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Abstract. We report on the formation of translationally cold Csz ground state molecules through photoas-
sociation in the 1, attractive molecular state below the 65,5 +6p 3,2 dissociation limit. The cold molecules
are obtained after spontaneous decay of photoassociated molecules in a MOT and in a dark SPOT. We also
used polarized atoms, in the f =3, my = +3 Zeeman ground state. Purely asymptotic and adiabatic cal-
culations including hyperfine interaction and rotation are in excellent agreement with observed structures.
As expected, the 1, state is actually a pure long-range state, consisting of paired atoms, uniquely linked
by the first terms of the multipole expansion of the electrostatic interaction. A temperature of 2Ofé5 uK

has been measured for the molecular cloud.

PACS. 32.80.Pj Optical cooling of atoms; trapping — 33.20.-t Molecular spectra — 34.20.-b Interatomic
and intermolecular potentials and forces, potential energy surfaces for collisions

1 Introduction

The experimental techniques of laser cooling of atoms in
the mK-upK range and below, as well as the trapping
and the manipulation of neutral atomic samples, based
on radiative pressure, are now well established. Their ex-
tension to molecules is however very difficult because of
the lack of two-level optical pumping schemes for popula-
tion recycling [1]. Molecules have largely been unaffected
by the impressive developments in laser cooling over the
past decade. Exceptions are perhaps the deflection of a
molecular beam [2] or the demonstration by Djeu and
Whitney [3] of laser cooling by spontaneous anti-Stokes
scattering, introduced long ago by Kastler as “luminore-
frigeration” [4]. The latter method presents, however,
poor efficiency and poor control. Laser manipulation of
molecules has reached more promising development in
molecular optics and interferometry [5]. Coherent popula-
tion transfer between molecular states, known as STIRAP
(stimulated Raman adiabatic passage) [6], offers potential
devices for molecular mirrors or beam-splitters [7], which
have already been developed for atoms [8-11].

An interesting specific scheme for the formation of cold
molecules is to start from cold and dense atomic samples
and to form cold molecules by molecular photoassocia-
tion (PA) of two cold atoms [12]. PA has been demon-
strated for alkali atoms from Li to Cs [13-17], and more
recently for the hydrogen atom [18]. In this process, two
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free cold atoms resonantly absorb one photon and pro-
duce an excited molecule in a well-defined ro-vibrational
state. The excited photoassociated molecules are transla-
tionally cold (neglecting the recoil energy, they are at the
same temperature as the atoms). De-excitation of the pho-
toassociated molecules appears thus as an obvious way to
form cold ground state molecules. However, photoassoci-
ation generally corresponds to a long-range excitation, so
that the bound-bound spontaneous decay probability is
very small [19]. Spontaneous emission leads back mostly
to dissociation of the transient cold molecules into two free
atoms.

In a previous letter [17], we have reported on both the
first observation of molecular PA of cold cesium atoms
in a vapor cell magneto-optical trap (MOT) and the first
observation of translationally cold Cs; molecules in their
triplet ground state, through PA in the 0, long-range
state. The efficiency of the mechanism for the formation
of cold molecules comes from the existence of a Condon
point at intermediate distance, corresponding to a long-
range molecular well. Two different typical PA processes,
either without or with formation of cold molecules are
schematically shown in Figures 1 and 2, respectively. In
both cases photoassociation happens at long-range dis-
tances. If spontaneous emission occurs at a short enough
interatomic distance, cold ground state molecules can be
formed, while spontaneous emission at a long-range dis-
tance predominantly leads to dissociation of the excited
molecules. In the case of Figure 1, the vibration of the
excited molecules always keeps the two atoms at a too
large interatomic distance, leading generally to a negligi-
ble cold-molecule formation rate. In the case of Figure 2,
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Fig. 1. Principle of molecular photoassociation of cold atoms
without formation of cold molecules. The absorption and the
emission of photons both occur at long-range distances (not to
scale).

the molecule oscillates between long-range and interme-
diate distances and the formation rate of stable cold
molecules might be important. Four attractive long-range
Hund’s case (c) states can be populated by photoassocia-
tion below the 651 /3 + 6ps/2 limit (see Fig. 3): 1, 0;, 0,
and 1, (transition from the ground state to the attractive
2,, states is electric dipole forbidden). PA through 1, and
0;F states corresponds to the case of Figure 1 [20], while PA
though the 0, and the 1, long-range states corresponds
to the case of Figure 2. The formation of translationally
cold molecules in the latter cases is due to the particular
shape of the external potential wells which offers at the
same time an efficient photoassociation rate and a rea-
sonable branching ratio of spontaneous emission towards
the ground state. For example, this ratio can reach up to
90% for the lowest vibrational levels of the 1,, state. More
complex schemes of formation of cold molecules can be
proposed, with photoassociation of highly excited molec-
ular states [21,22]. The formation of translationally cold
K5 molecules in their singlet ground state through a pho-
toassociation process corresponding to the case of Figure 1
has, however, been demonstrated [23]. This results from
a favorable Franck-Condon factor for a particular bound-
bound transition.

We have realized molecular photoassociation of cold
cesium atoms in a MOT and in a dark SPOT (dark spon-
taneous force optical trap) [24]. In both cases we show ev-
idence of the vibrational progression corresponding to the
1, long-range attractive molecular state, which demon-
strates the formation of cold molecules through excitation
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Fig. 2. Principle of molecular photoassociation of cold atoms
with formation of cold molecules. The presence of an external
long-range well allows the emission of photons at a Condon
point at intermediate distance, leading to a bound-bound tran-
sition (not to scale).

118001 1, Cs(6s)+Cs(6p,)

11600

11400

|
|
|
|
[ [
| |
[ [
| |
- 11200 | l
e [ [
\"J I :
|
3 11000 [ !
5 |
Q
c | [ [ [
L | | | |
e . " |
IRICEEC 0 |
200 | | J {
0 | ! L
| Cs(6s)+Cs(6s)
-200+
as, [ X'z
-400 4

10 20 30 40

Interatomic distance R fa
Fig. 3. Relevant potential curves of the Cs2 molecule. Line
(i) represents spontaneous emission towards continuum states,
with dissociation of the molecule; lines (ii) and (iii) represent
spontaneous emission towards bound states, with formation of
stable cold molecules.
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of the 1, state. The pure long-range [25] 1,, state of alkali-
metal dimers had only been observed for potassium [26]. In
the present experiment, like in the previous ones, the PA
spectrum is obtained by using photoionization detection.
In both cases (MOT and dark SPOT), the vibrational lev-
els present a large, well-resolved hyperfine and rotational
structure, which is interpreted in the framework of adia-
batic asymptotic calculations. We also report PA experi-
ments with polarized atoms in the lowest energy Zeeman
ground state f = 3, my = +3. The obtained spectra are
then much more simple, and are in very good agreement
with the asymptotic calculations. We have measured the
temperature of the molecular cloud, which is about 20 uK
starting from an atomic sample at the same temperature.

The paper is organized as follows. Section 2 is devoted
to the description of the experiment. The obtained spec-
tra of the 1, vibrational progression are then described
and analyzed taking into account the hyperfine structure
and rotation (Sects. 3 and 4). In Section 5, we report ex-
periments with polarized atoms. Finally, in Section 6, we
describe the measurement of the temperature of the cold
molecules and we give an estimate for the formation rate.

2 Experimental setup

The principle of the experiment is described in references
[17,20,27,28]. The main difference with our previous work
concerns the cold atom source which is here provided by
the use of either a Cs vapor loaded MOT [29] or a dark
SPOT [24]. Using a dark SPOT instead of a MOT im-
plies a different initial state of the pair of atoms in the
PA collisional process: the atoms are in the 6s1/9, f = 3
hyperfine level, instead of being in f = 4. The trapped,
cold Cs atoms are illuminated with a CW-laser to produce
the photoassociative transitions; one has

Cs (65172, f =4) + Cs (6512, f =4) + hin

— Csz (1u(651/2 + 6p3/2;v,J))  (2.1)

for the MOT experiment, and

Cs (681/2, f = 3) + Cs (681/2, f = 3) + hl/l
— Csz (1u(651/2 + 6p3/2; v, J))

for the dark SPOT experiment.

In a vapor-loaded MOT, the cold Cs atoms are pro-
duced at the intersection of three pairs of mutually orthog-
onal, counter-propagating ot —o~ laser beams of intensity
nearly 2 mW /cm? and of diameter 6 mm and at the zero
magnetic field point of a pair of anti-Helmholtz coils with
a magnetic field gradient of 15 G/cm. The residual pres-
sure is 2x 107 torr. The cooling and trapping laser beams
are split from a slave diode laser (SDL 5422-H1, 150 mW,
single mode, A ~ 852 nm) injection locked to a master
diode laser. The master laser (SDL 5412-H1, 100 mW) is
stabilized by optical feedback from an extended, grating-
ended cavity. Locking the master laser frequency to a satu-
rated absorption line of the cesium vapor ensures its long-
term stabilization. The trapping laser frequency is tuned

(2.2)

about 13 MHz (~ 2.5 natural line-widths) to the red of
the frequency vy .5 of the 651/, f = 4 — 6ps)a, f' =5
atomic transition. A repumping laser beam (SDL 5712-
H1, 100 mW, A ~ 852 nm) of frequency v3_.4 resonant
with the 61,9, f = 3 — 6p3/2, f’ = 4 transition is super-
imposed with two of the beams of the cooling laser, pre-
venting atoms being optically pumped in the untrapped
f = 3 hyperfine ground state. The diameter of the re-
pumping laser is 10 mm, which is obtained by passing the
collimated beam through a telescope device. In these con-
ditions, the dimension (FWHM) of the bright cold sample
ranges between 400-600 pym and the number of atoms in
the trap ranges between 1—5 x 107, thus leading to a peak
density of the order of 10*! atoms/cm?. In these experi-
mental conditions, the estimated temperature of the cold
atomic sample is T ~ 200 pK [30].

The MOT is shifted into a dark SPOT configuration
by modifying the repumping arrangement to transfer most
of the atoms (> 90%) in the “dark” state f = 3 in the
center of the trap. The repumping beam is now partly
screened with a 3 mm diameter black spot of insulating
tape, stuck onto a microscope slide. The spot is imaged
at the center of the trapping region using a lens of focal
length [ = 400 mm, placed at a distance 2[. Just after
the lens, a beam splitter splits the repumping laser beam
into two beams, which are superimposed with two cool-
ing laser beams using polarizing beam splitters. The im-
ages of the spot for the two laser beams correspond to
the center of the trapping zone. The difficulties in apply-
ing the dark SPOT technique to heavy atoms have al-
ready been discussed [31]. To obtain a large fraction of
the atoms in a “dark” state, we illuminate the cold atomic
sample with a laser beam of about 10 mW cm™2, tuned
about 25 MHz (~ 5 natural linewidths) to the blue of
the frequency vy .3 of the 651/, f = 4 — 6p3)a, f' = 3
atomic transition. To obtain that, the diode laser is locked
on the level crossing 65,2, f = 4 — 6ps/o, f' = 3 and
6512, f = 4 — 6p3/2, f' = 5 and the laser beam passes
through an acousto-optic modulator which shifts its fre-
quency by 200 MHz. We have verified by photoabsorption
that more than 90% of the atoms in the center of the trap-
ping zone are in the “dark” state f = 3 [32]. In the MOT
and dark SPOT devices, atoms can be further cooled be-
low the Doppler limit down to T' < 30 uK by detuning,
during 7 ms, the trapping laser to 9 natural linewidths and
simultaneously reducing the beam intensities by a factor
of two through a Pockels cell.

PA is achieved by continuously illuminating the cold
Cs atoms with the beam of either a diode laser (SDL
5712-H1, 100 mW, A; ~852 nm) or a Ti:sapphire laser
(Coherent 899 ring laser) pumped by an argon ion laser.
The maximum available power in the experiment zone is
600 mW, focused on a spot of ~ 200 pm diameter, lead-
ing to a maximum available intensity in the MOT zone of
up to 1 kW cm~2. However, the power of the PA laser is
gradually reduced for detunings close to v4_.5 in order to
avoid perturbations in the MOT operation. The frequency
scale is calibrated using a Fabry-Perot interferometer and
the absorption lines of iodine [33]. The maximum absolute
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uncertainty is estimated to be £150 MHz, mainly due
to the uncertainties on the position of the iodine lines.
Thanks to the Perot-Fabry interferometer which has a
free spectral range of 750 MHz, the local uncertainty is
reduced to about £10 MHz.

In general, two kinds of detection can be used to ob-
serve the photoassociation process. One can observe with
a photodiode the fluorescence yield from the trap, which
allows one to analyze the trap losses and to obtain vi-
brational progressions. However, only the 1,4, 0}, and 0y
vibrational progressions are then clearly identified in the
fluorescence spectra [20]. For the 1, and 0, vibrational
progressions we used photoionization of the translation-
ally cold Csy molecules to Csj ions, which are then de-
tected through a time-of-flight mass spectrometer. Ioniza-
tion is produced using a pulsed dye laser (dye: LDS 722;
pulse duration: 7 ns; pulse energy: 1 mJ) pumped by the
second harmonic of a Nd-YAG laser, running at a 10 Hz
repetition rate. The dye laser is tuned to the wavelength
A2 ~ 716 nm. Photoionization proceeds through a REMPI
process (Resonance Enhanced Multi-Photon Ionization),
via the vibrational levels of an electronic molecular state
correlated to the 651/ + 5d3/2 5,2 dissociation limit. The
temporal sequence of the detection is as follows. At the
trap position, a CW high-voltage field (1.7 kV) is applied
by means of a pair of electric field grids spaced 15.6 mm
apart. The Cst and Cs.;r ions produced are expelled out
of the interaction region to a 6 cm field-free zone which
constitutes a time-of-flight mass spectrometer separating
in time Csj ions (1.9 ps delay) from Cst ones (1.3 pus
delay). The ions are detected by a pair of micro-channel
plates and the Csér ion signal is recorded with a gated in-
tegrator. The relative magnitude of the CsT and Cs] sig-
nals depends strongly on the pulsed laser wavelength and
intensity. The Csj ion (REMPI) signal depends linearly
on intensity while the Cs™ one is quadratic, due to two-
photon ionization of atomic cesium in the 6pz/o, /' = 5
excited state. The detection procedure can finally be opti-
mized, either for 0 or 1,, by adjusting the wavelength of
the pulsed laser used for photoionization. The whole ac-
quisition is controlled by a computer running the Labtech
software.

3 Experimental spectra

The CsJ ion spectrum, recorded as a function of the PA
laser frequency, is shown in Figure 4. The origin of the en-
ergy scale is fixed at the 6sy/5, f = 4 — 6p3/s, f' = 5
atomic transition, which corresponds to an energy of
11732.183 cm™* [34] above the 65170, f =4+651/2, f =4
asymptote. The MOT spectrum exhibits both the 0, and
the 1, vibrational progressions, while the 0 progression
is dominated by the 1, one in the dark SPOT spectrum.
The observed intensities corresponding to the same vi-
brational levels are different for the MOT and the dark
SPOT experiments; the latter are on average 10 times
larger. One notices also that the ground vibrational level,
v = 0, appears in the dark SPOT spectrum but not in the
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Fig. 4. Cs] ion signal versus frequency in the dark SPOT
device (a) and in the MOT (b). The origin of the frequency
scale is the dissociation limit 6sq/2f = 4 + 6p3 2 f' = 5.

MOT spectrum. Conversely, higher vibrational levels, up
to v = 12, are observed in the MOT spectrum. The two
spectra correspond to two different initial states of the
collisional process (see Egs. (2.1, 2.2)), with the two free
atoms either in the f = 4 or the f = 3 state. The mod-
ulation of the line intensities, which is strikingly different
in the two cases, is due to the variations of the Franck-
Condon factors of the transitions between the initial state
and the final ro-vibrational levels of the 1, state. As it has
already been noticed (see for instance [35]), this modula-
tion can be used for the determination of collisional pa-
rameters such as scattering lengths; this will be reported
in a forthcoming paper.

Finally we notice that, as has previously been men-
tioned [17], cold molecules are produced in the MOT cold
atomic sample even in the absence of the PA laser beam.
The number of cold molecules produced in the same con-
ditions in the dark SPOT is even more important. An
interpretation for this production of cold molecules in the
MOT has been proposed in reference [20]. Pairs of Cs
atoms, separated by roughly 1500a¢, are excited by the
trapping laser to the attractive excited state and are ac-
celerated towards each other by the attractive force un-
til they radiatively decay. Spontaneous decay then pro-
duces pairs of atoms in the 6513, f = 3 + 651/3, f = 4
state, which can undergo photoassociation due to the trap-
ping laser. Photoassociation and spontaneous decay finally
yield cold molecules. The interpretation is even simpler for
the dark SPOT: redistribution among hyperfine levels of
the atomic ground sate is not necessary and photoassoci-
ation is directly obtained by the trapping laser from the
651/2, f = 3 + 6512, f = 3 two-atom state at a distance
Ry ~ 100aq. In addition, the atomic density in the dark
SPOT is twice as large as in the MOT.
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Fig. 5. Zoom of the CsJ ion signal versus detuning of the PA
laser in the dark SPOT device, for the 1, vibrational levels
v=0(a),v=1(b), and v =2 (c).

4 Hyperfine structure and rotation

Figure 5 shows the well resolved hyperfine structure of the
vibrational levels v = 0, 1 and 2 of the 1, state. The spec-
trum does not exhibit any simple structure, neither hyper-
fine nor rotational. We have performed systematic asymp-
totic calculations, including both hyperfine structure and
molecular rotation, for all the electronic states involved in
1, photoassociation. Our aim was first to interpret these
complex structures. We wanted also to check whether the
cold molecules produced through the 1, series are actu-
ally “singlet” molecules, as selection rules would predict
for the result of spontaneous emission starting from states
with ungerade symmetry.

A precise calculation of the hyperfine structure of all
adiabatic asymptotic curves for both the ground (6s+ 6s)
and the excited (6s + 6p) asymptotes (without rotation)
was first performed by using the following procedure. We
calculated the matrix elements of the relevant terms of
the multipole expansion (R=¢, =8, and R™1Y for s + s
[36], R=2, R=% and R~® for s + p [37]) of the fine and
hyperfine interactions and, for the s + s asymptote, of
the exchange energy (following the model of Ref. [38]).
We did not introduce the exchange energy in the s + p
calculations because it is still small at the position of the
inner wall of the 1, potentials (about 25ag). For the s+ p
asymptote, we have in fact used the Cg and Cg coefficients
of reference [37], but instead of the value C5 = 10.47 a.u.
of that reference, we have put C3 = 10.1 a.u., according
to recent precise measurements [39]. The basis of states
employed is similar to the one used by Bo Gao [40]. In our
treatment, the electronic wave function is written in the
rotating frame and reads

|(65) s1€1j11 F1 (65 or 6p) salojol Fo FxMp), , (4.1)

which is an either symmetrized (¢ = 1) or antisymmetrized
(e = —1) two-atom wave function in which the total
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Fig. 6. Potential curves for all the 65, /2 + 651 /2 states of Csa
(upper graph) and percentage of gerade symmetry vs. inter-
atomic distance, for the three particular states with Fy = 6
(lower graph). In the upper graph, as in reference [41] for Rbo,
the energy of the highest potential curve (F; = 8) has been
subtracted from all curves. In both graphs, the asymptotes are
labeled with the values of the angular momenta F; and F5 of
the two atoms.

angular momentum F; and F5 of the two atoms are cou-
pled to the total F; value, whose projection on the molec-
ular axis is Mp; the angular momenta of the valence elec-
tron of the ith atom are noted s;¢;j; and I = 7/2 is the
nuclear spin of the cesium atom. All the relevant matrices
are readily (although tediously) obtained (see Appendix):
the fine and hyperfine interactions are diagonal and the
dispersion terms as well as the exchange energy can be
calculated through recoupling coeflicients (implying 9 — j
symbols) of angular momenta (in the ground states, all
dispersion terms are proportional to the unity matrix).

For the ground states, the asymptotic adiabatic po-
tentials obtained by diagonalization of the sum of these
matrices are shown in Figure 6. For the excited states,
the (71 distinct!) adiabatic 1, curves connected to the
s+ p3/2 asymptote are shown in Figure 7.

In a large range around the bottom of the 1, well,
only 27 + 1 = 15 different, equally spaced curves are ob-
served (see Fig. 7). The nuclear momenta Iy and I of
the two atoms are in this region almost completely de-
coupled from the electronic momenta j; and jo. They are
coupled to one another into a momentum Iy = I; + Io
with projection M7 on the molecule axis. The main term

! There are 128 different states, but the energy is the same
for + Mp and —Mp.
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Fig. 7. Upper graph: all (71 distinct) potential curves of the 1,
state, including hyperfine structure. The inset shows a zoom of
the hyperfine structure of the bottom of the well. Lower graph:
percentage of gerade symmetry of these states vs. interatomic
distance.

of the hyperfine Hamiltonian is proportional to I; - Jy,
where Jy = j1 + jo is the total (spin + orbit) angular
momentum of the two electrons; the energy is thus pro-
portional to —M7 {2, where {2 is the projection of J; on the
molecular axis. The splitting between successive hyperfine
levels corresponding to a given v value of the vibrational
quantum number is about 0.41 GHz while the total split-
ting is about 5.69 GHz, which is of the same order as the
width of the observed structures.

From the result of the diagonalization, we have then
calculated the gerade percentage of the adiabatic elec-
tronic states (see Appendix). In the range of interatomic
distances corresponding to the observed photoassociation
lines (from about 30ag to 60ap), the symmetry of the
ground state is found to be clearly dominated by the hy-
perfine structure: it is neither g nor u (Fig. 6)2; conversely
the 1, states are found purely ungerade (Fig. 7). Popu-
lation of the 1, states will thus arise from the ¢ frac-
tion of each initially populated s 4+ s continuum state.
The same situation still holds for the gerade/ungerade
symmetry in the range where cold molecules are formed
(at about 30ag): due to the large hyperfine structure of
the ground state, the cold molecules are created in mixed
gerade-ungerade states, not in singlet states, as one would
expect from the pure ungerade symmetry of the upper
state reached after photoassociation.

As rotation and hyperfine structure seem to be quite
entangled (see Fig. 5), we have made simultaneous treat-
ment of the two effects, as in reference [26]. We have di-
agonalized the sum of the matrix of the asymptotic inter-
action, taken at a fixed interatomic distance, R = 32ay,
i.e., at the bottom of the 1, potential well, and of the
matrix of the operator B,€2, where £ is the angular mo-

2 The s + s bound states have to be calculated in general
as multichannel wave functions; channel coupling cannot of
course suppress the gerade/ungerade mixing of the adiabatic
potential curves.
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Fig. 8. Structure of the v = 0 line of the 1, vibrational pro-
gression, together with the positions of all transitions, calcu-
lated as described in the text. The values of J are indicated at
the red end of the structure, where it is approximately a good
quantum number. The frequency of the first observable line is
arbitrarily taken as zero.

mentum of the relative nuclear motion and where B, is the
mean value of 1/(2uR?) for the radial wave function of a
given vibrational quantum number v calculated in the 1,
potential previously obtained. All these calculations are
performed in a basis of states,

|(65) 5161411 Fy (6s or 6p) salojol Fo FyMpe; FM),
(4.2)

which are eigenstates of the total angular momentum
F that are obtained from the electronic states (4.1) by
adding the rotational part and by symmetrizing the final
wave function (see Appendix). We assume that, initially,
only (6s + 6s) F1 = 3, F» = 3 states and the first partial
waves are populated [28]. Taking, then, into account the
symmetry of the electronic ground states (e = (—1)%%),
the electric dipole selection rules, and the highest £ value,
allows one to find the relevant states. For instance, for ¢
up to 3 (s, p, d, and f waves), we have to restrict ourselves
to states with ¢ = 1 and F varying from 0 to 9, and to
states with ¢ = —1 and F varying from 0 to 7. The line
positions that we obtain in this way are shown in Figure 8.
Remarkable agreement is obtained at the “red” end of the
structure but, at the “blue” end of the structure, a number
of predicted lines do not appear at all. This striking effect
is due to a feature already described in reference [26], in
the case of the 1,, series of 39K, (the resulting structure is
here somewhat different because of the larger nuclear mo-
mentum of cesium). The coupling changes from the red to
the blue part of the spectrum. The hyperfine structure is
at first dominant and the wave functions are close to

|(6s + 6p3/2) Lu 2L Mpe; FM), (4.3)

which are symmetrized wave functions in which I; is the
total nuclear spin and Mj; and (2 are respectively the
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Fig. 9. Structure of the v = 0 line of the 1, vibrational pro-
gression, compared in mirror with the calculated intensities.
The frequency of the first observable line is arbitrarily taken
as zero.

projections of I; and of the total electronic angular mo-
mentum, Jy = 1, on the molecular axis. At the end of the
predicted structure, rotation becomes larger than hyper-
fine interaction and the wave functions are close to

|(6s + 6p3/2) 1u £2; JI,eF M), (4.4)
which are symmetrized wave functions in which the to-
tal electronic angular momentum is first coupled to the
rotational angular momentum giving a total electronic J
value, which is then coupled to the total nuclear spin I
leading to a total value F'. Only the smallest J values can
be populated from initial states with small ¢ values (see
Fig. 8). For instance in the case F = 7, ¢ = 1, the last
expected line corresponds to J = 13 and thus would re-
quire £ = 12, which is assumed to be not populated. This
explains why all of the blue end of the predicted structure
is not observed. A complete calculation of the intensities
(see Appendix), in which the only adjustable parameters
are the initial populations of the different partial waves
(from s to g, here), confirms this result. No breakdown of
the adiabatic approximation appears and the calculations
agree very well with experiment (see Fig. 9).

5 Molecular photoassociation with polarized
cold atoms

We have also prepared polarized atoms in the lowest en-
ergy ground state Zeeman sub-level f = 3, my = +3. The
polarization procedure is given by the following temporal
sequence. First, at the time ¢ = 0, we switch off the MOT
cooling laser and the magnetic field gradient for 8 ms and
4 ms, respectively, and simultaneously we apply a 4 G
magnetic field oriented along the PA laser propagation di-
rection. At ¢ = 1 ms, corresponding to the rise time of the
magnetic field, we apply a pulsed polarization laser (pulse
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Fig. 10. Molecular PA with polarized atoms, in the Zeeman
state f = 3, my = 3: experimental spectra (upper curves) and
calculated intensities (lower curves, with different values of F
displayed separately) of PA towards the v = 1 vibrational level
of the 1, state, in the case of ot polarization (a), and linear
“c” polarization (b) of the PA laser.

duration 3 ms; pulse intensity ~ 20 pW/ cm2) propagat-
ing along the same axis as the PA laser with a o po-
larization, and tuned to the 6sy/9, f = 4 — 6p3/s, [/ = 4
atomic transition. At this moment the cold atoms are in
the Zeeman sublevel f = 4, my = +4. After an addi-
tional delay of 500 us (t = 1.5 ms) we switch off the MOT
repumping laser. As the direction of propagation of the
polarization laser makes a small angle (about 3°) with
the magnetic field, the polarization laser contains some 7
polarization which allows the optical pumping from the
f =4, my = +4 Zeeman sublevel to f = 3, my = +3
(with the notation of the Appendix, F; = 6, My = 6).
Simultaneously (¢ = 1.5 ms), we apply the PA laser dur-
ing a time of 2.5 ms. We then detect the formation of
cold molecules at the end of the PA laser pulse. The laser
pulses are obtained by using acousto-optic modulators or
Pockels cells and the magnetic field is switched on and off
by using a transistor. The measured atomic polarization
is larger than 85%. In this experiment the temperature
was low enough to permit consideration of only s and p
partial waves and, in addition for polarized atoms, the
symmetry of the wave function prohibits odd values of /.
As a consequence, the s-wave provided the main contri-
bution to the line intensities, which has been checked on
the 0y spectrum.

Figure 10 shows the well resolved hyperfine structure
of the vibrational level v = 1 of the 1, state in the case
of a PA laser with a polarization 0% (a) and linear (noted
“c” hereafter) (b). The experimental spectra are much
simpler than those obtained with unpolarized atoms.
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Fig. 11. Molecular PA with polarized atoms: experimental
spectrum (upper curve) and calculated intensities (lower curve,
with different values of F' displayed separately) of PA towards
the v = 1 vibrational level of the 1, state, in the case of o~
polarization of the PA laser.

For spectrum (a), we can only excite states with M =7,
F =17. For spectrum (b), one has M =5 and 7, and thus
F =17, 6, and 5. The calculations show good agreement
with the experimental spectra, the small discrepancies
probably coming from the imperfections of the atomic and
laser polarizations. Figure 11 shows the spectrum obtained
with a ¢~ polarization of the PA laser. One would ex-
pect M = 5, and thus F' = 5, 6, and 7. The calculation
predicts very small intensities for the F' = 7 lines (see
Fig. 11), while the observed intensities of the F' = 7 lines
are of the same order as for the “o” PA laser spectrum.
This striking discrepancy between experiment and theory
is probably due to an imperfect o~ polarization. Because
of the huge ratio of 91 between the squares of the two 3-j
coefficients (see Eq. (A.2) in the Appendix),

1 F

2 2
F (T 16) 1
~My—ppMy)  \-716) 15’
2
716\ 1
-5-16) 1365’

which are involved in the ¢t and o~ calculation, respec-
tively, a very small fraction of o* polarization can change
drastically the spectrum. An error of one degree in the
orientation of the quarter-wave plate is enough to explain
the observed result.

6 Molecular temperature and formation rate

In previous papers [17,20], we have shown how the spatial
analysis of the ballistic expansion of the falling molecular
cloud yields a measure of the temperature of the molecular
cloud. The ground-state cold Cse molecules are photoion-
ized to Cs;r ions, using here the dye laser focused on a
spot of 300 um diameter. In the case of cold molecules
formed through photoassociation in the 0, state, temper-
atures of about 300 uK and 85 puK have been measured

Cs," ion yield (ar.un.)

15 20 25 30 35
Delay (ms)

0 5 10

Fig. 12. Temperature measurement through time of flight:
recordings (i-iv) correspond to the temporal analysis of the
CsJ ion signal at the MOT position (i) and at 0.95 mm (ii),
1.90 mm (iii) and 2.85 mm (iv) below the MOT position.

Cs," ion yield (ar. un.)

3 -2 -1 0 1 2 3
Transverse expansion (mm)

Fig. 13. Temperature measurement through ballistic expan-
sion: recordings (i-iii) correspond to the spatial analysis of the
Csy ion signal at the MOT position (i) and 1.90 mm (ii) and
3.80 mm (iii) below the MOT position.

for operating conditions, corresponding to atomic temper-
atures of respectively 200 pK and 30 pK; the molecular
temperature appears to be slightly higher than that of the
trapped atomic sample. This discrepancy is due to the dif-
ficulty of performing a precise determination of the falling
height. To improve accuracy, we have done two kinds of
measurements of the molecular temperature, for both 0
and 1, photoassociation. The first one involves photoasso-
ciating the cold atomic sample during a time of 3 ms. The
fall of the molecular cloud is then temporally analyzed at
different distances below the atomic trap, as shown in Fig-
ure 12. The theoretical fit of the experimental data gives
access not only to the determination of the temperature,
but also to the height of the fall. The analysis of the ballis-
tic expansion for different heights allows one to verify the
measurements of the temperature. Figure 13 depicts the
spatial analysis of the falling molecular cloud, which yields
a measure of the temperature of the molecules. A model
based on reference [42], taking into account the formation
and the fall of the cold molecules, allows one to derive
the molecular temperature from the data [43]. A temper-
ature as low as 20‘_'%5 uK was found in our experiment.
The atomic temperature was measured similarly by pho-
toionizing the cold Cs atoms into Cs™ ions. The measured
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atomic temperature lies in the range 20-30 pK, with no
difference between molecular and atomic temperatures.

From the number of Csj ions detected at a detun-
ing corresponding to a given ro-vibrational level of the 1,
state, it is possible to estimate the corresponding number
of cold molecules N¢oq produced in the trap. The number
Nions of Cs;' ions detected in the experiments is indeed
proportional to the number of cold molecules; one can
write

Nions == nionNcolda

where 7)o, includes the microchannel plate efficiency,
which is about 35%, the ion recollection rate, which is
about 80%, and the efficiency of the ionization process,
including both the excitation towards the intermediate
step (levels of the (2)311,(6s+5d) excited molecular states
serve as intermediate step) and the ionization itself. The
efficiency of the latter process is estimated to lie between
10 and 40%. We obtain for the 7, parameter a value be-
tween 0.03 and 0.1. Typically up to 500 ions are detected
per shot, which corresponds to 5 000-15000 cold molecules
in the trap zone. The cold molecules stay in the trap zone
for a characteristic time of 10 ms. One can thus infer a
rate of cold-molecule formation of about one million per
second.

7 Conclusion

In conclusion, we have reported PA spectroscopy of Css
for the long-range 1, state below the 6s1/5 + 6p3/o dis-
sociation limit. Like the long-range 0, state, the 1, po-
tential provides a Condon point at intermediate distance
as a result of its double-well shape. The existence of this
Condon point creates an efficient channel for the creation
of ground state molecules (neither singlet nor triplet, be-
cause of the mixing due to hyperfine structure) through
spontaneous emission. In the case of the 1,, state, the outer
well is long-range enough to permit the total neglect of
the molecular exchange terms of the interaction. The co-
hesion of the molecular system is given here by electro-
static multipole interaction between the two atoms. This
system appears as paired atoms exchanging their excita-
tion by multipole interaction. For the other alkalis, the
1, outer well does not offer such a channel for the forma-
tion of cold molecules; the situation seems more favorable
to the formation of cold molecules for rubidium, which
should present a Condon point at intermediate distance
for the 0, state. The use of polarized atoms offers new
possibilities for PA experiments, in particular for the de-
termination of scattering lengths or Feshbach resonances,
which will be very helpful in the future development of
Bose-Einstein condensation of cesium.

PA of cold atoms for formation of stable cold molecules
opens a very promising novel field of investigation. Several
difficulties remain to be resolved. The formed molecules
are indeed cold both translationally and rotationally [28],
but to get them vibrationally cold is an interesting chal-
lenge, the cold molecular sample being in a statistical

mixture of different vibrational states. Stimulated Raman
photoassociation, where the emission on a given bound-
bound transition is stimulated, is probably a good way
to obtain all the cold molecules in a well-defined ro-
vibrational level. Further Raman transitions will allow
them to be brought to the lowest energy level, v =0, J =
0. In order to develop applications using cold molecules,
it will be necessary to be able to store them. Dipolar
or magnetic traps should be realizable for this purpose
[45-47]. The trapping of translationally cold Csy molecules
has already been performed with the use of a CO5 laser
[47]. Starting from colder and denser atomic samples,
colder and denser molecular clouds will certainly be ob-
tained in the near future and this could be a way towards
Bose-Einstein condensation of molecules.
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Appendix A: Asymptotic calculations
in a hyperfine coupled two-atom state basis

A.1 Electronic states

All our calculations use a basis of electronic states defined
in the molecular frame whose z-axis is the internuclear
axis:

|81l1j1 IFl Sglgjg IFQFtMF>E X

the angular momenta of the two electrons are noted s;l;J;
(¢ = 1,2), I is the nuclear spin and the total angular
momenta F; and F5 of the two atoms are coupled to
a value Fy, with projection on the molecule axis Mpg;
the wave function is antisymmetrical with respect to
the exchange of electronic coordinates (1 «— 2) and
either symmetrical (¢ = 1) or antisymmetrical (e = —1)
with respect to simultaneous exchange of electronic and
nuclear coordinates and spins ({1, A} «— {2, B}). Such
a basis is especially convenient for dealing with the
hyperfine structure, which is then diagonal and which
can be expressed using experimental atomic splittings. Of
course, the successive terms of the multipole expansion are
somewhat more difficult to obtain than in the usual basis,
where nuclear spin momenta are assumed to be decoupled
from the other angular momenta; however the calculation
requires only angular momentum recoupling and is
tedious but simple. For valence electrons with different
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%

quantum numbers (like in the s+p configuration), one has
see equation (A.1) above

where the notation J means v/2J + 1, the large brackets
are nine-j symbols and the (jimijams | jzms) are
Clebsch-Gordan coefficients. For electrons with the same
quantum numbers, like in the s 4+ s configuration, it
simplifies to

see equation (A.2) above.

Fine and hyperfine interactions are diagonal in this basis.
The matrix elements are simple functions of F, Fy, and F;
related to the experimental values of the atomic fine and
hyperfine splittings given in Table 1.

The matrix elements of the operators which represent
the first terms of the dipole expansion have been obtained
using the results of references [36,37]. For the s+ s asymp-
tote, all the corresponding matrices are proportional to
unit matrices and, for the s 4+ p asymptote, one has sim-
ply to notice, by comparing the electronic spin and orbital
parts of the expansion with the well-known Hund’s case
(a) wave functions, that the parameter p of reference [37]
is equal to n =e(—1)**! and that the parameter o is

Table 1. Hyperfine splittings of the lowest levels of atomic ce-
sium. The fine structure splitting between the centers of gravity
of levels 6p, /2 and 6ps/, is equal to 554.11 cm™ L

levels AE (GHz)
65120 F =3 — 6510 F=4 9.192
6p1)2 F'=3—6p10 F=4 1.1676
6ps/s F' =2 — 6pgs FF=3 0.151
6p3jo F'=3 — 6p3/n FF=4 0.201
6psj2 F'=4— 6p3jo =5 0.251

(—1)%t. For both asymptotes, the matrix elements of the
exchange energy depend only on Si. All matrix elements
are thus readily calculated from equations (A.2, A.1). The
asymptotic interaction is diagonal by blocks with given
Mp and e values. In the s + s case, it can be proven in
addition that Fi is a good quantum number and that the
matrix elements do not depend on Mp.

Diagonalization of the entire interaction matrix in the
relevant range of interatomic distance yields the asymp-
totic part of all adiabatic potential curves including hyper-
fine structure; there are 30 (resp. 854) different curves for
the s+ s (resp. s+ p) asymptote. The gerade or ungerade
type of the decoupled wave functions of the right-hand
members (which are molecular functions in Hund’s (a)
case) is given by the sign of 7: it is gerade (resp. ungerade)
if 7 is equal to 1 (resp. —1). From the eigenvectors, one
thus directly obtains, using again equations (A.2; A.1),
the gerade/ungerade percentages of each potential curve
as a function of the interatomic distance.

A.2 Rotation and symmetrization

To introduce the rotational effects, one has first to con-
struct wave functions including the relative motion of the
two nuclei. Such wave functions can be written either in
the molecular frame (non-symmetrized “molecular” basis)

|Sllj1 IFl Slgjg I FQFtMF €] FM>mol,ns
= |vFiMpe; FM)

mol,ns

= |slij1 I Fy slojo I FaFuMp), Ry, 0(0,90),  (A.3)
where the angular wave function, RY; (6, ¢), is simul-

taneously an eigenfunction of F? and of its projections
on the fixed axis (M) and on the rotating axis (Mp),
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mol <'7Ft MF €] FM| Hasympt |7Ft MF € FM>m01 =

(sliji I Fy slaja I FaFoMp| Hasympt sty I F1 slajy I FoFeMr)

(A.11)

P

or in the fixed frame (non-symmetrized “atomic” basis)

|811j1 IFl SlngIFgFte;fFM> = |’yFt€;€FM>

at,ns at,ns

= ZM;,MF,m(FtMFem | FM)

XDiIgZ\/IF (w) |8l1j1 IFl Slgjg IFQF(;M%>E ng(a, (p)
(A.4)

As the two cesium atoms are bosons, the wave function
must be fully symmetrical. For the atomic basis, one has
simply to use states (A.4) with e = (—1)%; we write

WFl; FM),, = |[yFie= (-1)"¢; FM) (A.5)

at,ns

In the molecular basis, the symmetrization gives
1
|7Ft MF €; FM>m01 = E“’YFtMF € FM>rnol,ns

+ e(—l)F°+F|'yFt — Mpe&; FM)moins} (A.6)
if Mp >0 and

|yFi0e; FM) [vFi0e = (—1)" T FM)

mol mol,ns

(A7)

if Mr = 0. The transformation from the atomic to the
molecular basis is given (for Mp > 0 and € = (—1)F°+F if
Mp = O)’ by

|[vFy Mpe; FM)

>

Le=(=1)%)

w(FtagaFaMF)

mol —

X [yFls FM),,  (A.8)
and, reciprocally, from the molecular to the atomic ba-
sis, by

WF L;FM),, = > w(F,(,F, M)
Mgp>0

X |yFy Mg e; FM) (A.9)

mol ’
with € = (—=1)* if Mp > 0 and € = (=1)FHF if Mp = 0;
the w coeflicient is equal to

D

U)(Ft,g,F,MF): (275MF0)F(FtMF£0|FMF)

(A.10)
The matrix elements of the asymptotic interaction

Hasympt (fine and hyperfine structures, first terms of the
dipole expansion and exchange energy) in the molecular

basis are diagonal in Mg, €, F, and M,
see equation (A.11) above

with, for Mp = 0, € = (-1)F+F = (—1)F++F (F, and
F; must be of the same parity). The matrix elements of
the operator £2 = (F — Fy)? are easily computed in the
molecular basis; they are diagonal in v, F}, €, and F' and
one has

mol (YFy Mp &, FM| € |yF, Mpe; FM) =

>

f(e=(~1))

w(Fy, 0, F, Mpyw(F,, 0, F,Mp), (A.12)

with the selection rule Mp—M g = 0, £1. For the diagonal
matrix elements, the sum takes the simple form

mol (YFy My €; FM| €% |yF, My e; FM)

mol —

R (F(F + 1)+ F(F+1) —2(Mp)?). (A.13)
In order to compute systematically the intensities of the
1, photoassociation lines, we define a matrix M by

(n| M m) = Z_ (& -Dn') (0| p(0) [7) (@'|E-D ),
n (A.14)

where £ is the polarization of the photoassociation light,
that we will assume to be linear, D is the dipole operator,
7 (resp. 1) is a s + p (resp. s + s) state in the above
coupling and p(0) is the initial density matrix of the two
atoms. The matrix M allows one to compute intensities
in any intermediate coupling.

In the case of non-polarized atoms, the atoms are as-
sumed to be in a s+ s state with given values F| and Fj,
but with any value of F{ and M}, and to have a relative
motion with a small angular momentum (¢ = 0, 1, 2, 3 and
4). The initial state, p(0), is thus assumed to be diagonal
in the decoupled “atomic” basis, with equal weights for
all considered two atom states and with unknown weights
f(") for the different partial waves. In principle, for a
given temperature, these weights are determined by the
respective heights of the rotational barriers, but they can
be changed by the presence of the so-called cooperative
effects [28]. One has in any case

SC@F A1)+ 1)) =1.

Fo 0!

(A.15)

For linearly polarized light, equation (A.14) reads, apart
from the vibrational overlap integral and from the
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