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Abstract. We propose a new possibility to form ultracold molecules, via photoassociation of a pair of cold
atoms into vibrational levels of the external well of an excited electronic state located at intermediate
interatomic distance (= 20 Bohr radii), and embedded in the dissociation continuum above its dissociation
limit. The existence of such a well is demonstrated by conventional free-free absorption spectroscopy
at thermal energies. Estimation for cold atom photoassociation and cold molecule formation rates are
obtained within a perturbative approach [Drag et al., IEEE J. Quant. Electr. 36, 1378 (2000)], and are
found observable for usual conditions of photoassociation experiments.

PACS. 32.80.Pj Optical cooling of atoms; trapping — 34.50.Rk Laser-modified scattering and reactions —

33.80.Ps Optical cooling of molecules; trapping

1 Introduction

In contrast with atoms [1], laser cooling cannot be
achieved easily on molecules, as their intrinsic multilevel
structure does not allow for a large number of cycles
within a closed two-level scheme. Looking for alterna-
tive routes to produce molecules with temperatures be-
low T'= E/kg =~ 1 K (kg is the Boltzmann constant)
has become a very active research topic [2] since their
first observation no more than three years ago through
photoassociation of cold caesium atoms [3], opening up
new possibilities to perform unprecedented accurate stud-
ies on molecules almost at rest in the laboratory frame
(ultrahigh resolution spectroscopy, Bose-Einstein conden-
sation of molecules, molecule laser...). Non-optical proce-
dures are also being investigated, yielding large amounts
of molecules but with temperatures ranging between 0.1
to 1 K: the buffer gas cooling technique, and subsequent
magnetic trapping has been demonstrated on CaH [4,5].
A beam of neutral dipolar molecules (CO, NH3) has been
also successfully slowed down using a Stark decelerator
and trapped in a travelling potential well [6,7].

Up to now, the coolest molecules (with temperature
down to T = E/kp =~ 20 pK) [3] have been formed
through photoassociation (PA) reaction in a cold alkali
atom trap, where a pair of cold atoms A in their ground
state, separated by a large distance R, absorbs a photon
with a frequency slightly red-detuned by d..q > 0 from
an atomic transition rg, to populate a rovibrational level
(v, J) of a long-range excited electronic molecular state 2
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with radiative lifetime in the nanosecond range:

At At h(vo — brea) — A3(2;0,.). (1)
Spontaneous emission then occurs mostly at large dis-
tances (Fig. 1a), i.e. beyond 50ag (a9 = 0.0529177 nm),
leaving either a pair of cold atoms with a relative kinetic
energy E. &~ h(vg — dred — Vse) large enough to let them
escape from the trap:

A(250,J) > A+ A+ hug, (2)

or a bound molecule in a rovibrational level (v”,J") of a
lower (long-lived) electronic state «, with an almost un-
changed kinetic energy (= 0):

A3 (250, J) — Az(esv”, J") + hi/e. (3)

For alkali dimers the a symbol holds for both the X 12;‘

electronic ground state, and the a® X" lowest triplet state.
In general, process (2) is expected to be the most favoured,
while only the few highest vibrational levels very close to
the dissociation limit of the X state will have some chance
to be populated [8]. Modifying this branching ratio implies
to find ways of bringing larger amounts of probability den-
sity at shorter internuclear distances (i.e. below 20ag), in-
creasing the emission probability towards deeper levels of
the lowest molecular states. Such possibility has been in-
deed demonstrated in several experiments using cold traps
of caesium [3], and rubidium [9]. The corresponding dimers
exhibit in some excited states (labelled by their Hund’s
case ¢ molecular symmetry 0, and 1,) secondary shal-
low potential wells located at internuclear distances where
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Fig. 1. Photoassociation from the rubidium 5s+ 5s continuum [reaction (1)] to (a) a typical long-range attractive potential; (b)
a double-well potential, attractive at long-distance [e.g. 0, (5S + 5P3,2)]; (c) a double-well potential, repulsive at long-distance
le.g. 0F (5S + 5P3/2)]. The system decays by spontaneous emission either back to the continuum [reaction (2)] or to a bound
level of a lower electronics state [reaction (3), e.g. the a® X state]. For case (a), reaction (3) is usually unlikely.

spontaneous emission toward a wide distribution of bound
levels is enhanced, due to the accumulation of probabil-
ity density around their inner wall in the 15-25a¢ range
(Fig. 1b). A rate for cold molecule formation as high as a
few million molecules per second has been achieved, with
a temperature close to the one of the atoms (=~ 100 pK or
less). More recently, an efficient new formation mechanism
based on resonant coupling between levels of interacting
electronic states has been demonstrated [10]. Using two-
color excitation of higher electronic states, a similar rate
has been also reached for the formation of ultracold Ko
molecule from cold trapped potassium atoms [11]. A mul-
tistep procedure has also been investigated theoretically
for cold lithium atoms, including a careful quantitative
analysis of the populated levels in the molecular ground
state [12].

Despite these successful experiments, further develop-
ments are still needed, in order to establish other mech-
anisms for cold molecule formation, either more general,
or of different kind, possibly in different species. For in-
stance, all optical procedures implemented up to now used
red-detuned lasers for the PA step. In the present work,
we address the possibility to form cold molecules using
blue-detuned PA laser. Indeed, in a previous theoretical
work [13], hereafter referred to as paper I, three of us
investigated the properties of “intermediate long-range”
potential wells, lying above their dissociation limit, and
which are predicted in several alkali dimers.

In the Ko and Rbs molecules, such wells are embed-

ded in dissociation continua (Fig. 1c¢), giving in general a
finite lifetime to the bound levels they support. The main

difference with the previous situation lies in (i) the smaller
extension in internuclear distance of those wells (located
typically between 15-20ay), and in (ii) the excitation fre-
quency vy + Oblues Oblue > 0 which is now blue-detuned
from the atomic resonance.

The purpose of the present paper is to establish these
systems as potential candidates for photoassociation and
ultracold molecule formation experiments. After a brief
description of the predicted properties of such “interme-
diate long-range” wells (Sect. 2), their existence is demon-
strated for the first time in Rbs, through absorption coef-
ficient measurements at thermal energies (Sect. 3). Similar
investigations have been previously reported on Ky [14].
Computation of photoassociation and cold molecule for-
mation rates are then performed (Sect. 4), according to a
perturbative approach whose accuracy has been checked
on caesium experiments [15]. A discussion on the efficiency
of these intermediate long-range potential wells for cold
molecule production is then proposed in Section 5.

2 The 0;‘ intermediate long-range potential
wells in alkali dimers

Homonuclear alkali dimers display, among other states
converging towards the first excited ns 4+ np dissociation
limit, two long-range repulsive states with 12; and 311 g
symmetry, varying as C3/R?® (with C3 > 0). Due to the
ratio C5 /CH = 2, and provided that the spin-orbit in-
teraction is strong enough (i.e. for all alkalis except Li
and Na), these states are expected to mix together to
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Fig. 2. (a) The a®X; (58 + 5S) and 0] (5S + 5P1/23/2) Rb
potentials, used in the present study. (b) The R-variable
spin-orbit matrix element included in the diagonalization of
the Hamiltonian for the 0; symmetry, determined by scal-
ing to the Csz case (see text). (c) Oscillator strengths for the
04 (5S+5P1/2,3/2) — X, (5S+58) transitions. Solid lines and
broken lines corresponds to states linked to the (5S + 5P3/2)
and (58 + 5P;/2) limit respectively. (d) Global view of some
potentials correlated to the 55+ 5p limit: 12;' and 3T, poten-
tials (denoted by X and IT) involved in the 0 potentials, and
A'XF and B'II, potentials, labelled by A and B respectively.

create a couple of O; molecular states, exhibiting an avoid-
ing crossing within the 15-20ao range [14,16]. A close-up
of the corresponding potentials for the Rby molecule is
displayed in Figure 2a. They are identical to those used
in paper 1. Briefly, they are deduced from the diagonal-
ization, for a given internuclear distance, of the Hamil-
tonian Hy + Vi,, where Hy describes the Hund’s case
a states 12; and 31I1,, and Vi, the spin-orbit coupling
operator, taken here as a constant equal to the atomic
value (v2/3)AFEg (AEs = 237.6 cm™! for Rb). Hund’s
case a curves are built from quantum chemistry calcula-
tions [17], matched with long-range asymptotic calcula-
tions [18]. A shallow outer potential well is now present
in the upper 0 (P3/) potential curve, dissociating into
Rb(58)+Rb(5P3/2). According to paper I, it is located
around 17ag, and due to the repulsive character of the
molecular states, it is fully embedded in the dissociation
continuum of both dissociation limits 55+5P /5 3/2. A well
depth D, =~ 93 cm™! is predicted, allowing the existence
of 11 bound levels, the two uppermost ones undergoing
dissociation via tunnel effect towards large distances. We
predicted also a similar pattern in Ky, but the potential
well is shallower (D, ~ 42 cm~1), and supports only 2 or
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3 quasibound levels, strongly dissociating wvia both tun-
neling through the 0;(P3 /2) barrier, and predissociation
into the 0 (Py/) state. In contrast, only a shoulder is
expected in the 03‘ (P3/2) potential in Css.

The spectroscopy of these levels has never been
achieved. However, it is now possible to detect their exis-
tence in Rbs through free-free absorption experiments at
thermal energies, as reported in the next section. Similar
studies have also been performed on K [14] and more re-
cently for Csy [19]. Furthermore, starting from a pair of
cold atoms, the efficiency of the cold molecule formation
in levels of the a®X;F(5s + 5s) state will result from the
cooperation of the (free-bound) photoassociation, mostly
favoured at large distances, and the spontaneous emission
toward bound levels of the triplet state, which will occur
within the (15-20a0) range (see for example Ref. [20]).

For the present calculations, we chose the variable
molecular spin-orbit coupling drawn in Figure 2b. Due
to the lack of available quantum chemistry calculation for
this quantity for Rbs, we obtained it by scaling to the Css
case taken from reference [21]. Its magnitude displays a
marked R-dependence going from the asymptotic region
toward the equilibrium distance, but remains almost con-
stant over the region of the O;(Pg /2) external well, only
changing slightly the potential curves of Figure 2a (not
visible on the figure scale). The oscillator strength for the
transition between the excited 0f (P3/;) state and the low-
est a® X (5s+5s) state, computed from asymptotic model
[22] is drawn in Figure 2c. It increases as the state comes
close to the excited 3II,(5s + 5p) state. Conversely, the
transition moment involving the 0/ (Py2) state is vanish-
ing as the ' Xf (554 5p) character becomes dominant with
decreasing distances.

The excitation of the bound levels of the 07 (P3/;)
state from a pair of colliding ground state atoms will
then be strongly influenced by the two following issues:
first, the external well is quite narrow, which will restrict
the radiative transitions involving the bound levels within
a limited range (15-20ag) of internuclear distances. Sec-
ond, the branching ratio between free-bound and free-free
absorption, strongly depends on the relative velocity of
the atoms. Therefore it is worthwhile to investigate the
spectroscopy of this intermediate long-range state to im-
prove the knowledge of the related molecular data. We
present in the following section experimental results ob-
tained through free-free absorption spectroscopy at ther-
mal energies, while we propose in Section 4 an experi-
ment based on photoassociation spectroscopy of cold Rb
atoms with blue detuned laser light, showing that ultra-
cold molecule formation can be expected.

3 The 0 (P3/) state probed by free-free
absorption at thermal energies

Absorption spectra of diatomic molecules have been shown
for a long time to be governed by the behaviour of the so-
called Mulliken’s potentials, or difference potentials [23],
and have been extensively reviewed by Tellinghuisen [24].
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Fig. 3. (a) Difference potentials for the *II,(0F,0;,14,24) —
a® X} (5S+58) transitions. (b) Experimental absorption coeffi-
cient at 650 K, the density being 1.1 x 1017 em™3. Dashed lines
indicate the correspondence between extrema in a given sym-
metry with structures observed in the spectrum. Arrows show
features assigned to the presence of potassium impurities. The
wavelength scale is also displayed on the left.

Such an analysis is based on the Franck-Condon principle.
The existence of one or several extrema in the difference
between the two electronic potentials involved in a given
absorption transition induces, at a given energy, the pres-
ence of several Condon points, contributing to the absorp-
tion probability through interference patterns. They are
responsible for the “satellite bands”, or pronounced shoul-
ders in the wings of the self-broadened spectral lines. Dif-
ference potentials corresponding to the dipole transition
a’ X — 0f(P3/2) in Rby are reproduced in Figure 3a, de-
duced from data displayed in Figure 2. Four extrema are
found, located around 7ag, 12ag, 17a9 and 21ag, respec-
tively. Their influence in the absorption spectrum will be
discussed below. Let us notice that the double minimum
potential will give rise to the contribution of three or four
interfering Condon points in the 765 nm region.

Two of the authors of the present paper have long been
working on performing absorption experiments in alkali
vapors at thermal energies. Their group has been success-
ful in determining the position of many diffuse bands in al-
kali dimers (see Ref. [25] and references therein, and [19]).
Semiclassical computations of the corresponding absorp-
tion coefficients have also been proposed, showing that
the results are very sensitive to the choice of the differ-
ence potentials included in the model. The accuracy of
the measurements allow to fit these potentials at a few
cm ™! scale, which is remarkable for free-free spectroscopy
at thermal energies. The satellite band for the transition
a’Xf — 0F(P3/2) in Ky has also been observed many
years ago [26], and more recently in Csg [19]. It should be
noted that existing theoretical calculations [21] show that
03‘ (P3/2) potential in Css is not exhibiting a double mini-
mum shape, whereas the corresponding 0 (P3/2) — a® X
difference potential is indeed a double minimum curve.
The complete experimental and theoretical work concern-
ing both 07 (P3/2) — a® X5 and 0} (Py/) — a®X;f transi-
tions will be discussed in detail in a forthcoming publica-
tion [27]. In the following, we report on the observation of
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this transition in Rbs, probing for the first time the pres-
ence of the double well structure of the 0} (P3/;) state in
Rbs, then making worth its study through photoassocia-
tion spectroscopy.

We performed a simple absorption experiment with
dense rubidium vapor generated in a heat-pipe oven at
several temperatures, up to 650 K (at a density of 1.1 x
107 ¢cm~3). A scheme of this experiment can be found
in reference [25]. We used a tungsten-halogen lamp as a
background light source of white light, which was spec-
trally analyzed by a high resolution scanning monochro-
mator after passing through a heat-pipe oven. The portion
of the absorption spectrum in the quasistatic blue wing
of the self-broadened rubidium resonance line at 780 nm
is shown in Figure 3b for a temperature of 650 K. The
strongest structures are observed at 650 K, with three dis-
tinct peaks located at about 739.8, 744.1 and 748.1 nm.
They were first observed by Awan and Lewis [28] and later
interpreted as stemming from the a3X} — (1)311, tran-
sition [26]. The difference potential curves in Figure 3a,
reported on the same scale, exhibit the triplet structure
of the (1)3I1, state, which splits into 2,4, 1, and close ly-
ing 0, and 0; states due to spin-orbit interaction. The
corresponding three distinct maxima around 12a¢ in the

2, — a3XF, 1, — a3XF, and 0,/ — a3XF difference po-
tential curves are responsible for the enhancement of the
absorption coefficient at 739.8, 744.1 and 748.1 nm, in the
blue wing of the 780 nm line. Another interesting and pe-
culiar satellite band with two shoulders at 764 and 765 nm
is also found, located right in front of the double well struc-
ture of the 0 (P3/2) — a® X" difference potential induced
by the 0} (P3/2) external well (see horizontal dashed lines
in Fig. 3). A similar interpretation has already been given
for the analogous case in Ky [14,26]. Let us mention that
the small peaks located in the same zone (marked with ar-
rows in Fig. 3) are due to almost unavoidable potassium
traces in the heat-pipe oven.

In order to check more precisely this hypothesis, and
the relevant difference potential curves, we have computed
the reduced absorption coeflicient (A, T) (i.e. the ab-
sorption rate per unit of photon flux and per unit density,
expressed in cm®) in the range of wavelength A of the qua-
sistatic blue wing of rubidium 780 nm line, at 7" = 650 K.
We used the same quasiclassical approach outlined in the
recent study of caesium satellite bands associated to the
a* X — (3)*I,(057,14,2,) transition [29], also involv-
ing double well feature in the difference potentials.

The computed reduced absorption coefficient
Kabs(A, T) consists in added contributions of singlet
and triplet excited states correlated to the 5s + 5p
dissociation limit. Results are reproduced in Figure 4,
together with the experimental coefficient g, (A, T) at
650 K. The global uncertainty on the absolute value is of
about 20%, while the relative precision does not exceed
the thickness of the line. The singlet contribution (line (i)
in Fig. 4) includes the absorption into the A*X.", B'IT,,
and (2)°X;F(1,) states, starting from the X'X ground
state. The corresponding excited states are recalled to
guide the eye in the inset of Figure 2, labelled by A, B
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Fig. 4. Absorption coefficients at T' = 650 K. Closed circles:
experimental; Solid line: computed. The other lines correspond
to calculations including (i) excited singlet state contribution
only , (ii) ®II4(0; , 14,2,) states contribution only, (iii) *II4(0F
state contribution only.

and X' respectively. There is an increasing importance of
B—X band toward smaller wavelengths, and an increasing
importance of A-X band toward longer wavelengths,
whereas (2)3X:F(1,)-X band contributes only close to
the Rb 780 nm line center (i.e. at large internuclear
distances), due to the rapid fall off of the corresponding
transition dipole moment toward the blue spectral region
as it becomes a forbidden transition. The triplet contri-
bution (line (ii) in Fig. 4) involves the transitions toward
the excited (1)*II,(0;,1,4,2,) manifold (labelled by IT
in the inset of Fig. 2) starting from the lowest a3X;
state. We see that the three maxima in the 740-750 nm
range are well reproduced. This is mainly a consequence
of the fact that we introduced in our diagonalization
procedure a spin-orbit interaction that depends on
internuclear separation. The curve labelled (iii) in the
same figure represents the individual contribution of
the 0f (P3/2) — a®X;f transition, characterized by the
double minimum difference potential. The satellite band
at 748.1 nm (i.e. the third maxima quoted above in
curve (ii)) lies at the same wavelength as the one for
the 0, (P3/2) — a®XF, whereas the two partly merged
satellite bands at 764 and 765 nm are also clearly
seen. Experimental and theoretically calculated rate
coefficients compare very well considering the nature of
our quasiclassical calculations in which we used ab initio
potential curves, transition dipole moment functions and
variable spin-orbit interaction.

4 Computation of photoassociation and cold
molecule formation rates

As demonstrated in paper I, the 03‘ (P3/2) state in Rby can
be considered independently from its 0;(P1 /2) partner, as
beside spontaneous emission, only decay of the vibrational
levels of the external well by tunneling through the barrier
towards large distances is expected. The photoassociation
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of cold Rb atoms from the continuum of the lowest triplet
state a3, denoted as a for brievety, into levels of the
0;(P3/2) external well (hyperfine structure is neglected
here), requires blue-detuned laser light, i.e. with frequency
Ublue = V0 + Oblue, With dpiue > 0. Then for a given level
v, the absorption coefficient (expressed in cm~!) writes
formally:

(4)

where kpa is the (free-bound) PA coefficient, and s

the competing free-free absorption coefficient into the
5S + 5P3/, dissociation continuum, at the same detun-
ing Jdplue- In a quantum approach, these coefficients are
depending upon the overlap between radial wavefunction
of the initial collisional state, and the wavefunction of the
final bound level or of the final dissociating state, respec-
tively. We have seen in Section 3 that due to the large
width of the thermal energy distribution, the free-free con-
tribution dominates the absorption process. The context
of cold atom collisions is now very different. The initial rel-
ative kinetic energy distribution of cold atoms is so sharp
(E/h = 5 MHz, or E/kg = T = 0.1 mK) that the ini-
tial collisional state can safely be considered as a quasi-
discrete state, yielding to the photoassociation transition
an almost resonant character. This feature represents the
basis of the efficiency of cold atom photoassociation as a
powerful tool for molecular spectroscopy (see for example
[30]). Similarly, a single free-free absorption can be consid-
ered as a transition between two quasidiscrete levels. De-
scribing the balance between photoassociation into a level
ve of the 0f (P3/2) outer well (with vibrational wavefunc-
tion x(v; R)) and the related dissociation continuum (with
wavefunction (¢o(E’)) will then require the computation
of (i) the free-bound matrix elements (@, (E)|Dac(R)|ve),
where ¢, (F; R) is the continuum radial wavefunction for
the initial pair of atoms with energy F = kpT, and Dye(R)
the electronic transition dipole moment, (ii) the free-free
matrix element (¢, (E)|Dac(R)|pe(E")), taken for the sin-
gle energy E' = E,, relative to the 5S 4- 5P3 /5 limit.

Assuming that the free-free transition will take place
mainly at the turning points of the repulsive curves, the
calculation of free-free matrix elements necessitates their
evaluation for a distribution of energies of the dissocia-
tion continuum of all states 0/, 14, 2,(P3/2) around each
bound level of the 0 (P3/2) outer well. As in the ground
state, this distribution could be approximated by a sin-
gle stationary wave at each vibrational energy. As the
0; (P3/2) potential curve is almost symmetric around the
top of the barrier at ~ 21ag, the magnitude of the free-free
matrix element is estimated to be of the same magnitude
as the corresponding free-bound matrix element at the
same energy [32]. Therefore we assume in the following
that rates including only the free-bound transitions are
upper limits of the actual rates, which are then overes-
timated by a factor of about 2 or 3. This hypothesis is
actually confirmed by preliminary calculations which will
be presented elsewhere [33].

Following recent work in our group [20,31], we cal-
culate below the PA rate Rpa per atom (expressed in

Fabs (Oblue) = KPA (Oblue) + K (Fbiue)
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s71), related to the absorption coefficient rpa (expressed
in ecm™1) by:

(5)

Rpa = Kkpa W

Vblue

where [ is the intensity of the PA laser with frequency

Ublue, all expressed in S.I. units. Let us note that other

authors (see for example Ref. [34]) use the reduced ab-

sorption coefficient £}, (expressed in cm?®), similar to the
Kl 10 Section 3, according to:

I
at hl/blue

Rpa = Kppna (6)
where n,¢ is the atomic density of the atomic sample. The
PA rate Rpa is evaluated according to the perturbative
approach of reference [31], and recently checked against

experimental measurements [20]:
Rpa (blue) =
3
3\*h 3 702
(%) Enat)\thK A}<’U(0

where Agp = h/1/ (3ukT) is the thermal de Broglie wave-
length (p is the reduced mass of the system), 2K =

Koy+/I/Ij the atomic Rabi frequency for an intensity of
1,2Ko=1/ /2 the Rabi frequency at saturation intensity
Iy, I' the atomic excited state linewidth and A an angular
factor accounting for hyperfine degeneracy and orientation
averaging. The function {(R), normalized to 1 at large dis-
tances, accounts for the variation of the transition dipole
moment according to Figure 2c. The rate of formation of
cold molecules R, is then obtained by considering the
total probability that the photoassociated atom pair de-
cays (by spontaneous emission) towards all bound levels
[v'(a)) of the a® X} electronic state, i.e.,

Rpa 5b1ue Z| |'U ( )>}

DR (EN*, (7)

2

Rmol((sblue) ’ (8)

where the sum runs over all vibrational levels v" of the
a® X} state, again including the R-dependence of the tran-
sition dipole moment through the ¢ function. In equa-
tions (7, 8), the a®XF potential is taken from refer-
ence [17], connected at long range to a C,,/R"™ expansion
including n = 6, 8, 10 terms. We chose the most recent de-
termination for Cg = —4 700 a.u. [35], and the Cg, Cy¢ val-
ues from reference [18]. The repulsive wall of the a® X" po-
tential curve has been adjusted to yield scattering lengths
values ap = —370aq¢ for 8Rby and ap = 109aq for
87TRby respectively, in accordance with reported exper-
imental determinations at(8°Rb) = —369 & 16a¢ and
aT(87Rb) =106 &+ 4a0 [35]

Computed rates Rpa/A and Rme/A are displayed
in Figure 5 for both cases ( = 1 or variable {(R), re-
flecting the magnitude of the R-dependence of the tran-
sition moment (Fig. 2c¢). Parameters for typical experi-
mental conditions [9] are introduced, i.e. T = 120 pK,
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Fig. 5. (a) Photoassociation rate per atom Rpa and (b) cold
molecule formation rate per atom Rmol, as a function of the
detuning Jpiue of the PA laser, for the external well of the
0 (Ps/2) state. 0 levels up to v = 9 are considered. Typical
experimental conditions of a Rb magneto-optical trap are as-
sumed, i.e. I =10 W/cm?, nay = 3 x 10'® em™3, T' = 120 pK.
Both isotopes ®*Rb (open circles) and 3"Rb (closed circles) are
considered. Calculations without (dashed lines) and with (solid
lines) inclusion of a variable transition dipole moment are dis-
played. In panel (b) the sum of Franck-Condon factors involved
in equations (8, 9), without (long dashed line) and with (dot-
dashed line) inclusion of a variable transition dipole moment,
are shown on the same scale.

Nat = 3 x 101 ecm™3, and I = 10 Wem™2. Only the
s-wave contribution is considered. Other parameters are
Ip = 1.5 mWem—2 and I' = 5.9 MHz. The PA rates ex-
hibit minima and maxima, related to the position of the
nodes in the initial continuum s-wavefunction [34,36]. As
already observed in recent work [37], maxima of the 8°Rb,
rates roughly corresponds to minima in the 3"Rby rates,
due to different scattering length of the lowest triplet
state. The sum of overlap factors between a 0; vibra-
tional level v and the a®X; vibrational levels, present in
equation (8), and displayed in Figure 5b:

D DI (@) (9)

are slowly varying between ~ 0.3 up to 1, and confirm that
0; levels are indeed good candidates for cold molecule
formation with blue detuned laser light. Resulting cold
molecule rates are also reported in Figure 5b, showing a
variation similar to Rpa. It is striking to see that max-
ima in Rumel or in Rpa for the 8°Rb isotope are roughly
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4 to 5 times larger than for the 8"Rb isotope, as already
predicted for the 0, (P3/2) long-range state [37]. This is
mainly due to the the different amplitude of the contin-
uum wavefunction at such internuclear distances, induced
by difference between the scattering length of the two iso-
topes.

On a more quantitative basis, the formation of ul-
tracold molecule via photoassociation of the 0, (P3/2)
long-range state in caesium [20] or rubidium [37], can
be used as benchmarks for estimation of the efficiency
of the present situation. Assuming for rubidium a value
A 7~ 0.01 similar to the caesium one [20], and considering
the typical experimental conditions quoted above, the ob-
tained formation rates are RS (0-) ~ 0.007 s~! [20] and

mol\Yg

RoXP(0;) ~ 0.001-0.005 s~ [37]. Under the same as-

mol
sumptions, the maximum values obtained here for the O;r
state are 0.0001 s~! and 0.0004 s~—!. Despite this appar-
ently unfavourable ratio compared to the 0, channel, the
formation of ultracold molecules via PA of the 0 (P3/5)
state is worthwhile to try. Indeed, it is currently possible to
optimize experimental conditions comparable to the cae-
sium case: the density could then be increased by a factor
of ~ 3, and the intensity by a factor of &~ 10, for which the
PA transition saturates in caesium [3]. In the present case,
as the free-free absorption contributes as a loss channel,
the saturation would be reached at even larger intensi-
ties. Then a cold molecule rate close to or larger than
the one observed for the 0, (P3/2) state in Rby could be

expected. Furthermore, the distribution of a®X vibra-
tional levels populated after spontaneous emission from
O;‘ and 0, external well levels will strongly differ, as the
03‘ well lies at shorter distances than the 0, well. Fioretti

et al. [37] demonstrated that only the uppermost a3X;"
levels (bound by about 1 cm™1!) are populated after spon-
taneous decay of the 0 (P3/2) rubidium state. In contrast,
the present computations, displayed in Figure 6 for a few
photoassociated levels lying in the 0; (P3/2) external well,
show that much deeper levels (with binding energies up
to &~ 80 cm~1) are populated in the lowest triplet state.
The vibrational distribution of the ultracold molecules is
then expected to peak at quite small vibrational quantum
number, say down to v & 15.

5 Discussion and conclusion

Beside ultracold molecule formation, photoassociation
into levels of the O;_(Pg /2) outer well would provide an
intermediate “Franck-Condon window” for absorption to-
wards higher Rby electronic states [38]. The main ques-
tion is, of course, whether a sufficiently large number of
ultra-cold Rb atomic pairs can be found at the distance of
about 20ag, where the absorption into the outer well of the
Og+ (P3/2) state occurs. Only s-wave collisions are included
in the above calculations, and the centrifugal barrier act-
ing during p- or d-wave collisions will prevent atoms to
come close enough to undergo an absorption into levels of
this well. Therefore for such experiments to be feasible it
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Fig. 6. Computed distributions on the vibrational levels v" in
the lowest triplet state of (a) °Rba, (b) 8Rby cold molecules,
for selected 07 (P3/2) vibrational levels v.

would be necessary to have extremely low temperatures,
where the s-wave is predominant.

Our calculations show also that the Rb atom density
should be as high as possible. Several possibilities for en-
hancing the density of ultracold rubidium atoms can be
considered, based on very recent experimental develop-
ments. Friedman et al. [39] demonstrated a compression
of cold atoms to very high densities in a rotating-beam
blue-detuned optical trap. The trap loaded with more than
105 Rb atoms was compressed adiabatically by a factor of
350 to a final density of 5 x 10'3 cm™3. The two-body elas-
tic and inelastic collision rates of atoms in the compressed
trap play an important role and the atomic cloud becomes
one-dimensional. However, this kind of a trap is promis-
ing for applications to trapping of ultra-cold molecules as
well [40]. In the near future rotating blue detuned laser
could be one of the technique capable to compress ini-
tial ultracold cloud to densities up to 10'* em=2 [39]. The
main trick of the method would be to decrease the radius
of the rotating laser to a most appropriate value at which
there is still not appreciable push of the cloud. If the blue-
detuned laser beam is vertical and point upwards at the
final radius it is possible to shine the additional 765 nm
laser in order to excite the outer well of the Rby 0/ (P3/2)
state. The nascent Rbs O;‘(ng /2) molecules will remain
at the position of the original cloud, and will be confined
by the dynamical blue detuned optical trap. It is possi-
ble that these molecules will be also formed during the
upward motion of ultracold rubidium atoms, thus making
rubidium molecular fountain possible.
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Another possibility is connected with Bose-Einstein
condensate as a starting point of the ultracold cloud with
large rubidium atom densities. Recently, Wynar et al. [41]
created state selected 8"Rby molecules almost at rest in a
Bose-Einstein condensate of rubidium atoms. They used
coherent free-bound-bound stimulated Raman pumping
technique at densities of up to about 3 x 104 cm™3. We
believe that a similar method could be applied even for the
blue-detuned free-bound-bound Raman pumping in order
to create triplet ground state Rbe molecules by using the
first laser transition to excite the bound states in the outer
well of the Rby 0f (P3/2) molecules.

We should mention another way of detecting cold
Rbe Oz{(Pg s2) molecules. In experiments with superfluid
He clusters going through alkali pick-up cells, Scoles and
coworkers [42] have observed Lis, Nas and Ko molecules
in their lowest triplet states. It is quite possible that
in an analogous experiment, where rubidium is put in
the pick-up cell, the Rbs Og+(P3/2) bound states in the
outer potential well can be easily excited. It would be
interesting to study such transitions when a Rbg triplet
molecule is attached to the cold helium cluster, or when
it freely copropagates detached from the parent cluster.
Ernst [43] recently succeeded to observe low resolution
triplet spectrum from Rbs molecules attached at the sur-
face of the superfluid helium droplets. Although his ob-
servations were at shorter wavelengths than in the present
work, the findings clearly show the way for the observation
of Rby 0 (P3/2) state attached on a helium nanocryostat
in a near future.

In conclusion we have identified an intermediate long-
range Rby molecule, which could be excited by photoas-
sociation of cold Rb atoms, using photons detuned to the
blue of the resonant D, atomic transition. Excited levels
would be those lying in the outer well of the O;(P:),/Q)
double minimum potential, embedded entirely within the
5S + 5P3/, dissociation continuum. The existence of this
intermediate long-range Rbs molecule is probed experi-
mentally for the first time, using free-free absorption at
thermal energies. This result is also confirmed by quasi-
classical simulations of the absorption coefficient. Such a
well may be efficiently used as an intermediate state open-
ing a narrow Frank-Condon window that enables further
excitation to higher state at distances of about 20aq. Fur-
thermore, the PA rate into this outer well in ultracold
conditions is fair, and the probability of the formation of
stable ultracold rubidium molecules in their lowest triplet
state is encouraging, especially if higher atom densities
could be achieved for the cold atomic cloud. The formed
ultracold molecules are predicted to be stabilized in vi-
brational levels much deeper than those populated in the
experiment by Gabbanini et al. [9] relying on PA into the
long-range 0, (P3/2) state of Rbz. A two-color PA exper-
iment could be realized, combining PA into the 0 (P3/3)
state, followed by spontaneous emission, with excitation
of the formed cold molecules into the outer well of the
03‘ (P3/2) state, producing itself ultracold molecules. The
whole process will recycle the vibrational distribution of
the ultracold molecules toward low vibrational levels, with
binding energies up to ~ 80 cm™!.
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