

13141.9

13141.8

Wavenumber (cm ™)

(b)

L

=]

Population

F
F

Fig. 22 (a) Upper panel: rotational spectrum, obtained by
SpIDR, before rotational cooling is applied; Lower panel: rota-
tional spectrum after rotational cooling is applied. The horizontal
filled bar represents the frequency range scanned by the DFB ro-
tational pumping laser. (b) Population measured in different ro-
tational levels, before (red bars) and after (blue bars) the cooling
phase. The darker colours on the top of the bars indicate the error
on the ion numbers.
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Table 3 Rotational transition energies between B'II,, (v=3) and
X5 (v=0).

Jp—Jx 12 23 3—4 45 5—6
E (em™1) 13141.877 13141.85 13141.82 13141.788 13141.755

The resulting spectrum is shown in Fig. 22(a). Figure
22(b) shows the rotational distribution of four levels af-
ter vibrational pumping without rotational cooling and
when the two cooling lasers are applied. The real num-
ber of molecules in a specific rotational state is found by
evaluating the FC factor between vg = 3 and vx = 7,
and the efficiency of the microchannel plates. Similarly,
the Honl-London factors for P, R, and Q branches are
%, %, and % respectively. Additionally, one absorption-
emission cycle decreases the value of J with a probability
p= % when driving only the P branch. If all of the transi-
tions involved in ro-vibrational cooling permit a decrease
in the J value without the creation of a dark state in J
for the vibrational cooling step, the J population per-
forms a random walk. After n spontaneous emissions,
this random motion will modify the rotational quantum
number by np. However, it is possible that the vibra-
tional cooling transitions are not “rotationally” shaped,
that is, the vibrational cooling laser, even if shaped for
vibrational cooling, still covers all rotational transitions.
In this case, the vibrational cooling will counteract the
control of the rotation and will create an extra random
walk in the process, thereby increasing the rotational
quantum number by a probability of % at each step. To
avoid this undesirable heating, only a small number of vi-
brational cooling processes can occur between rotational
cooling processes. In this case, the efficiency depends on
the number of steps required to cool the vibration.

We estimate that the vibrational cooling takes roughly
100 ps to return molecules to v = 0 from any vibrational
levels. In principle, below 100 ps, a single ramp does not
allow complete rotational pumping; however, several cy-
cles give a pumping efficiency equivalent to that obtained
with a 100 us scan period. To estimate the vibrational
cooling time, we used the effective laser intensity for a
resonance Ifafgggtlf Daser 7— where I" ~ (27)15 MHz is
the linewidth, I},sc, is the laser intensity, and Iaser is the
laser bandwidth (~ 100 cm~!). The saturation intensity

of a typical ro-vibrational transition is I2¢! = ﬁ,
v v

where gy ~ 2 mW/cm is the saturation intensity of
the two-level system with a lifetime 7 = 15 ns, which
is the molecular lifetime in the excited state. We have
considered typical FC factors Of Qv = 0.1 and the
Hoénl-London factor of HL = %, I, mol ~ 160 mW /cm?.

sat
Im 1
Ieffectit — 10=4 mW/cm? ~ w2t — Lo The minimum

laser — 1000 105
scan period ensuring vibrational pumping is t = 10°7 =

100 ps.
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5 Perspectives for direct laser cooling of
molecules

It was thought that direct laser cooling of molecules is
not possible because of the lack of closed transitions
in which optical pumping can be realized. However, we
see that the technique of vibrational cooling using fem-
tosecond pulses has, in its core, a broadband optical
pumping scheme for molecules. Thus, the perspectives
offered by the current developments in direct laser cool-
ing of molecules should be studied further. However,
the population transfer efficiencies achieved are not able
to support optical pumping to achieve laser cooling.
The efficiency of the method is reduced by experimen-
tal weaknesses that can be overcome. The efficiency of
the molecular population transfer can be improved if
the femtosecond laser bandwidth is increased, because it
would then be more difficult for the molecular population
to be trapped in high vibrational levels, i.e., those that
are out of the range pumped by the femtosecond laser. In
Fig. 23 we see a theoretical study of population transfer
toward the vx = 0 state using an optimized femtosecond

(a)
é 4
=
E |
2 .
| .ll |
12400 12600 12800 13000 13200
Frequency (cm ')

(b) 100

'g 80

X

5 60

=

=

e

5 40

2

E

Zz 20

Ty

Fig. 23 Simulation for the vibrational cooling by using a shaped
pulse three times boarder and with a perfect on-off extinction ratio.
(a) The shaped pulse used. (b) Results of the simulation.

113301-16

pulse. The pulse width is three times larger than those
used in previous studies, and has a perfect extinction ra-
tio. The efficiency of the population transfer is 99.4%.
This level of efficiency is sufficient for the realization of
a broadband molecular re-pumper laser for laser cooling
of molecules.

6 Conclusion

We have described the application of an optical pump-
ing technique to efficient transfer of an initial ro-
vibrational distribution to a single ro-vibrational level.
This method wuses light sources to induce -efficient
absorption-spontaneous emission cycles that lead to a
new distribution of the molecular population. Broadband
diodes and frequency shaping are cheap, and thus, this
scheme can often be easily implemented. This method
provides possible schemes for direct laser cooling of
molecules [47, 48]. Eventually, photo-association of ultra-
cold cesium molecules in their ground ro-vibrational level
with ultracold cesium atoms could lead to the creation of
Csz molecules [49] and the study of collisional processes
so as to assess the efficiency of evaporative cooling or to
investigate methods for achieving controlled chemistry.
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