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Abstract In this paper, we briefly summarize the new
information which have been deduced on the atom-—atom
interaction from cold atom experiments. These information
are quite unusual and very interesting. Their interpretation
is considerably simplified if high quality quantum chemistry
calculations are available. After an overview of the domain,
we discuss in detail the experiments performed with meta-
stable helium atom, thus showing the variety of new data
obtained in this case and the importance of quantum chem-
istry calculations for their interpretation.

1 Introduction

The development of cold atom physics has induced an
unexpected renewal of the field of the atom—atom interac-
tion, in particular at long distances. New types of informa-
tion have been obtained, which, like the atom—atom scattering
length, are very sensitive to the properties of the interatomic
potentials. This large sensitivity makes that quantum chem-
istry calculations must reach an unusual degree of accuracy
if one wants to be fully predictive. Such accuracy has only
been achieved for few-electron systems like metastable he-
lium dimer (which is discussed below in great detail) or LiH
[1,2]. There are other quantities, such as photoassociation
rates or fine structure relaxation rates, which are experimen-
tally observed with cold atoms and which are less sensitive
to the molecular potentials. To fully understand these exper-
iments and to predict their outcome with new atoms which
have not been studied up to now, high quality quantum chem-
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istry calculations are needed and they are very interesting as
these experiments explore new domains of the interatomic
potentials.

In the very low energy regime, interatomic collisions can
be described by only one quantity, the s wave scattering
length a. This quantity governs the physics around Bose—
Einstein condensation (BEC): its value plays very important
roles in the kinetics of the evaporative cooling process needed
to prepare the condensation, in the stability and shape of the
condensate, and in its expansion regime. It has been shown
that the scattering length can be modified by external fields,
such as magnetic fields or laser fields, with very rapid vari-
ations near Feshbach resonances. An accurate knowledge of
a governs the feasibility of most BEC studies and of related
works with degenerate Fermi gases.

Another new domain opened up by the cold atom
experiments is the photoassociation spectra with very high
resolution. Photoassociation corresponds to a free-to-bound
transition and the excitation to a given excited state gives a
spectrum with a width comparable to kgT, where T is the
temperature of the gas. At ordinary temperature, a photoas-
sociation spectrum is unresolved but when the temperature of
the gas is very low, below 1 mK, such an experiment provides
a spectrum with narrow lines. Numerous photoassociation
spectra have been recorded, giving access to high accuracy
information on the very long-range part of molecular poten-
tials.

Very exotic molecular states have also been studied,
through experiments involving metastable electronic states,
usually with rare gases. The case of helium 23S state is
particularly striking: molecules with about 40 eV of inter-
nal energy can be produced and long-lived states have been
observed. Due to the presence of only four electrons, very
sophisticated ab initio calculations are possible. This is at
variance with the case of alkali molecules for which an effec-
tive core potential is the basis of almost all the high quality ab
initio works: although aiming a slightly less good accuracy,
these calculations are extremely useful too.

In this paper, we present some striking results concerning
atom—atom interactions, deduced from experiments involving
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cold atomic gases. We show how the experimental results
and the quantum chemistry calculations have been support-
ing each other. In a first part, we discuss the connection be-
tween ultra-cold atomic gases and molecular physics and, in
a second part, we illustrate this discussion by various results
concerning the helium dimers produced by the interaction of
metastable helium atoms.

2 Molecular physics connected to ultra-cold atom
experiments

2.1 Introduction

Laser cooling is very efficient to produce atomic gases with
temperatures 7 down to a few microkelvins and atomic den-
sities n,; in the 10°—10" ¢m—3 range. In the microkelvin
temperature range, such densities are too low to reach the
domain of the quantum collective effects, such as Bose—FEin-
stein condensation and Fermi degeneracy. These effects ai)—
pear when the thermal de Broglie wavelength A = 274/
mkgT) 172 yerifies ng A3 ~1. When T ~ 1 WK, for an atomic
species of mass number A, the needed density is close to
nar ~2x10""x A3/2 cm=3. Evaporative cooling in a magnetic
or laser trap, briefly described below, permits to reach the
degeneracy regime. However, much spectroscopy has been
done in cold and dense gases, which are close to but not in
the quantum degeneracy regime.

2.2 The atom—atom scattering length and its importance
for Bose—Einstein condensation

For identical bosons in the same internal state, at very low
energies, the collisions are in the quantum threshold regime,
where only the s-wave plays a role and the collision cross
section is given by o =8 a?. In this expression, a is the scat-
tering length, defined by ¢ = —lim tan §g/k when k — O.
Here § is the s-wave collisional phase shift and k is the wave-
number describing the relative motion of the two atoms.

To increase the density while keeping the gas very cold,
the technique of general use is evaporative cooling in a mag-
netic or laser trap. The kinetic theory of this method was
developed by Ketterle [3] and by Luiten et al. [4]. The atoms
initially confined in a magnetic trap at a temperature of the
order of 1 mK have their energy redistributed by elastic col-
lisions. A few atoms acquiring energies larger than the trap
depth are expelled from the trap. This significantly reduces
the mean energy of the trap ensemble while only a relatively
small number of atoms is lost. In forced evaporative cooling,
the trap depth is gradually lowered; the cooling increases
the density and thus the elastic collision rate, accelerating
the evaporation: this is called the run-away regime. In this
process, the key parameters are the various collision cross-
sections: the elastic cross-section must be large enough for
an efficient evaporative cooling, while the cross section for
inelastic processes must be small because these processes

reduce the number of atoms. The feasibility of evaporative
cooling is therefore strongly dependent on the value of a.

When a Bose-Einstein condensate is formed in a trap,
it is usually submitted to some perturbations and after some
evolution, one wants to know its final state. This is done by
imaging the condensate after suppressing the trapping poten-
tial and letting the condensate expand freely. This expansion
phase is necessary because the initial size is usually too small
for imaging and also because the final shape gives an image
of the momentum distribution in the condensate. This last
property is valid if the expansion is collisionless; however
large condensates are close to the hydrodynamic regime, with
a mean free path smaller than at least one dimension of the
condensate. As a consequence, the expansion is also sensitive
to the value of the collision cross-section.

The simplest description of a dilute Bose—FEinstein con-
densate is obtained by neglecting the atom—atom interac-
tions, but this is too crude an approximation which does not
account for the observed results. The next approximation,
which is most commonly used, consists in replacing the ex-
act atom—atom interaction potential by a zero-range pseudo-
potential (following a procedure introduced by Fermi) and to
establish the Gross—Pitaievski equation. This equation, which
describes well an almost pure condensate with a mean num-
ber of atoms Ny in an external potential U, is a modified
Schrodinger equation with a non linear term proportional to
the density:
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Here m is the atomic mass and the coefficient g of the non-lin-
ear term is related to the scattering length a by g =47 h%a/m.
An important point is that if a is positive (respectively neg-
ative), the atoms behave as if their effective interaction is
repulsive (respectively attractive) and Bose-Einstein conden-
sates are stable for all Ny values if a > 0 and only for small
Ny values if a <0.

The scattering length is very sensitive to the molecular po-
tential, so that very few atom—atom scattering lengths were
known twenty years ago, an exception being the case of Hj
singlet and triplet states (see for example [5]). This very large
sensitivity is related to Levinson theorem which states that
the scattering length is infinite when the molecular poten-
tial holds a zero-energy bound state. More precisely, if we
imagine that we could slowly increase the potential depth,
the scattering length which is infinite and positive when the
potential just holds a new bound states, decreases till it be-
comes infinite and negative just before the apparition of a
new bound state. The value of the scattering length can be
quantitatively related to the position of the highest vibrational
level by an analytic formula due to Gribakin and Flambaum

[6]:
—al1=t T t T 2
“_“[ _a“(n—z) a“(d’_z(n—z))} @

Here n is the exponent of the leading term of the the
potential at long range, which is assumed to be attractive,
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Fig. 1 Principle of the Feshbach resonance. One shifts a molecular bound state |e) with a magnetic field, as shown in the left part of the figure.
When the energy AE of this state becomes resonant with that of the pair of atoms, the scattering length diverges. To the right: scattering length
of ®Li atoms of opposite signs as a function of the magnetic field, in Tesla. The Feshbach resonance is localized close to 0.0834 T

equal —C, /r", and ¢ is the semiclassical phase calculated for
zero energy. Finally, a is a mean scattering length which de-
pends of C,, and of the reduced mass. Most molecular poten-
tials hold several tens of vibrational levels and the work of
Leroy and Bernstein [8] and of Stwalley [9] has enabled a very
accurate description of the series of vibrational levels con-
verging toward the dissociation limit. When the knowledge of
an accurate value of the scattering length was understood as
very important for ultra-cold atom experiments, the available
spectroscopic data appeared not to be accurate enough to pre-
dict the value of the atom—atom scattering length: the uncer-
tainty on the number of vibrational bound states was usually
comparable to 1 corresponding to an uncertainty equal to
7 on the phase ¢ appearing in the Gribakin and Flambaum
formula, so that the scattering length could take any value
from —oo to +oco! Many efforts have been done to improve
the accuracy on the molecular data by traditional molecular
spectroscopy and these results have been complemented by
experiments using cold atomic gases, in order to determine
accurately these scattering lengths. We will describe these
efforts in the case of He, ° £ state in the last chapters.
Tuning the value of the scattering length is of great prac-
tical importance for the studies of BEC. It appears even more
important with Fermi ultra-cold gases, but we will not discuss
this question here. To explain how such a tuning is possible,
we will take the examples of the alkali atoms which are com-
monly used. These atoms have an electronic spin S=1/2 in
their ground state and they have also a non-zero nuclear spin
(for most of the isotopes). There are two interaction poten-
tial curves corresponding to a singlet and a triplet molecular
state converging toward the same dissociation limit. In the
presence of a non-zero magnetic field, the triplet state disso-
ciation limit splits in three different limits due to the Zeeman
effect and some bound triplet or singlet states corresponding
to an upper dissociation limit are imbedded in the continuum
of the lower limits. These discrete states are coupled to the
continuum and the scattering length associated to one of these
potentials present resonant variations, which are called Fesh-
bach resonances, when a discrete state crosses the dissocia-
tion limit [10,11]. In favorable cases, like in cesium-cesium
interaction, many different resonances can be observed and
theoretically explained with an excellent accuracy [12]. The

Feshbach resonances can be used to tune the scattering length
a [13]. The principle of the method is illustrated in Fig. 1,
which shows the abrupt divergence of a for a given value of
the magnetic field. Finally, rather than using a static magnetic
field, it has been suggested to use a other coupling terms (RF
fields [14], static electric field [15], 1aser fields [16]) to induce
a Feshbach resonance.

2.3 Other collision processes

Many other collision processes are important with cold atoms.
These processes usually involve effects at short and long
range simultaneously: due either to the very low initial ki-
netic energy or to a laser excitation process, the collision is
very sensitive to the long range part of the potential in its
entrance channel, while, for instance, an inelastic process
occurs at some potential curve crossing at short range.

The simplest case, which was probably the first to be stud-
ied, is the case of laser induced collisions in traps, detected
through the loss of atoms. An atom pair is excited at long
range by alaser beam which is quasi-resonant with the atomic
transition and the excited atomic pair is attracted by the upper
state potential (assumed here to be attractive) toward short in-
ternuclear distances. Following Gallagher and Pritchard [17],
two different inelastic events may occur :

e A transition between electronic states connected to differ-
ent atomic fine structure states; the atom pair shares an
energy equal to the fine structure splitting.

e The emission of a fluorescence photon with a frequency
different from the excitation frequency.

In both cases, the energy gained by the atoms is in gen-
eral sufficient to authorize the escape of the atom pair out
of the trap. The competition between these two processes
was studied through the alkali dimers by [18] Julienne and
one of us. Their model was used many times, with some
further developments. In the calculation done in our paper,
we needed molecular potentials for the alkali dimers and we
had to connect the long-range > potentials corresponding
to the 2§ + 2P dissociation limit, with short range poten-
tials calculated by Krauss and Stevens [19]. Finally, as the



Interplay between theoretical quantum chemistry and cold atom experiments

601

fine structure was neglected in these calculations, we used
experimental determinations of the coupling between singlet
and triplet molecular potentials to calculate the rate of fine
structure relaxation collisions for cold atom applications.
Some other inelastic processes are very important:

e An example is the relaxation of spin polarization in ultra-
cold gases. In magnetic traps, only the so-called low field
seekers can be trapped. These Zeeman sub-levels have an
energy which increases with the magnetic field and obvi-
ously there must be other Zeeman sub-levels with oppo-
site M -values, whose energy decreases with the magnetic
field (they are high field seekers) and which are at a lower
energy. Relaxation toward these levels is usually forbid-
den to some degree by an approximate conservation law
and for an efficient trap, the corresponding cross-section
must be considerably lower than the elastic cross-section:
if an atom is transformed in a high field seeker by relax-
ation, it is immediately expelled from the magnetic trap.
The ratio of these two cross sections (elastic collision
and spin relaxation collision) governs the feasibility of
evaporative cooling in a magnetic trap.

e A very important application of cold atoms is the devel-
opment of new atomic clocks with an atomic fountain. Al-
though the atomic density is quite low in these clocks, the
collisions induce a shift of the frequency which is quite
substantial for cesium [20] and considerably smaller for
rubidium [21]. The calculation of these frequency shifts
is possible thanks to a high accuracy knowledge of the
relevant interaction potentials.

2.4 The photoassociation spectroscopy method

Photoassociation corresponds to a free to bound transition.
At ordinary temperature, the energy width of the occupied
levels of the continuum, of the order of kg7, is large and the
spectrum does not present narrow lines. For a temperature
T ~ 100 pK, the energy width of the occupied levels of the
continuum is usually lower than the width of the excited state
(due to its decay processes) and then, photoassociation pro-
vides very high resolution spectra, with very narrow lines, if
the broadening effects due to laser linewidth and/or to laser
saturation are negligible.

Obviously, many other techniques give high accuracy
information on molecular potential curves and one may quote,
for instance, photoelectron spectroscopy which has recently
provided impressive results, such as an almost complete
description of the six electronic states of Ar;r molecular ion
[22].

Because, most of the time, the interatomic distance in a
colliding atom pair is very large (simply for a phase space
argument), a photoassociation spectrum gives an easy access
to the very long-range part of molecular potentials, a region
which is very difficult to study by traditional technique. The
reason is that the Franck-Condon principle forbids the exci-
tation of molecular states which are at very long range in

a single step from the lowest vibrational state of the mole-
cule. Some clever experiments with two-step excitation have
been made [23] to study very long-range molecular levels,
but most of the data on these levels is due to photoassociation
with cold atomic gases.

A spectacular case was the first observation in 1994 by
Heinzen and co-workers [24] of purely long range states
which were predicted in 1978 by Stwalley et al. [25]: these
electronic states have a very shallow potential well located at
a very large internuclear distance, resulting from an avoided
crossings of two states converging to different fine struc-
ture components of an atomic state. In dimers made of two
identical atoms, the interaction between one excited and one
ground state atom is the resonant dipole—dipole interaction
proportional to C3/r3 at large interatomic distance r, if one
neglects relativistic retardation effects.

Photoassociation spectroscopy gives access to the C3
coefficient, which is directly related to the matrix element
of the atomic dipole between the ground and excited states.
The spectroscopy can be so accurate that it gives the most
accurate values of the 2S—? P dipole moments for the alkali
atoms: we quote the first works [26,27] and similar results
are now available for several other atoms. Another striking
point concerning these experiments is that the data analy-
sis must include relativistic retardation effects. Because of
these effects, the leading term of the long-range potential dif-
fers substantially from the simple non-retarded form C3/r3
term when the internuclear distance r is comparable to A /27
(where A is the wavelength of the atomic resonance transi-
tion) and the resulting corrections on the vibrational level
energies are easily detected.

Finally, photoassociation spectra provides two methods
for determining accurate and precise values of scattering
lengths:

e In the first method, photoassociation is used to probe the
position of the nodes of the radial wave function describ-
ing the atomic pair colliding at very low energy. The
positions of these nodes are reflected in the intensities
of the transitions observed in the photoassociation spec-
tra, through the Franck—Condon factors: each minimum
reveals the existence of a node and its position is deduced
from the spectroscopy of the excited state. From the po-
sition of the node, one can easily deduce the sign and
magnitude of the scattering length [28].

e The second method uses a two-photon photoassociation
Raman process. In such an experiment, the colliding atom
pair is excited by the first photon and de-excited by the
second photon, producing the molecule in the highest
vibrational level of the ground molecular state. The
binding energy of the highest level is deduced from the
frequency difference between the two lasers and the scat-
tering length is directly related to the energy of the
highest vibrational level. This experiment has even been
performed in a Bose—Finstein condensate, giving
extremely narrow lines [29].

We will not try to review all the works on photoassocia-
tion, as very many papers have appeared, including several
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reviews [30-32]. We may simply point out that such exper-
iments have already been carried with all the alkalis, with
hydrogen, metastable helium, calcium, ytterbium, and the
list extends regularly, for instance with heteronuclear alkalis.

3 Ultracold metastable helium gas: a rich system
for theoretical investigations

3.1 Metastable helium is an interesting case

Metastable helium in the 23S state has been the subject of
many experimental investigations at cold and ultracold tem-
peratures since the appearance of laser cooling and of the
first magneto-optical traps. The interest of such a simple two
electron atom, as compared to alkali atoms discussed in the
previous chapters, is that ab initio calculations of interac-
tion potentials are possible, even if still not with sufficient
precision for the experiments. The main feature of metasta-
ble helium atom in the 23§y state is that it carries a very large
internal energy of 20 eV (see Fig. 2). However, in most cases,
it can be considered as a ground state atom because its intrin-
sic lifetime is very long (8, 000s). A drawback of dealing
with such an excited atom is that it has a strong probability to
be destroyed by ionizing collisions of the Penning type when
it collides with another metastable atom, giving rise toa He™
or H e;r ion [33,34]. Fortunately, this Penning ionization rate
is strongly inhibited by spin polarization of the two atoms,
as a consequence of the Wigner spin conservation law during
collisions. This inhibition, by more than 4 orders of magni-
tude, was initially predicted theoretically [35,36]. It was fully
confirmed experimentally by the possibility of trapping meta-
stable helium atoms at large densities. It was the condition
which made it possible to reach Bose Einstein condensation.

E
A
3
23P,
]
2
21§,
1083 nm
23S, Metastable
’ T ~8000s

—L 115,

Fig.2 Scheme of the relevant levels of the helium atom. The 23 | meta-
stable state is long-lived and carries a large internal energy of 20eV. In
cold atom experiments, this metastable helium atom is manipulated by

laser light tuned to the 23 51—23 P transition at 1,083 nm

The interest for laser cooling experiments with metastable
helium still rose when Bose-Einstein condensation of this
atom was achieved in 2001 by two groups in France [37,38].
This result stimulated the work of theoreticians to investigate
the collision properties of the cold metastable helium gas and
to calculate the interaction between two spin polarized meta-
stable atoms in the quintet He; ° Z;f molecular potential. As
mentioned earlier in this article, for temperatures in the mi-
crokelvin range, the scattering between the particles is ruled
by the s-wave scattering length, the value of which is very
much in demand to interpret the dynamical properties of the
ultracold gas and of the condensate. In this section, we first
briefly review the theoretical attempts for ab initio calcula-
tion of the interaction potentials. We then describe the various
experimental methods which have been used to measure the
value of a after that BEC was achieved. The methods are quite
dissimilar: expansion of the condensate, oscillation modes in
the hydrodynamical regime, inelastic collision rates through
ion detection, and finally photoassociation spectroscopy.

3.2 Calculating the s-wave scattering length

The first accurate calculation of the interaction He, > E; po-

tential between two spin polarized 23§; metastable helium
atoms was made by Stirck and Meyer in 1994 [39] and more
elaborate calculations have been made by Gadéa et al. in 2002
[40] and in 2004 [41].

In the Stirck and Meyer paper [39], the 52; van der

Waals potential curve of the two interacting He (23 S}) atoms
has been determined from the multi-reference configurations
with an estimated accuracy of about 1% of the well depth
equal to 1,045 cm™! and corresponding to an internuclear dis-
tance r, =7.34 ag. The calculated well depth is considerably
deeper than in previous calculations and this well supports
15 bound vibrational states, the highest one (v = 14) being
rather close to the dissociation limit. The limited accuracy
of this potential introduces uncertainties in the position of
the highest vibrational level, and consequently in the value
of the scattering length a associated with the quintet poten-
tial, which controls the collision dynamics of spin polarized
metastable helium atoms. In an article published in 2001, Leo
etal. [42] calculated the possible range of values for a directly
associated with a hybrid molecular potential: for the long
range part, they used a —C,,/r" multipole expansion taken
from [43] and for the short range part, they used the Stirck
and Meyer’s results. They varied the short range potentials
by +£2.5% to obtain an estimate of the range of possible a
values. In agreement with previous estimates, they obtain
a ~ 83nm and, as predicted by Eq. 2, they find that a
changes enormously when they vary the potential, with a
divergence for a 1.8% decrease of the well depth, beyond
which a becomes negative (see Fig. 3 of [42]). Such a diver-
gence corresponds to the case when the highest vibrational
level v =14 reaches the dissociation limit and disappears for
a larger change of the potential (which then hold 14 and no
longer 15 vibrational levels. These results illustrate the need
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Fig.3 Physical origin of the purely long-range interaction potentials between two helium atoms in the 25 and ? P states. The figure shows the joint
effect of the dipole~dipole interaction and of the fine structure coupling on the 0] subspace. Energies are given in GHz, internuclear distances
in atomic units. a In this part the fine structure coupling is neglected. The potential curves are the eigenvalues of the dipole-dipole interaction
corresponding to the four Hund’s case a eigenstates. b In this part the fine structure terms are partially introduced, neglecting the couplings
between the attractive and the repulsive states. A level crossing appears. ¢ In this part all fine structure terms are included, corresponding to a

coupling between attractive and repulsive states. An avoided crossing appears, leading to a purely long-range well connected to the 235123 Py

asymptote

of very precise molecular potentials for the interpretation of
cold atom physics.

A new ab initio calculation of the potential has been
made by Gadéa and co-workers [40,41]. In their 2002 pa-
per [40], these authors had the primary objective of studying
the robustness and reliability of the ab initio calculations and
they revisited several points of the calculations of Stirck and
Meyer, using various theoretical approaches and different ba-
sis states. In Fig. 3 of this paper, they summarized the calcu-
lated values of the scattering length a, showing a values as
a function of the depth the 3 E; molecular potential for their
different theoretical approaches and they verified that the a
values are extremely sensitive to even minor variations of the
potential. In their 2004 paper [41], Gadéa and co-workers
have developed hybrid potentials with a smooth connection
of their ab initio calculation to an analytic expansion at long
range: with these potentials, they have obtained the scattering
length for the three possible isotopic combinations, includ-
ing estimated error bars: for *“He* atom pair, their result is
8.0 < a < 12.2 nm [41] One can thus remark that a very
precise measurement of @ would be very helpful to test this
very accurate interaction potential.

3.3 Measuring the interactions in the Bose Einstein
condensate

With metastable helium, the first experimental determination
of the scattering length a dates back from the Bose—Einstein
condensation in 2001. The positive sign of a was confirmed
by the possibility of obtaining a large stable condensed phase.
In these experiments, the cold helium gas is first trapped in
a magneto-optical trap, then transferred into a purely mag-

netic harmonic trap, where it is cooled one step further by the
method of evaporative cooling, performed by radiofrequency
induced spin flips. In the ENS experiment [38], the frequency
isramped down from 160 MHz to about 10 MHz in about 10s.
After evaporation, the trap is switched off and the cloud,
released from the trap, is probed by absorption imaging on a
CCD camera. At the end of the evaporation process, the tem-
perature of the cloud drops down to a few microKelvin and
the phase space density increases by six orders of magnitude.
A narrow structure appears on the absorption image, which is
identified as the Bose—FEinstein condensate. The spatial dis-
tribution of the absorption picture is fitted with an inverted
paraboloidal distribution for the condensed fraction, describ-
ing the equilibrium density profile within the harmonic trap
in the Thomas-Fermi limit [44]. The strongest evidence for
the presence of a condensate is the evolution of the shape
of this structure when the cloud evolves in a time-of-flight
measurement after that the trap is turned off. The aspect ratio
of the cloud, or the anisotropy between the axial and radial
directions, evolves in time during the expansion as a conse-
quence of the mean-field interactions between the particles in
the condensate. The interaction strength can thus be deduced
from changes of ellipticity of the cloud as a function of the
expansion time : the anisotropy increases and undergoes an
inversion. Using the formalism of [44], one deduces from
this a value for the chemical potential p, from which one
derives a value for the product a N, where N is the number
of atoms in the condensed phase. One obtains a value for a
provided N is properly evaluated. In [45] one finds the value
a=(16£8)nm, in which the error is mostly due to the uncer-
tainty on the number of atoms. In the BEC experiment of
the Orsay group, which succeeded at the same time in 2001
[37], a value of ¢ = 20+ 10nm was also derived from the
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properties of the condensate, detected through its expansion,
as measured on a micro-channel plate.

3.4 Measuring elastic collision rates in the ultracold helium
gas

One can also think of deriving the s-wave scattering length a
from direct measurement of the elastic scattering collisions
in the low temperature domain. A study of the evaporative
cooling kinetics is a possible method which was theoretically
developed by Luiten et al. [4]. It was adapted to the case of
metastable helium in [46], by including the dependence of the
elastic scattering cross section with the collision energy. They
applied this modified theory to their experimental results,
which cover a temperature range from 1.5 mK down to about
20 uK, an order of magnitude above condensation and thus
obtained the following value: @ =10 £ 5 nm. The uncertainty
was due to several experimental factors such as the calibra-
tion of the atom detector or the temperature measurement.
An alternative method to measure elastic scattering cross
sections was used by Leduc et al. [47], who studied collective
excitations in the ultracold gas of metastable helium confined
in a harmonic magnetic trap just above the BEC transition.
The lowest monopole—quadrupole m =0 modes of excitation
were generated and the frequency and damping of the oscil-
lations were measured as a function for decreasing tempera-
tures, meaning increasing elastic collision rates. The dynam-
ical behavior of the dilute gas can be described by the Boltz-
man equation. In this case two extreme situations can occur:
the hydrodynamic regime, where the mean free path between
colliding particles is small compared to the dimensions of
the cloud; or the collisionless regime where the motion is
described by the sum of single particle Hamiltonian. In both
cases, the system shows well defined oscillations resulting
from the external confinement, for which the frequency and
the damping have been calculated, assuming a classical gas
confined in an harmonic trap [48]. The comparison between
experimental results and theory shows that when ramping the
temperature down, one first explores the collisionless regime
and then enters the hydrodynamic regime [49]. However no
precise value could be derived for the collision rates, due
to uncertainties regarding the number of metastable helium
atoms, as well as to the unexpected departure from the run-
away regime when reaching the condensation critical temper-
ature. One should note that this method has been successfully
applied in Walraven’s group to the case of a thick cloud of
rubidium atoms, for which the hydrodynamic regime was
fully reached and the agreement of the derived collision rates
in very good agreement with the already well known value
of the scattering length (C. Buggle, private communication).

3.5 Getting the scattering length through inelastic collisions

Aspect’s group developed a significantly different method to
derive the scattering length of the ultracold metastable he-
lium gas. They used the unique feature of metastable helium,

which is the spontaneous Penning ionization in the sample
as mentioned above. Their detection scheme is based on a
micro-channel plate [37] which can either detect the posi-
tive ions produced by the inelastic two-body and three-body
Penning collisions, or detect the metastable atoms, which
loose their internal energy and produce electrons at the micro-
channel plate. Two situations are studied: first, the pure BEC,
for which the expansion by time-of-flight gives a relation be-
tween a, N the number of atoms, and | the chemical po-
tential; second, the thermal cloud at the critical temperature
T, for BEC condensation, which is simply related to N. As
the atomic cloud is cooled through the phase transition, the
ion rate presents a sudden increase at condensation: this pro-
vides an empirical determination of the transition. The corre-
sponding value of T is deduced from time-of-flight signals
obtained close to the transition with the atoms falling on the
micro-channel plate. Finally the authors record the ion rate as
afunction of T¢,, which they can fit with several inelastic colli-
sion parameters as well as with the elastic scattering length a.
In short, combining the two experiments allows them to de-
rive the value of a without needing the absolute calibration
of the number of atoms NV, which is the main source of uncer-
tainty in all the previously described experiments. Their care-
fully derived a value is a = 11.31%:(5) nm [50], which is the
most precise experimental value obtained so far.

3.6 Photoassociation and purely long range helium dimers

Photoassociation experiments in ultracold metastable helium
were first undertaken with magneto-optical traps by laser
cooling groups in the Netherlands [51]. The method was then
used by the ENS group at temperatures much lower when
studying the gas in a magnetic trap close to the BEC tran-
sition. This work is still in progress. The goal is to measure
the position of the v = 14 vibrational level in the 52; po-
tential (see Fig. 4). The application of standard techniques to
locate the highest vibrational level is not straightforward in
this case: the situation is complicated by the autoionization of
metastable helium dimers, which occurs at short internucle-
ar distances. Only dimers in pure quintet spin configuration
at short range are likely to avoid autoionization and sustain
well resolved resonances. Indeed a few long-lived vibrational
levels have recently been observed in molecular states close
to the 235,-23 P, transition (D»), which might be helpful
as intermediate levels in future two-laser photoassociation
spectroscopy.

An interesting alternative was offered by the vibrational
levels in the purely long range 0, potential below the 238-
23 Py transition (D) line. Their positions were very pre-
cisely measured by Léonard et al. with a beam delivered by
a diode laser amplified by a fibre amplifier, tuned close to
the 235-23 P transition at 1,083 nm. They were also calcu-
lated with great precision and the agreement is excellent [45],
showing clear evidence for measurable retardation effects in
the electromagnetic interaction between the two atoms of
the molecule. It was possible to calculate the positions of the
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Fig.4 Schematic of one and two-photon photoassociation experiments
with helium atoms. Energies on the vertical axis are in gigahertz. A
free pair of atoms in the 25 —2 § asymptote is excited with laser (1) to
an intermediate molecular level of the 2S —2 P asymptote. Here, this
molecular level is the v =0 vibrational level of the purely long range 0;"
state. This allows to record one-photon photoassociation spectra. If one
adds a second photon (2), it may stimulate the decay of the intermediate
molecular state into the highest vibrational level (v = 14) of the 5 2;'
state. Measuring the detuning between lasers (1) and (2) will give a very
precise value of the binding energy of this vibrational level, from which
the atom—atom scattering length in the 3 E; state can be deduced very
accurately

levels using a long-range Hamiltonian only incorporating the
fine structure terms and the dipole—dipole interaction term
in C3/ r3 (corrected for retardation effects). Figure 3 illus-
trates the physical origin of the purely long-range 0; state.
The joint effect of the dipole—dipole interaction and of the
fine structure coupling leads to the appearance of an avoided
crossing, which results in a purely-long range potential con-
nected to the 23$;-23 Py asymptote. One notes that graph b)
in Fig. 3 is only an intermediate step of calculation with no
exact physical meaning, as the neglected coupling terms be-
tween attractive and repulsive states are not negligible. For
such giant dimers, the inner turning point lies at such long
range (150 ap) that the short range autoionization process are
fully inhibited.

3.7 Two-photon and single-photon photoassociation
spectroscopy in helium

The search for the two-photon signal with two lasers through
one vibrational level of the 0} state is in progress at ENS.

The method is illustrated in Fig. 4. Despite their long range
location, the wave functions of these excited vibrational lev-
els have been estimated to have a sufficient Franck—Condon
overlap with the wave function of highest vibrational level of
the ground state potential > = In [52], numerical results are
given for the amplitude and width of the expected spectra cor-
responding to the case of “frustrated photoassociation” with
two lasers. Laser (1) is on resonance with the intermediate
molecular state, causing an appreciable drop in the number
of atoms in the trap. The frequency of laser (2) is scanned
across the resonance between the two molecular states (see
Fig. 4). At high enough intensity, when at resonance, laser
(2) induces the upper bound state to undergo an Autler-Tow-
nes splitting [53] as described in the dressed-level picture.
Consequently laser (1) is brought out of resonance and there
is a recovery of the atomic density. An alternative method
is the stimulated Raman two-photon spectroscopy, which is
expected to provide very narrow lines with a width limited
only by the lifetime of the level in the ground state. If a two-
photon signal can be observed, a very precise value of a is
expected, as was observed in the case of rubidium [29].

Alternative but less precise measurements deal with sin-
gle-photon photoassociation. One can study the absolute
photoassociation rate coefficients for the free-bound transi-
tion and deduce the Frank-Condon factors, which in turn can
be calculated with a formalism which incorporates the value
of the scattering length a. The comparison between Franck—
Condon factors of different vibrational levels in the same
excited molecular potential is likely to provide a value of a
eliminating the systematic error related to the laser intensity
calibration. Similarly one can also study the intensity shift
of the photoassociation line, for which the theory is devel-
oped in several articles of Julienne and co-workers [54,55]
and some experimental verifications are provided for alkali
atoms [56]. Such experiments are currently on the way at
ENS for a metastable helium gas close to BEC, using the
v =0 and v = 1 vibrational levels of the 0, state close to
the Dy transition. The theory includes the coupling of the
involved levels to all the other levels nearby, in particular
the continuum associated with the initial pair of free atoms.
Preliminary results on the sign of the shift, constantly to the
red of the transitions, tend to indicate an upper value for a
(M. Portier, private communication). Quantitative results for
a are expected soon.

3.8 Prospects for changing the interactions with optical
Feshbach resonances

There was a proposal to modify the mean interaction strength
between ultracold atoms by an appropriately detuned laser
[57]. The requested laser intensities are quite large. Although
great care must be taken to minimize scattering losses in-
duced by the laser, some ranges of intensity and detuning can
be found for a given experimental situation. Bohn and Juli-
enne [58] have derived useful results concerning the mod-
ification of the scattering lengths by far off-resonant light.
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A recent experiment by Grimm and co-workers demonstrates
the possibility of tuning the scattering length of rubidium
over a wide range, using such an optically induced Feshbach
resonance [59].

This method is appealing in the case of metastable helium,
at least with the “He isotope which has no hyperfine struc-
ture, because, in this case, there are no magnetic field induced
Feshbach resonances. Prospects for substantial changes of a
induced by light are analysed in a recent paper by Koelemeij
and one of us [52]. Modifications of a to very high values as
well as to vanishing or even negative values, is anticipated for
experimentally realistic conditions, although the magnitude
of the optical Feshbach resonance depends strongly on the
exact value of a. To avoid substantial losses and heating of
the trapped atoms, one may apply the laser beam only for a
short duration.

4 Conclusion

Our goal was not to make a review of all the molecular data
deduced from cold atom experiments but to show that the
interpretation of the new information obtained through ultra-
cold atom experiments requires very high quality molecu-
lar information, which can be given by traditional molecular
high accuracy spectroscopy, but also requires good precision
ab initio calculations of molecular potentials.

We have taken most of our examples from the studies
with metastable helium dimers and we have briefly quoted
some results obtained with alkali atoms. The experiments
are numerous and the list of atom pairs studied is expanding
every year. We have not discussed specifically the formation
of cold molecules: this field is rapidly expanding and many
recent results are reviewed in reference [60] and the following
papers in the same issue of European Physical journal D.

We hope that we have convinced the quantum chemists
that their help is needed and that the collaboration with cold
atom physicists could be very fruitful.
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