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Abstract. The present article gives a review of various photoassociation (PA) experiments performed at
ENS with a gas of ultracold atoms of metastable helium in the 23S1 state, using a PA laser beam red-
detuned from the 23S1–2

3P transitions. Molecular spectra close to the D2 atomic line (23S1 ↔ 23P2) are
presented. All the measured lines are identified as a signature of molecular bound states having a strong (if
not pure) quintet spin character at short interatomic distance. Close to the D0 atomic line (23S1 ↔ 23P0),
giant helium dimers can be produced [see Phys. Rev. Lett. 91, 073203 (2003)]. A laser set-up improved
recently allows us to measure very accurately the binding energy of the ro-vibrational ground state of
the 0+

u purely long-range potential and the agreement with the theory published previously is excellent.
Finally, preliminary results on 2 photon PA spectroscopy are given.

PACS. 32.80.Pj Optical cooling of atoms trapping – 33.20.Kf Visible molecular spectra – 34.50.Gb Elec-
tronic excitation and ionization of molecules – 34.20.Cf Interatomic potentials and forces

1 Introduction

Photoassociation (PA) spectroscopy is an appropriate me-
thod for acquiring information about the collisional prop-
erties of laser-cooled atoms. It provided abundant results
for alkali diatomic molecules and allowed the testing of cal-
culations of molecular states and the measurement of life-
times of excited states with great precision [1]. It also led
to precise estimates of the s-wave scattering length [2,3],
that rules the interactions between particles in quantum
gases and hence most of their collective properties [4].

The present article deals with PA experiments per-
formed with an ultracold gas of 4He atoms in the 23S1

metastable state (denoted He∗ hereafter). The case of
He∗ is distinctive in that each atom carries a large inter-
nal energy of 20 eV, which enables very efficient ionizing
collisions, the so-called Penning collisions [5]. However,
if the atomic cloud is spin-polarized, this ionization rate
is strongly reduced [6–8], higher atomic densities can be
achieved and Bose-Einstein Condensation (BEC) is made
possible [9,10]. The high internal energy of He∗ allows for
a very efficient detection of the neutral atom He∗ itself
and of the ion rate resulting from Penning collisions in-
side the cold gas [11]. In addition, with only 2 electrons,
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ab initio calculations of the atomic fine structure are accu-
rate, which makes He∗ an appealing candidate for preci-
sion spectroscopy and fundamental tests [12]. Finally the
absence of hyperfine structure for the 4He isotope is an ad-
ditional simplification of the molecular photoassociation
spectra.

Our group started photoassociation experiments in
He∗ [13] to study the elastic and inelastic collisions in
the ultracold gas. Although BEC has been achieved with
He∗, experimental determinations of the s−wave scatter-
ing length a are still controversial [9,10,14] with one recent
article claiming improved accuracy [15]. Ab initio determi-
nations [16,17] are not accurate enough to provide better
accuracy. This uncertainty limits the quantitative study
of the collective properties of the ultracold gas like the
hydrodynamical modes [18], for instance. Other motiva-
tions deal with future experiments where the interactions
between atoms could possibly be modified by light [19,20].

Photoassociation experiments with He∗ were first re-
ported in a Magneto-Optical Trap (MOT) by two groups
in The Netherlands [21]. One-photon PA spectra were
measured using ion-rate detection. In the present paper,
we describe an ensemble of 1- and 2-photon PA experi-
ments performed at ENS under different conditions, that
is with a gas of He∗ atoms magnetically trapped at tem-
peratures close to the BEC transition, and using opti-
cal detection. The first section briefly recalls the basis
of a molecular analysis used to interpret the PA spectra
obtained with a laser operating on the 23S1–23PJ lines.
The experimental apparatus is described in some detail,
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with particular emphasis on the different laser set-ups
which are used. The following section gives new results on
PA spectra recorded with a laser close to the 23S1–23P2

transition: it provides important complementary informa-
tion to [21], which gives a new insight into the mechanism
of Penning collisions. Section 5 briefly recalls the exis-
tence of giant helium dimers in a purely long-range 0+

u
potential [22]. The binding energy of the ro-vibrational
ground state of the 0+

u purely long-range potential is mea-
sured with improved accuracy. It compares extremely well
and confirms earlier theoretical predictions. The last chap-
ter presents prospects on the 2-photon PA experiments in
progress, set in order to determine accurately the interac-
tion potential between 2 metastable atoms.

2 Molecular potential curves

Using a PA laser pulse red-detuned with respect to one
of the 23S1 ↔ 23PJ (DJ ) atomic lines (J = 0, 1, 2), we
can drive a transition from the 5Σ+

g electronic state (i.e.
a free pair of 23S1 + 23S1 spin-polarized metastable he-
lium atoms undergoing a collision) to a bound state in an
electronic potential connected to one of the 3 asymptotes
23S1 + 23PJ . When the PA laser is resonant with such a
free-bound transition, molecules can in principle be pro-
duced. This leads secondarily to a drop in the optical den-
sity and an increase in the temperature of the cold atomic
gas (see Sect. 3.2). Measuring the PA laser frequency for
which the optical density of the cloud drops results in a
measurement of the energy of the molecular state with re-
spect to the energy of the initial free pair. Since the atomic
cloud is so cold (typically 10 µK in our experiment), the
energy of the initial free state is well determined and con-
sequently we directly measure the binding energy of the
molecule. (Indeed, in our experiment, finite-temperature
effects become relevant when the transition energy can be
measured to within 1 MHz or less, as discussed in Sect. 5.)
The actual production of molecules is then confirmed by
the comparison of this experimental molecular spectrum
with the calculated one.

The calculation of the binding energies requires the
knowledge of the electronic potential curves. In general,
the short range part of molecular potentials cannot be
calculated exactly. At long interatomic distances however,
the molecule can be treated as a two body system, that
is two atoms perturbed by their electromagnetic interac-
tion. In the asymptotic case of a 23S1 +23PJ helium pair,
the perturbation is well approximated by the resonant
dipole interaction [23]. The Movre-Pichler approach [24]
considers this interaction together with the fine-structure
interaction as a perturbation of the non-relativistic atom
pair. When applied to the non-rotating 23S1 + 23PJ he-
lium pair [25], this approach allows for the calculation of
the long-range part of the 54 molecular potential curves
which are connected to the 23S1 + 23PJ asymptotes. Par-
tial results are shown Figure 1. Starting from the gerade
5Σ+

g states, only ungerade states can be excited in our ex-
periment, and we restrict ourselves to these states in the
following.
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Fig. 1. Ungerade electronic potential curves (in GHz) for the
23S + 23PJ system with fixed nuclei versus the internuclear
distance R (in atomic units; 1 a0 � 0.0529 nm), as calculated
in [25]. The electronic states are labeled with the projection
Ω = 0, 1, 2, 3 of the total electronic angular momentum on the
internuclear axis. The quantum numbers ± and u (ungerade)
characterize the properties of the states with respect to the
reflection and inversion symmetries, respectively. The ellipse
outlines the only four ungerade attractive potential curves con-
nected to the 23S1 +23P2 asymptote, that have partly or fully
quintet character at short interatomic distance (see Sect. 4).
Three arrows indicate the three purely long-range ungerade
potential wells (see Sect. 5).

Two different kinds of attractive potential curves ap-
pear in Figure 1. First, in most cases the attractive long-
range potential curves become repulsive at small inter-
atomic distances, where the Movre-Pichler approach is
no longer valid. For the corresponding states, the bound
states can not be determined. However, as illustrated in
Section 4, the accumulated phase method [26] can be used
to take into account the effect of the unknown repul-
sive part of the potential in the position of the bound
states. Then, three attractive long-range potential curves
(showed by three arrows in Fig. 1) become repulsive at
large distance. The corresponding molecular states are the
so-called “purely long-range” states, for which the repul-
sive part is also due to the resonant dipole interaction.



J. Kim et al.: Photoassociation experiments with ultracold metastable helium 229

The existence of a minimum at large distance in these
potential curves can be understood as an anti-crossing
between one attractive and one repulsive dipole-dipole
potential curve due to the atomic fine structure interac-
tion [25]. Giant dimers can be produced in the purely long-
range states, and their binding energies can be accurately
calculated while taking into account ro-vibrational cou-
plings in between the Movre-Pichler potential curves [25,
27,28]. In Section 5 we show that in the specific case of
purely long-range dimers, the agreement between the cal-
culations and the accurate experimental determinations
of the binding energies is very good, provided retardation
effects are accounted for in the resonant dipole-dipole in-
teraction. In particular we present an improved measure-
ment of the binding energy of the ro-vibrational ground
state (v = 0) in the 0+

u , J = 1 purely long-range potential
well.

3 Experimental set-up

3.1 Preparation of the cold cloud

A beam of metastable atoms is generated by a continu-
ous discharge in helium gas cooled at liquid nitrogen tem-
perature. A flux of 2 × 1014 atoms/s/sr, with a velocity
of around 1000 m/s, is generated and further decelerated
by a Zeeman slower. Atoms are first trapped in a quartz
cell by a magneto-optical trap (MOT) [29] using laser
beams with a large detuning in view of minimizing the
rate of light assisted Penning collisions which destroy the
metastable atoms [30]. Then, 5 to 10×108 atoms are trans-
ferred into a purely magnetic trap of the Ioffe-Pritchard
type. A subsequent radio-frequency-induced evaporative
cooling sequence cools the gas in 8 s down to the µK range.
The metastable atoms can be accumulated at large den-
sities because they are spin-polarized in the trap. Indeed,
spin-conservation rules [6] strongly inhibit the Penning
ionization when the colliding pairs of atoms are spin po-
larized (i.e. in a quintet spin state). Bose-Einstein conden-
sation can be reached and the critical temperature is in
the range of 1 to 4 µK [9,31], depending on the strength
(i.e. oscillation frequencies) of the magnetic trap.

The photoassociation (PA) experiment takes place in
the trapped ultracold gas at temperatures slightly above
the Bose-Einstein phase transition, in the range 2 to
30 µK. The bias field of the magnetic trap can be varied
from 0.1 up to 10 Gauss, which changes the compression
and thus the density of the cold gas. For a typical bias
field of 4 Gauss and a temperature of 15 µK, the den-
sity is of order 1013 atoms/cm3. We illuminate the cloud
in the magnetic trap during a few ms with a low-intensity
PA beam (see Fig. 2). The PA beam is parallel to the mag-
netic field and circularly polarized to induce the desired
molecular transition.

3.2 Detection

After the PA pulse, a delay of a few 100 ms is introduced
before the switching off of the magnetic trap and the de-
tection, so that cloud can thermalize before it is detected.

3) Detection
laser beam

coils for the
magnetic trap CCD

camera

1)  atomic beam 2)  PA laser

Fig. 2. Experimental set-up. (1) The slow beam of metastable
helium atoms loads a MOT. The cloud (represented by an el-
lipse at the center of the quartz cell) is then cooled by rf-
induced evaporation in a 3-coil magnetic trap. (2) The cloud
is illuminated inside the trap for a few ms by a PA laser pulse,
propagating parallel to the magnetic field. (3) After a few
100 ms the trapping field is switched off and the expanding
cloud is imaged on a CCD camera by absorption of a probe
beam.

In the present experiment, the detection is optical through
the absorption of a resonant probe beam by the cloud.
Pictures are recorded with a CCD camera allowing us to
measure the trap loss, the optical density and the temper-
ature of the gas deduced from the size of the cloud after a
ballistic expansion. When the PA laser is resonant with a
molecular transition, we measure a drop in the peak op-
tical density and a strong increase in the temperature of
the cloud. The temperature increase allows us to measure
precisely the position of the molecular lines.

The heating results from the dissociation of the mole-
cules into pairs of fast atoms, produced with a kinetic en-
ergy corresponding to the binding energy of the molecular
state. Most of these fast atoms escape from the trap with-
out affecting significantly the cloud but a small fraction of
them remains trapped, depending on the trap depth and
on the vibrational level that was reached. The trapped
fast atoms then thermalize with the cold atomic sam-
ple through elastic collisions. The temperature rises with
a characteristic thermalization time, depending on the
atomic density. This is shown in Figure 3 where the tem-
perature of the gas is plotted as a function of the delay be-
tween the PA pulse and the detection pulse. This “calori-
metric” detection method thus demands a long enough
thermalization time to be effective. In order to understand
quantitatively the temperature rise, one has to compare
the kinetic energy distribution of the fast atoms to the
magnetic trap depth. Orders of magnitude are found sat-
isfactory to explain the observed temperature increase. In
addition, it turns out that even a few % photoassociation
efficiency leads to a significant temperature rise, whereas
the corresponding trap-loss is not detectable. In our exper-
iment, the calorimetric detection method is significantly
more sensitive than trap-loss detection.
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Fig. 3. Heating of the cloud when the PA beam is resonant
with a molecular transition. The increase of temperature is
plotted as a function of the time delay between the PA illumi-
nation and the switching off of the trap and detection pulse.
This set of data is obtained with a cloud prepared at 3.5 µK
with a density of 3×1012 cm−3. The depth of the magnetic trap
is 10 mK. The PA pulse has an intensity of Isat/3 during 10 ms
and is resonant with the transition towards the v = 2 level in
the 0+

u potential (see Sect. 5). An exponential curve with a
characteristic time of 1.4 s is fitted to the data.

3.3 Laser set-up

The PA laser beam is produced by a DBR (Distributed
Bragg Reflector) diode laser operating on one of the fine
structure lines of the 23S1 ↔ 23P helium transition. The
laser is single mode with a linewidth of 3 MHz without
additional frequency narrowing. It can be frequency-tuned
without mode hop over more than 600 GHz (i.e. ∼ 2.5 nm)
by changing the diode temperature. The laser beam is
amplified using an ytterbium-doped fiber amplifier, with-
out significant modification of the spectral characteristics.
The PA laser beam is triggered and pulsed using Acousto-
Optic Modulators (AOM) and sent to the cell via an
optical fiber.

A first laser set-up (hereafter called set-up I) is de-
signed for broadband frequency tuning with only a servo-
control of the temperature of the diode laser. The laser
frequency is measured using a Fabry-Perot cavity, stabi-
lized in temperature. The cavity is injected by both the
PA laser beam and a master laser beam stabilized on the
D2 line. The length of the reference cavity is swept over
several Free Spectral Ranges (FSR) using a piezo-electric
transducer. The comparison between the frequencies of
the two lasers is made by counting the number of FSR
separating the two frequencies. In this way, the frequency
of the PA laser is measured with a typical accuracy of
20 MHz and can be tuned over several 100 GHz. With
this laser set-up, we accumulate PA spectra up to 15 GHz
to the red of the D2 line (see Sect. 4).

For an improved frequency stability and precision, we
use a second laser set-up (II), for which we put the same
diode laser in an external cavity, reducing the linewidth
down to 300 kHz. When stabilizing the laser on an atomic
transition through saturated absorption spectroscopy, the

master laser

PA laser

LO

FD

VREF

to the cloud

CPID

PD

Σ
Fig. 4. Laser set-up (III): a reference laser is stabilized on an
atomic transition. The beat signal between the master and the
PA lasers is detected by a fast photodiode (PD) and amplified,
mixed down with a local oscillator (LO), filtered by a low-pass
filter, divided by a frequency divider (FD), converted into a
voltage by a frequency to voltage convertor (C), compared to
a reference voltage (VREF ) and finally used by the proportional
integrator derivator (PID) for the servo lock of the PA laser.

accuracy of the PA laser frequency is brought to 0.5 MHz.
We then tune the PA laser frequency by using 1, 2 or
3 AOM’s in series, allowing for an overall detuning ranging
between –800 and +800 MHz across an atomic resonance.
This set-up is used in the experiments described in [22]. It
allows a very accurate measurement of the binding ener-
gies of molecular states that are close enough to an atomic
transition.

In order to reach larger detunings and keep the pre-
cision of the stabilization on an atomic line, we use a
third laser set-up (III), similar to that of reference [32].
We again compare the frequency of the PA laser to that
of a master laser stabilized on an atomic transition, but
we monitor the beat signal between the two lasers (see
Fig. 4) with a 2 GHz-bandwidth photodiode and compare
it to a local oscillator at 1 GHz. The frequency differ-
ence is further divided by a fixed factor and converted
into an analog voltage. Finally this voltage is compared
with a reference voltage for providing an error signal used
to servo lock the current of the PA laser diode. The PA
laser frequency can be adjusted by varying the frequency
of the local oscillator or the reference voltage. The scan-
ning range is from 0.8 GHz to 1.5 GHz. The accuracy of
the PA laser frequency is 0.5 MHz. For a fine scan around
the chosen frequency, this set-up can be combined with
one or several AOM’s. The present device is needed to
measure accurately higher binding energies like the one of
the J = 1, v = 0 ro-vibrational ground state in the 0+

u

purely long-range potential (see Sect. 5). In the future, we
can update this efficient laser set-up with a faster photo-
diode in order to allow for larger detunings with the same
accuracy in the PA laser frequency.
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Fig. 5. Example of PA spectra obtained to the red of the
D2 atomic line. The drop in peak optical density results both
from trap loss and temperature increase of the sample. The five
spectra displayed are obtained with different PA laser exposure
times (from 150 ms to 30 ms) and intensities (from 3Isat to
Isat/10). Each spectrum is a series of up to 500 individual
data points smoothed by averaging over 5 adjacent points.

4 Molecular spectroscopy to the red
of the D2 transition

We first report on photoassociation experiments per-
formed close to the 23S1−23P2 helium atomic transition.
Similar studies have been carried out in The Nether-
lands [21] with unpolarized metastable helium atoms ac-
cumulated in a MOT at a temperature of order 1 mK
and with a detection based on ion rate production mon-
itoring. In our experiment the atomic cloud is 103 times
denser and the temperature at least 100 times lower. Fur-
thermore the atoms are spin-polarized in the magnetic
trap and the detection is optical (see Sect. 3.2). The data
are taken using the experimental sequence detailed in Sec-
tions 3.1 and 3.2 and the laser set-up (I). Figure 5 displays
five sets of experimental data obtained with different in-
tensities and exposure times for the PA laser, in the range
from 0 to −1.5 GHz. Importantly, in our experiment a
PA spectrum is the result of up to several hundred indi-
vidual data points, which are each obtained after a full
experimental sequence (loading of the MOT, transfer in
the magnetic trap, evaporative cooling, PA pulse, ther-
malization time and detection), which takes typically 20
to 30 seconds. Therefore, in a first attempt, we have accu-
mulated in a systematic way the complete spectrum from
the atomic line down to –6 GHz only.

The interpretation of this spectrum is done by as-
signing each observed PA line to a ro-vibrational level in
one of the ungerade electronic potential curves shown in
Figure 1. Only molecular states which have quintet spin
character at short distance are expected to remain stable
against Penning ionization, due to spin conservation rules
similar to those mentioned above for colliding metastable
atoms. Among the 8 attractive potential accessible to the
red of the 23S1 + 23P2 asymptote, only 4 potentials out-
lined in an ellipse in Figure 1 are relevant for the inter-

pretation of the molecular spectrum, as they contain a
quintet component at short distance. The long-range part
of these 4 potentials is 2u, 1u and 0+

u for two of them. (The
other 4 attractive potentials containing only triplet or sin-
glet components lead to an ionization probability equal to
unity at very short internuclear distance and can a priori
not sustain any bound molecular state.)

Because the short-distance part of the molecular po-
tential is not known accurately, we apply the accumulated
phase method [26] to try to assign the PA lines to one or
several of the 4 relevant potentials. Close to the dissoci-
ation limit, the binding energy of the molecular states is
very small compared to the interaction energy at short
distance. Consequently, the effect of the inner part of the
potential is almost the same for all theses states and the
phase of the corresponding radial wavefunctions are al-
most all identical. For each of the 4 potentials, we integrate
inwards the radial Schrödinger equation and we compute
the phase of the wave function at fixed internuclear dis-
tance R = 20 a0 (with a0 � 0.0529 nm) for each of the
resonance energies detected in the experiment. Our calcu-
lation is an elementary one-channel calculation in which
only the diagonal part of the rotational couplings are con-
sidered, which lead to an independent set of “effective”
molecular potentials. No coupling to any ionizing channel
is taken into account. Plotting the resulting accumulated
phases as a function of the PA laser detuning allows us to
identify series of data points which all lead to the same
accumulated phase in a given potential. One thus deduces
that the corresponding PA lines are the signature of molec-
ular states with increasing vibrational quantum number in
this potential.

As an example, Figure 6 shows the calculated accu-
mulated phase at R = 20 a0, as a function of the binding
energies for the 7 lines which are assigned to the J = 3
vibrational progression in the 2u potential. The linear fit
has a residual positive slope of 0.012 radian/GHz, which is
the first order correction to the assumption of stationarity
of the accumulated phase. In fact, from our preliminary
spectrum measured up to –6 GHz, only 5 PA lines were
found to give a nearly constant accumulated phase in the
2u, J = 3 effective potential curve. The corresponding
binding energies are (in GHz): –0.455, –0.98, –1.88, –3.37,
–5.64. The existence of this identified series then allowed
us to predict the position of other lines in the same poten-
tial with larger binding energies: they must also have the
same accumulated phase at R = 20 a0. That is how we
could predict and then measure two additional molecular
PA lines which are assigned to the same 2u, J = 3 poten-
tial with binding energies of –8.95 GHz and –13.67 GHz
(see Fig. 6), although we did not make systematic scans
at large detunings, as explained above.

Up to now we observed 27 molecular lines to the
red of the D2 atomic transition at the following energies
given in GHz with respect to the 23S1 + 23P2 asymp-
tote: −0.09, −0.185, −0.200, −0.235, −0.280, −0.455,
−0.51, −0.62, −0.98, −1.07, −1.22, −1.275, −1.37, −1.88,
−2.00, −2.42, −2.59, −3.37, −3.57, −4.25, −4.53, −5.64,
−5.90, −7.45, −8.95, −11.70, −13.67. The accuracy of
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Fig. 6. Plot of the calculated accumulated phase at R = 20 a0,
as a function of the binding energies for the 7 lines correspond-
ing to the J = 3 vibrational progression in the 2u potential.
The linear fit has a residual positive slope of 0.012 radian/GHz.

these measurements (done with laser set-up I) is 20 MHz.
Among those lines, 22 are assigned in the same way to
4 ro-vibrational series in 2 potential curves: 2u and 1u.
To the level of approximation with which we compute the
molecular potentials (see Ref. [25]), these two states be-
come purely quintet at short distances. The 5 unidentified
lines have the lowest binding energies (i.e. smallest PA
laser detunings), and the experimental accuracy given by
laser set-up (I) is not good enough to compute reliable
accumulated phases. Our identification technique seems
to show that only molecular states which become purely
quintet at short distance can produce the PA lines we de-
tect in our experiment.

It is interesting to compare the present results with
those of the experiment in Utrecht where ions are de-
tected. After the calibration of the frequency measurement
has been corrected in the Utrecht experiment [33], a large
number of lines were found at the same PA laser detuning
in both experiments. In addition to the ungerade states
which are detected in our experiment, the Utrecht group
can detect PA lines corresponding to gerade molecular
states. On the other hand some molecular states producing
fewer ions could not be detected in Utrecht, whereas we
detect them. The two experiments at ENS and in Utrecht
are largely complementary and a detailed comparison be-
tween the results gives new insight into the mechanism
of the Penning ionization process. A forthcoming collab-
oration paper discussing that comparison is being com-
pleted [34], leading to more detailed assignments.

5 Accurate spectroscopy in the purely
long-range potential to the red
of the D0 transition

Since the purely long-range molecules were first proposed
by Stwalley et al. [35], photoassociation spectroscopy of
such molecules has been a very powerful tool examining
the ground state molecular wave function and for pre-
cise determination of s-wave scattering lengths for alkali
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g potential
is taken from [16]. Note the change in energy and length scales
between the 5Σ+

g and the purely long-range 0+
u potential wells.

The excited potentials are taken from [25] and are the only ex-
perimentally accessible potentials linked to the 23S1 + 23P0

asymptote. Five bound states (v = 0 to 4) are observed in the
0+

u well. Their inner turning points are around 150 a0, their
outer turning points range from 250 a0 (v = 0) to 1150 a0

(v = 4).

atoms [36–38]. Purely long-range potentials primarily de-
pend on the leading C3/R3 terms of the electric dipole-
dipole interaction and on the atomic fine structure which
is very accurately determined in the case of 4He in the
23P state. Precise calculation of the potential wells and
ro-vibrational energies is thus possible [25,28].

Figure 7 shows the long-range part of the potentials
that can be excited in our experiment in the vicinity of
the D0 atomic line. The 0+

u potential well is purely long-
range and contains 6 vibrational levels. The correspond-
ing molecules have inner turning points at internuclear
distances larger than 150 a0 and outer turning points as
large as 1150 a0, which make them the largest diatomic
molecules observed so far. Molecules produced by photoas-
sociation of He∗ are very likely to autoionize due to the
same mechanism as the one responsible for Penning ioniza-
tion. We already mentioned above that Penning collisions
are inhibited by spin polarization of the atomic cloud. We
now emphasize that purely long-range states is another
situation where the autoionization can be avoided. Indeed
in a 0+

u purely long-range molecule, the two nuclei are
never close enough to each other that the autoionization
mechanism can occur. This is the reason why the purely
long-range dimers were never observed in the Utrecht ex-
periment using exclusively ion-rate detection [39].

In our experiment, calorimetric detection (see
Sect. 3.2) allows us to detect purely long-range molecules
produced in the 0+

u molecular state displayed in Fig-
ure 7, when the PA laser is red-detuned from the D0

atomic line. A typical PA resonance data obtained for the
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Fig. 8. Detection of the resonant production of the J = 1,
v = 0 ro-vibrational ground state molecules in the 0+

u purely
long-range potential well. For this experiment the atomic
Zeeman energy at the center of the magnetic trap is µB0 =
h×8.6 MHz and the initial temperature of the cloud is � 12 µK.
After the PA laser pulse (100 ms) and further thermaliza-
tion (200 ms), the remaining atoms are detected optically (see
Sect. 3.2). (a) The number of atoms, (b) the temperature in
µK, and (c) the peak optical density of the cold gas are plot-
ted versus the PA laser detuning from the atomic D0 line. Each
point represents a new evaporated cloud after PA pulse illu-
mination, thermalization, and ballistic expansion. The curves
in graphs (a) and (c) indicate the averaging of data over five
adjacent points. The curve in graph (b) is a Lorentzian fit to
the data centered at –1435.0(3) MHz, with a width of 3.6 MHz.
Strong heating of the atomic cloud is observed when the PA
laser is resonant with a molecular transition.

ro-vibrational ground state (J = 1, v = 0) of the 0+
u po-

tential well is shown in Figure 8. Although few atoms are
lost (Fig. 8a), a strong increase in temperature (Fig. 8b)
and consequently a strong decrease in peak optical density
(Fig. 8c) are observed. Indeed, since the cloud is very cold
(12 µK in the case of Fig. 8), the excitation of relatively
few molecules is enough to cause significant heating. Thus,
the atomic cloud serves as a sensitive calorimeter capable
of detecting the position of the molecular line. This data
is obtained with the laser set-up (III) which allows us to
tune the PA laser as far as –1.5 GHz and keep an accuracy
of 0.5 MHz on the frequency determination.

For an accurate interpretation of the data, we need to
take into account the correct line-shape function, which
may include shifts and/or asymmetric broadening due to
the Zeeman effect (the PA experiments are performed
inside the magnetic trap) and the non-zero kinetic en-
ergy of the colliding atoms (the trapped gas has finite
temperature). Additional shifts due to various mecha-

Table 1. Measured and calculated values of the binding ener-
gies in the 0+

u potential well for J = 1. First column (A) shows
the experimental results. The energy of the v = 0 state was
recently measured with the laser set-up (III) (see Sect. 3.3).
The other columns show the results of theoretical calculations
with (B) a one-channel calculation obtained by perturbation
theory [25], (C) a multi-channel calculation performed with the
mapped Fourier grid method [27], and (D) the result of Venturi
et al. [28]. All energies are in MHz.

Experiment Theory
v (A) (B) (C) (D)

5 − −2.487 −2.59 −2.59
4 −18.2 ± 0.5 −18.12 −18.31 −18.30
3 −79.6 ± 0.5 −79.41 −79.68 −79.65
2 −253.3 ± 0.5 −252.9 −253.17 −253.12
1 −648.5 ± 0.5 −648.3 −648.52 649
0 −1418.1 ± 0.5 −1418 −1417.92 −1418.1

(−1430 ± 20)a

a Preliminary value obtained with the laser set-up (I) and re-
ported in [25].

nisms are negligible in our experimental conditions [25].
To first approximation, the binding energy hb (with h the
Planck’s constant) of the molecule produced is given by
hb ≈ hδ + 2µB0 + 3kbT , where δ is the PA laser detun-
ing corresponding to the center of the PA line, µB0 is the
Zeeman energy of one atom at rest at the center of the
trap, and T is the temperature of the gas. Several spec-
tra similar to that of Figure 8 are recorded in different
conditions of magnetic field and temperature (see Sect. 3)
and finally the binding energy of the ro-vibrational ground
state (J = 1, v = 0) in the 0+

u potential is found to be (in
frequency units) b = −1418.1± 0.5 MHz.

Table 1 recapitulates the binding energies previously
measured and calculated in the 0+

u potential well for
J = 1, with the updated experimental result for the v = 0
state presented above. The first column (A) shows our ex-
perimental results. The other columns show the results of
theoretical calculations including retardation effects in the
dipole-dipole interaction, with (B) a one-channel calcula-
tion obtained by perturbation theory [25], (C) a multi-
channel calculation performed with the mapped Fourier
grid method [27], and (D) the result of the multi-channel
calculation performed by Venturi et al. [28]. For each vi-
brational level, the measurement and the different theo-
retical works agree very well. Experimentally the v = 5
level is too close to the continuum to be measured, the
v = 4 to v = 1 levels have been measured with laser set-
up (II) and already reported in [22], and the v = 0 state
has been measured at first with laser set-up (I) and more
accurately recently with the laser set-up (III).

The new measurement of the v = 0 line is the most pre-
cise (4 × 10−4 relative uncertainty) of those made for the
five bound states detected in the 0+

u potential and con-
firms the excellent agreement between the experimental
values and the theoretical predictions. It also provides an
essential basis for the future experiment with two-photon
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Fig. 9. Scattering length versus the expected binding energy
of the least-bound state in the 5Σ+

g potential. The graph is
obtained by calculating the binding energy of the least-bound
level and the scattering length after varying slightly the attrac-
tive part of the potential given in reference [16].

photoassociation, in which the ro-vibrational ground state
in the 0+

u potential is coupled to the weakest bound state
in the 5Σ+

g ground state potential (see Sect. 6).

6 Perspective: two-photon PA spectroscopy

Two-photon PA spectroscopy is a powerful probe for the
determination of ground-state molecular interaction po-
tentials (see for instance [40]). In particular, accurate de-
termination of the s-wave elastic scattering length a for
He∗ can in principle be obtained with a 2-photon spectro-
scopic determination of the least-bound vibrational state
in the potential, through which two colliding metastable
atoms interact. The method has been demonstrated with
Lithium atoms by Abraham et al. [2]. In the case of 4He∗
the binding energy of the least-bound 5Σ+

g state can rea-
sonably be expected between –10 MHz and –150 MHz as
shown in Figure 9. This calculation is based on the ap-
proximate analytic expression given in reference [16] for
the 5Σ+

g potential: the attractive part of this potential
is slightly varied within the uncertainty range claimed by
the authors, and the corresponding scattering length and
least-bound state are calculated. Assuming the scattering
length is close to 200 a0 [15], the graph displayed in Fig-
ure 9 suggests that the s-wave scattering length would be
determined with a relative accuracy of order 1% provided
the binding energy of the least-bound state could be mea-
sured within 1 MHz.

Figure 10 illustrates the principle of a possible 2-
photon molecular resonance to be observed in order to ap-
ply the method above to the case of He∗. Photon (1) from a
first laser excites a pair of colliding atoms into one of the
molecular bound states of the long-range 0u

+ potential.
A second laser (2) drives the transition from this molec-
ular state into the ν = 14 molecular bound state of the
5Σ+

g potential. Our attempts to find a two-photon molec-
ular resonance are directed towards two different paths,
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Fig. 10. Schematic of the two-photon photoassociation exper-
iment: a free pair of atoms in the S + S asymptote get excited
with laser (1) to an intermediate molecular level of the S + P
asymptote (in this case one of the vibrational states in the 0u

+

potential). The excited molecular state is stimulated to decay
into the least bound state of the 5Σ+

g molecular potential by
laser (2). The radial wave functions are represented for the fi-
nal state and the excited intermediate state in the case v = 0.
The Franck-Condon factor associated to the transition driven
by laser (2) is maximal when the 0+

u intermediate state is in
its ro-vibrational ground state (J = 1, v = 0).
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Fig. 11. (a) Frustrated PA scheme: laser (1) resonant with
the excited molecular state probes the dressed states created
by laser (2). (b) Stimulated Raman scheme: a coherent transfer
is driven from the initial pair of free atoms to the least-bound
state in 5Σ+

g potential through the intermediate pure long-
range state. The frequency of laser (2) is always higher than
the one of laser (1).

that are (a) two-photon frustrated photoassociation and
(b) two-photon stimulated Raman photoassociation. The
level diagram for these schemes is shown in Figure 11.

In the first scheme (Fig. 11a), the frequency of laser (1)
is kept fixed on the single-photon PA resonance. Accord-
ing to the detection method explained in Section 3.2, this
introduces appreciable drop in the optical density of the
atomic cloud. Then, the frequency of laser (2) is scanned
and when it becomes resonant with the transition between
the two bound states, the upper bound state should un-
dergo the so-called Autler-Townes [20,41] splitting as is
described in a dressed-level picture. Consequently, the first
photon is brought out of resonance, which should result in
a recovery of the optical density signal. This technique has
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been successfully applied, for instance to PA experiments
in Rb described in [42].

In the second scheme (Fig. 11b), both lasers (1) and (2)
are detuned from the molecular level with a common de-
tuning δex to the excited molecular state. We denote here-
after ∆r the frequency difference between the two lasers.
If ∆r matches exactly the energy difference (in frequency
units) between the initial (free pair of atom) and the final
state (least-bound state in the 5Σ+

g potential), an efficient
coherent transfer is expected into the final state [20] if the
two lasers are phase locked. These kinds of transitions are
expected to have very narrow linewidths dominated by
the lifetime of the 5Σ+

g molecules. A rough estimate of the
lifetime of these molecules, taking into account only the
Penning ionization as the limiting factor, gives a linewidth
of the order of 1 MHz. This scheme was employed by
Wynar et al. [43] to produce a significant amount of Rb2

molecules out of a Rb Bose-Einstein Condensate.
In our attempts to find a two-photon molecular reso-

nance we have applied the two techniques above. Prelim-
inary experiments were done with the laser set-up (II),
with which the ro-vibrational ground state of the 0+

u po-
tential could not be excited. Therefore, the 0+

u , J = 1,
v = 2 bound state has been chosen to be the excited inter-
mediate state. Based on the 5Σ+

g potential given by [16],
modified as explained earlier to reproduce a scattering
length close to 200 a0, the Franck-Condon factor associ-
ated with the transition between the excited state and the
v = 14 molecular state of the 5Σ+

g potential is calculated
to be of the order of 10−2. Under these conditions, we are
not successful in applying the frustrated photoassociation
scheme.

Under the same conditions, the stimulated Raman
technique provides some interesting signals. We indeed
observe narrow resonances whose widths are as small as
0.5 MHz. However it does not correspond to the molec-
ular resonance we are looking for. In these experiments,
the frequency of laser (2) is kept fixed while the frequency
of laser (1) is scanned across the PA resonance. A typical
optical density signal is shown in Figure 12. The broad
decrease in the optical density is due to the production of
the v = 2 purely long-range state thanks to photon (1).
But the narrow dip on the wing of the molecular resonance
turns out to be the signature of a Raman resonance be-
tween two different spin states of a free pair of metastable
atoms, through an intermediate excited state. Photon (1)
(propagating parallel to the trapping magnetic field) must
be σ−-polarized to excite a pair of trapped atoms in the
0u

+ purely long-range state. Photon (2) stimulates the in-
termediate excited state into a free pair of atoms, with a
total projection of the final spin state depending on the
angular momentum transferred back to the light field. If
photon (2) is also σ−-polarized, no dip is visible. If it is
π or σ+ polarized, then the narrow dip appears when the
difference ∆r between the two laser frequencies is equal to
once or twice the Zeeman energy µB0 of one single atom
in the field B0 at the center of the magnetic trap, respec-
tively. This corresponds to a total transfer of 1 or 2 units
of angular momentum (respectively) after the 2-photon
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Fig. 12. Observation of a two-photon Raman transition be-
tween different spin states of free pairs of colliding metastable
atoms. Vertical axis: optical density of the atomic cloud. Hori-
zontal axis: detuning of laser (1) with respect to the one-photon
PA resonance corresponding to the 0+

u , J = 1, v = 2 molecular
state. Two laser beams are applied as shown in Figure 11b.
Laser (1) is σ−-polarized and its frequency is scanned. Laser
(2) is π-polarized and its frequency is fixed. The solid line is
an average over 3 adjacent data points. The sharp dip on the
wing of the broad resonance occurs when the difference ∆r be-
tween the two laser frequencies equals the Zeeman energy of
one single trapped atom. The distance between the center of
the broad resonance and the narrow dip is δex as defined in
Figure 11b.

process has been completed. By varying the value of the
fixed frequency of laser (2), we found that the interme-
diate excited state in this 2-photon process is the atomic
state 23S1 +23P0, rather than the molecular bound state.

The observation of these two-photon transitions be-
tween different Zeeman sublevels is encouraging in terms
of driving stimulated Raman transitions. Recently we have
built laser set-up (III) with which we hope to be able
to drive a 2-photon molecular resonance through the ro-
vibrational ground state (J = 1, v = 0) of the 0+

u purely
long-range molecule (instead of the v = 2 vibrational state
used above). The Franck-Condon factor for the transi-
tion from this v = 0 state to the least-bound state in
the 5Σ+

g potential well is estimated to be 10 times larger
than from the v = 2 state. Also, the 0+

u , J = 1, v = 0 state
being significantly further detuned from the atomic D0

line, a larger optical power can be used in photon (2),
which should enhance the efficiency of the 2-photon pro-
cess. The accurate measurement of the binding energy of
the 0+

u , J = 1, v = 0 state as described in Section 5 is
a preliminary result towards new 2-photon experiments
which are just starting as we complete the present paper.

7 Conclusion

The present article gives a review of the experimental work
which has been carried out on photoassociation in mag-
netically trapped metastable helium (4He∗) at ENS. PA
spectra are recorded using an original “calorimetric” de-
tection method where the temperature of the atomic cold
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gas is used as a sensitive probe for the resonant produc-
tion of molecules. Most of the PA lines observed when
the PA laser is red-detuned from the D2 atomic line have
been identified. They correspond to ungerade molecular
states which have a purely quintet character at short in-
teratomic distances. All PA lines observed when the PA
laser is red-detuned from the D0 atomic line correspond to
the J = 1 vibrational progression of the 0+

u purely long-
range dimer [22]. An accurate measurement of the binding
energy of the ro-vibrational ground state (J = 1, v = 0) of
this dimer has been made possible by the use of laser set-
up (III) recently built in our group. It confirms earlier the-
oretical calculations performed using different approaches.

The work on PA in 4He∗ is still in progress. If a 2-
photon stimulated Raman signal is obtained between 2
molecular levels, an accurate value of the s-wave scatter-
ing length can be expected. The success of this project
strongly depends on the lifetime of the least-bound molec-
ular state in the “ground state” potential, which is still
unknown. In case this molecular state is observed, the
experiment could be reproduced in the Bose-condensed
phase. One could thus investigate the possibility to popu-
late a substantial fraction of molecules from the atoms in
the condensate.

The results of the present article on the PA spectra
close to the D2 line could be of some practical use in fu-
ture experiments where we try to modify the interactions
between metastable atoms by light, as calculated in [20].
These calculations show that significant changes of the
scattering length suppose a very large intensity of the PA
beam, and thus a large detuning to avoid prohibitive scat-
tering losses. The existence of relatively long lived molec-
ular states (i.e. somewhat robust against Penning ioniza-
tion) whose position can be predicted could be exploited
in that respect.

Future updates to the present experiment will in any
case include important modification of the experimental
set-up in order to insert an ion detector in the vacuum
system. This would allow for monitoring the ionization
rates produced by the Penning collisions in the atomic
vapor and by the autoionization of the molecules produced
by photoassociation. Such a detection scheme will prove
useful as a diagnostic to follow in real time the evolution of
the metastable population as well as the production and
decay of cold molecules.
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Leininger, J. Phys. B 37, 587 2004
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