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Abstract. We present the results of absorption measurements in a cesium vapor around 630 K, together
with photoionization spectra through a resonance-enhanced two-photon absorption of ultracold cesium
dimers created after photoassociation of ultracold cesium atoms. The maximum efficiency of the ultracold
molecule ionization is found for wavelengths where absorption at thermal energies is the strongest, in
agreement with our theoretical simulations of both processes, involving the so-called Cs2 diffuse bands.
This result will be helpful for further optimization of such a direct way of detection of ultracold molecules.

PACS. 33.80.Eh Autoionization, photoionization, and photodetachment – 33.80.Gj Diffuse spectra;
predissociation, photodissociation – 33.80.Ps Optical cooling of molecules; trapping

1 Introduction

Since their first observation in 1997 [1], cold (T ≈
0.01−1 K) and ultracold molecules (T < 0.001 K) have
encountered a growing interest from many research groups
around the world, investigating several kinds of formation
processes. Up to now, the photoassociation (PA) of a pair
of ultracold atoms is the only way to produce molecular
samples with temperatures lying in the microkelvin range
(demonstrated for Cs2 [1,2], K2 [3,4], and Rb2 [5]), or
even in the nanokelvin range [6], as it overcomes the in-
herent difficulties of direct laser cooling of molecules [7].
During the PA process, a pair of ultracold atoms within a
trap absorbs a photon with a frequency detuned to the red
of an atomic resonance [8], in order to populate rovibra-
tional levels of an attractive molecular potential, which
then decay through spontaneous or stimulated emission
to form stable ultracold molecules. Use of a number of
non-optical methods to cool molecules to the 0.1–1 K
temperature range has also been reported, such as buffer
gas cooling techniques [9] or cooling with electrostatic
forces [10]. Other alternative methods have also been pro-
posed [11–13].

In all the above studies, the detection efficiency of the
cold molecules is the keypoint for proving their existence.
Up to now, the most efficient solution, in experiments in-
vestigating ultracold molecule formation through PA of ul-
tracold atoms, consists in resonant two-photon ionization
of the ultracold molecules into molecular ions, through the

a e-mail: olivier.dulieu@lac.u-psud.fr
b Unité propre du CNRS 3321

absorption into rovibrational levels of an intermediate ex-
cited molecular state [1]. Figure 1 shows the relevant states
in the case of ultracold cesium molecules. Such a process,
usually referred to as a REMPI (Resonance-Enhanced
Multi-Photon Ionization) process, fulfills the sensitivity
requirement for the direct — though destructive — detec-
tion of the usually small amount (∼103 − 104 for cesium)
of ultracold molecules created. This method has already
been helpful to generate high-resolution PA spectra of ce-
sium [14,15] and rubidium [16] dimers, providing a wealth
of spectroscopic data on long-range molecular states, elas-
tic scattering properties, or radiative lifetimes.

At thermal energies, several studies have been devoted
to the so-called diffuse bands in high-pressure alkali va-
pors [17,18], involving an absorption transition similar to
the first step of the REMPI process described above. It is
well-known [19] that such bands correspond to molecular
transitions which are enhanced when the energy difference
between the potential curves involved exhibits one or sev-
eral extrema.

In this paper, we present experimental results showing
that in the cesium case, the recorded absorption profile
at thermal energies, is very surprisingly similar to the en-
veloppe of the molecular ion spectra observed in the ul-
tracold experiment above. This implies also that the best
ionization efficiency of ultracold molecules, i.e., the largest
ion signal, is found at the energy position of maxima in
the absorption coefficient at thermal energies. We describe
in detail in Section 2 both the absorption experiment
performed at thermal energy and experimental results of
the ionization of ultracold Cs2 molecules. In Section 3,
the theoretical interpretation of these results is given,
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Fig. 1. Formation and detection of ultracold cesium molecules.
(i) Photoassociation of a pair of ultracold ground state
atoms into levels of the double-well 0−g state correlated to
the 6S + 6P3/2 asymptote. (ii) Spontaneous emission to-
wards the lowest a3Σ+

u state. (iii, iv) Two-photon ioniza-
tion of ultracold Cs2 molecules, through absorption into levels
of the (2)3Πg(0

+,−
g , 1g , 2g) fine-structure manifold or of the

(2)3Σ+
g (0−g ) state, correlated to the 6S + 5D5/2 asymptotes.

which involves the concept of difference potentials [19].
A semiclassical calculation of the absorption rate in the
thermal regime, and a quantum modelling of the molecu-
lar ion signal recorded in the experiment, involving steps
(i), (ii) and (iii) in Figure 1, are briefly described. Their
results are discussed in detail and compared to experi-
ment, and the role of step (iv) of this figure is examined
in relation to other photionization experiments [20,21].

2 Experimental details

2.1 Absorption of a cesium vapor at thermal energies

We performed absorption measurements using a T-shaped
pyrex glass cesium cell placed in two separately heated
chamber ovens. The temperature of the lower cell part
containing liquid cesium was kept at 605 K (defines va-
por pressure). The temperature of the upper cell part of
12.8 cm in length could be varied up to 630 K. This gives
a cesium atom density nCs = 6.35 × 1016 cm−3, which
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Fig. 2. The experimental reduced absorption coefficient κabs

(lower trace) at T = 620 K, as a function of the transition en-
ergy; the upper trace shows the Cs+

2 ion yield recorded during
the photoassociation of the 0−g (P3/2) v ≈ 134 level. The de-
tuning of the PA laser is fixed at δPA = 0.43 cm−1, while the
pulsed laser wavelength λion is scanned.

is suitable for a precise absorption measurement of dif-
fuse Cs2 molecular bands. The source of background ra-
diation was a stabilized halogen lamp. The transmitted
light was spectrally resolved by means of a monochroma-
tor (Jobin-Yvon 1 500, 2 400 grooves/mm), detected by a
red-sensitive photomultiplier and recorded on a strip-chart
recorder. The amount of absorption at diffuse band max-
ima was below 10%. In order to obtain the higher accuracy
needed for the observation of numerous oscillations in the
band profiles, we electronically compensated I0, the lamp
background intensity, and the difference in transmitance
without and with cesium vapor in the cell were amplified.
In Figures 2 and 3 we present the resulting cesium diffuse
bands profiles represented uniquely by using the reduced
absorption coefficient κabs = k/n2

Cs, expressed in cm5,
where k is the absorption coefficient in cm−1. It is inter-
esting to note that the band has three distinct peaks. On
the shorter wavelength side the peak is obviously formed
of two overlapping bands, of which the one at 707 nm has
on its top three smaller peaks [22].

2.2 Ionization spectrum of ultracold Cs2 molecules

The details of the experimental setup for photoassociation
of ultracold atoms in a Cs vapor-cell magneto-optical trap
can be found in references [1,23]. The main characteristics
of the trap are a temperature around 130 µK and a peak
density of 1011 cm−3 for 5× 107 atoms. The power of the
PA laser can be tuned within the 50–500 W/cm2, and is
chosen at 100 W/cm2 in the present experiment, yielding
a rate for the production of ultracold molecules ranging
within 0.1–0.2 molecules per second and per atom. The
formation of ultracold molecules via photoassociation can
be demonstrated by using a very sensitive REMPI detec-
tion (Fig. 1). In this article, the photoassociation step se-
lects a rovibrational level for detunings δPA = 0.43 cm−1,
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Fig. 3. (a) Difference potential curves for the a3Σ+
u −

(2)3Πg(0
+,−
g , 1g , 2g) transition, relevant for the present dif-

fuse band analysis. Quantum chemistry calculations from refer-
ence [26] are used. (b) Experimental (solid line) and calculated
(dashed line) reduced absorption coefficient at T = 630 K. The
calculated curve is shifted in order to match the amplitude of
the 2g peaks. Arrows suggest the correspondance between max-
ima in the absorption spectrum and extrema in the difference
potentials.

16.06 cm−1, and 70.28 cm−1 (corresponding to v ≈ 134,
v = 55, or v = 4, respectively), lying within the exter-
nal well of the Cs2 0−g (6S + 6P3/2) double-well state [14]
(step (i) in Fig. 1). Neglecting the atomic hyperfine struc-
ture, such levels decay spontaneously into a distribution of
rovibrational levels of the lowest triplet state a3Σ+

u (step
(ii) in Fig. 1). These ultracold molecules are then ionized
into Cs+

2 ions by using a pulsed dye laser (7 ns duration,
1 mJ energy, focused to a 1 mm2 spot, providing a power
of about 107 W/cm2) pumped by the second harmonic of
a Nd–YAG laser, at a 10 Hz repetition rate (steps (iii)
and (iv) in Fig. 1). Its wavelength λion is scanned over
the 685–735 nm range, as in the experiment at thermal
energies.

The first photon of the REMPI process (step (iii) in
Fig. 1) induces bound-bound absorption between a3Σ+

u

levels of the ultracold molecules and (2)3Πg(0+,−
g , 1g, 2g)

or (2)3Σ+
g (0−g ) levels. The second step (step (iv) in Fig. 1)

corresponds to a one-photon ionization of these interme-
diate levels.

After the photoionizing laser pulse, a strong, pulsed
electric field (3 kV/cm, 0.5 µs) is applied at the trap po-
sition by means of a pair of grids spaced 15 mm apart to
accelerate the ions. The ions expelled from the photoas-
sociation region in a 6 cm free field zone constituting a
time-of-flight mass spectrometer, in order to separate the
Cs+

2 ions from Cs+ ions. A pair of microchannel plates
detects the ions. This detection scheme is quite sensitive,

allowing the detection of single ions. However, the global
efficiency of such a detection is moderate: it is limited
by the ion recollection rate (∼90%) and the microchannel
plate efficiency (∼35%), while the REMPI efficiency is es-
timated of the order of 10%. By comparing the Cs+

2 ion
signal with the trap loss fluorescence signal, and using cal-
culated branching ratio between bound-bound and bound-
free absorption probabilities for the molecules [24,25], no
more than 5% of the formed ultracold molecules are then
detected. As shown in reference [25], this number can even
vanish when ultracold molecules are formed into rovibra-
tional levels very close to the dissociation limit of the
triplet state: their radial wavefunction is concentrated at
large distances (beyond 50a0), where the transition dipole
moment is close to the (6s → 5d) atomic one, i.e., equal
to zero.

We reproduce in Figure 2 the Cs+
2 ion yield recorded

after photoassociation of the 0−g (P3/2) v ≈ 134 level,
at a detuning δPA = 12 GHz. Within the 13 850–
14 250 cm−1 transition energy range, a very dense spec-
trum is obtained, proving that almost all vibrational levels
of the ultracold molecules in the a3Σ+

u state can be ex-
cited towards (2)3Πg levels when scanning the ionization
laser [24]. The width of the pulsed laser (∼ 10 GHz) and
field broadening effects (see Sect. 3) prevent a detailed
spectroscopic analysis of such vibrational bands. The en-
veloppe of the present ion spectrum and of the reduced
absorption coefficient at thermal energies presented above
are very similar, suggesting that the same absorption step
plays the main role in both cases. We discuss below the
interpretation of these results in terms of difference po-
tentials and absorption through diffuse bands of Cs2.

3 Theoretical interpretation

The interpretation of the previous experimental spectra
follows directly from the behavior of the difference po-
tentials corresponding to the transition between the low-
est triplet state a3Σ+

u and the fine-structure manifold
(2)3Πg(0+,−

g , 1g, 2g) (correlated to the 6S+5D5/2 dissocia-
tion limit), drawn in Figure 3a. They are deduced from the
quantum chemistry calculations of reference [26] includ-
ing spin-orbit interaction. As discussed in reference [19],
when difference potentials exhibit one extremum or more,
the transition probability, and then the absorption rate
are expected to be enhanced at specific wavelength ranges,
where the transition amplitude builds up through the con-
structive interference of multiple Condon points. For in-
stance, in Figure 3a, three Condon points are present in
the 703–709 nm range, between the two extrema of the
2g−a3Σ+

u difference potential. Actually, all difference po-
tential curves in Figure 3a exhibit one minimum and one
maximum, with an increasing energy separation for the
0+,−
g − a3Σ+

u , 1g − a3Σ+
u , and 2g − a3Σ+

u pairs, respec-
tively. Local maxima observed in the experimental signal
correspond to this effect, as demonstrated below.

In the following, effects due to the Cs hyperfine struc-
ture and the rotational coupling will be neglected.
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3.1 Semiclassical determination of the absorption
coefficient

Theoretical simulations of Cs2 diffuse band absorption co-
efficient at T = 630 K are performed using the semiclassi-
cal approach already described in reference [27], and not
recalled here, considering the interaction potential curves
mentionned above. The correspondence shown with ar-
rows in Figure 3 emphasizes the good agreement, obtained
without any adjustment in the potential curves, between
the wavelength range for multiple Condon points (at most
three) in between extrema in difference potentials, and
the location of peaks in the experimental absorption coef-
ficient. This low resolution spectroscopy technique yields
thus an estimate for the accuracy of computed difference
potentials, of about 20 cm−1 here. Such a situation in-
volving three Condon points has also been discussed in a
previous study on Cs2 cusp satellite bands [28]. As the cal-
culations are performed in relative units, the magnitude
of the 2g peak has been matched to the experimental one.
A small discrepancy still remains in the intensities of the
0+,−
g and 1g peaks, possibly due the transition dipole mo-

ment functions which actually differ in all components of
the Cs2 diffuse bands. The ab initio calculations of refer-
ence [26] give only one transition dipole moment function
for Hund’s case (a) (2)3Πg potential. In our calculations
we actually assumed that all transitions in question pos-
sess this same transition dipole function, which in reality
might differ from component to component of the diffuse
bands, due to a large spin-orbit coupling, and possible
perturbations of other close-lying electronic states of the
same symmetry.

3.2 Calculation of the number of ions produced
by photoionization of ultracold molecules

We simulate the Cs+
2 ion spectrum by calculating the num-

ber of molecular ions formed, Nion, for a 0−g (P3/2) vibra-
tional level detuned by δPA, analogously to the expression
derived in reference [25],

Nion(δPA) = NPA(δPA)
∑
v′′

Pion(v′′)
∣∣〈v(0−g )|v′′(a3Σ+

u )
〉∣∣2
(1)

where the R-dependence of the dipole transition function
for the spontaneous decay step has been neglected [24].
In this equation, NPA(δPA) is the number of molecules
accumulated during the PA step, which is obtained from

NPA(δPA) = RPA(δPA)tPAnPA, (2)

with RPA(δPA) the photoassociation rate of the 0−g (P3/2)
vibrational level under consideration, whose expression
has already been discussed in details in references [24,29],
tPA ' 10 ms the residence time of the ultracold molecules
in the trap area, and nPA = 5× 106 the number of atoms
in the photoassociation area. The ionization probability
Pion(v′′) of the a3Σ+

u vibrational levels v′′ is estimated af-
ter assuming that the second step of the REMPI process

is well described by a uniform ionization probability of the
levels v′ of the (2)3Πg manifold [21], which is omitted in
the following. We thus write

Pion(v′′) = ζ
∑
v′

∣∣〈v′((2)3Πg)
∣∣D ∣∣v′′(a3Σ+

u )
〉∣∣2 f(νv′′,v′),

(3)

with D the R-dependent a3Σ+
u → (2)3Πg transition

dipole moment [26], f(νv′′,v′) = exp
[
−c (νv′′,v′ − νion)2

]
accounting for the resolution of the experiment, estimated
at δν ∼ 30 GHz, and ζ a constant ensuring that the
probability is normalized to one [30]. In this expression,
c = ln 2/ (δν)2, νv′′,v′ is the frequency of the v′′(a3Σ+

u )→
v′((2)3Πg) transition, and νion is the frequency of the ion-
izing laser used in the experiment. As in reference [25], all
bound state energies and wavefunctions and associated
overlap integrals are computed using the mapped Fourier
grid Hamiltonian method, which has been shown in previ-
ous work [31] to be well adapted to levels with very large
elongation.

As quoted in the description of the experimental
REMPI set-up, the pulsed ionizing laser has a pretty high
intensity, which induces saturation effects in the absorp-
tion. The Franck-Condon-type hypothesis of equation (1)
is then probably not well adapted to the representation of
line intensities in the experimental ion spectrum of Fig-
ure 4. A crude estimation of this effect consists in replacing
equation (1) by

Nion(δPA) =∑
v′′

min
(
S,NPA(δPA)Pion(v′′)

∣∣〈v(0−g )|v′′(a3Σ+
u )
〉∣∣2) ,

(4)

where S is an upper limit for number of ions formed from
a given v′′ level. After several trials, the value for S is fixed
at 450, which provides a good agreement of the computed
rate with the experimental one, as shown in Figure 4a for
v ≈ 134. The similar overall modulation of both types of
curves is still visible for the two other cases v = 55 and
v = 4 displayed in Figures 4b and 4c, with a contrast in
the computed signal more pronounced than in the experi-
mental one. It may be due to an inaccurate S value, as PA
levels are producing various vibrational distributions [24]
with probably different saturation patterns. However we
can see that at least for the two levels v = 134 and 55
(Figs. 4a and 4b) the ratio of the number of ions produced
is the same in the experiment and in the model. Better
agreement could be obtained by an experimental deter-
mination of the factor ζ used in equation (3) and a more
precise treatment of saturation effects. Furthermore, the
deeper the PA level is in the 0−g external well, the closer to
the dissociation limit are the populated levels in the lowest
triplet state of the ultracold molecules [24]. Hyperfine in-
teraction within the 6S + 6S manifold should be invoked,
bringing the possibility to create ultracold molecules in
the X1Σ+

g ground state, which is not included as a de-
cay channel in the present treatment. A detailed study of
these issues is under progress.
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Fig. 4. Recorded ion yield (upper traces, left vertical scale)
and computed Cs+

2 number Nion (lower traces, right vertical
scale) as functions of the ionizing laser wavelength λion, for
photoassociation of various 0−g (P3/2) vibrational levels: (a) v =
134, or δPA = 0.43 cm−1, (b) v = 55, or δPA = 16.06 cm−1,
(c) v = 4, or δPA = 70.28 cm−1. The saturation parameter
(see text) is fixed in the simulation to 450. Notice the similar
reduction in both vertical scales from (a) to (c).

The good agreement between the absorption coefficient
and the enveloppe of the ion signal can be easily under-
stood. The experiment at thermal energies relies on the
free-bound transition (or photoassociation) from a pair of
ground state hot atoms towards the (2)3Πg manifold. The
Maxwell distribution of energies washes out all stuctures
in the resulting spectrum. The ion yield recorded after
the ionization of ultracold molecules results from bound-
bound transitions between the same electronic states. In
both cases, the transitions are controlled by the same set
of difference potentials, which determine the position of
maxima in the absorption spectrum. This result also con-
firms that the second step of the REMPI process, i.e. the
transition into the Cs2 electronic continuum, does not in-
fluence the shape of the spectrum [21].

Below 13 850 cm−1, regularly spaced lines with weaker
intensity are also visible (see Fig. 2, upper trace). In ad-
dition to very weak lines associated to the (2)3Πg man-
ifold (the bottom of the 0+,−

g well lies slightly below

13 700 cm−1), they result from the ionization through the
(2)3Σ+

g (0−g ) state (drawn in Fig. 1), for which the dif-
ference potential with a3Σ+

u has no extremum over the
wavelength range investigated here. This state represents
another possible ionization step, yielding a much simpler
spectrum, as it has no fine structure (see also Ref. [16]).
These lines are completly hidden in the domain of the
above diffuse bands. Beyond 14 250 cm−1, both (2)3Σ+

g

and (2)3Πg contribute simultaneously with comparable
magnitude, again giving rise to a very dense spectrum.

Finally, one can comment on the order of magnitude
difference in the absolute magnitude of the computed ion
number shown in Figure 4 with the experimental signal,
which is already quite satisfactory, given the hypothesis of
our model. First the experimental conditions reported in
Section 2.2, linked to the ion recollection and microchan-
nel plate efficiency, lower the experimental signal by a
factor 3 to 4. The computed signal results from a bal-
ance between overestimation, due to the assumed uniform
ionization probability (actually taken equal to 1) for the
second ionization step, and underestimation due to our
crude saturation model, and to the absence of some pos-
sible channels involved in the whole process of ultracold
molecule formation and detection. Given all these hypoth-
esis, the magnitude of the computed signal should then be
considered as satisfactory.

4 Conclusion

In this work, we investigated the properties of the de-
tection scheme of ultracold cesium molecules, based on
resonance-enhanced two-photon ionization. It represents
a very efficient and sensitive detection method, which
is now well understood through the link with standard
absorption measurements of a cesium vapor at room
temperatures. The maximum efficiency of the ultracold
molecule ionization is found for laser wavelengths around
716 nm, where maxima of the absorption signal (or dif-
fuse bands) are observed. According to our theoretical
simulations, such maxima are due to the occurence of
multiple Condon points in the related difference poten-
tials. Experimental results are given in the case of ul-
tracold cesium molecules created in their lowest triplet
state a3Σ+

u , after spontaneous decay of molecules excited
in the long-range 0−g (6S + 6P3/2) state by photoassoci-
ation of ultracold atoms. Theoretical simulations show
that ionization proceeds mainly through the intermediate
(2)3Πg(0−g , 0

+
g , 1g, 2g)(6S + 5D5/2) excited states, also re-

sponsible for the diffuse bands observed in absorption ex-
periment at thermal energies. A good agreement between
theory and experiment is obtained for ultracold molecules
yielded by the decay of the 0−g (6S + 6P3/2) uppermost
vibrational levels, as the final a3Σ+

u vibrational distri-
bution is spread over a large part of the potential well.
In contrast, the agreement is less satisfactory for deeper
0−g (6S + 6P3/2) levels, which produce ultracold molecules
in vibrational levels close to the dissociation limit,
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in a region where hyperfine structure strongly mixes both
a3Σ+

u and X1Σ+
g states.

Similar studies should then be performed for other
ultracold molecule experiment. For example, photoas-
sociation of cesium molecules in ungerade states
(the long-range 1u(6S + 6P3/2) state [15], or the
0+
u (6S + 6P1/2) [25]) will mainly produce ultracold

molecules in their ground state X1Σ+
g . It should also

be noted that recent absorption experiments have de-
tected another diffuse band around 543.5 nm in cesium,
attributed to the a3Σ+

u → (3)Πg(6S + 7P3/2) [27], provid-
ing another probable efficient path for ultracold molecule
detection, as already mentionned in reference [1].
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D 2, 45 (1998).
29. P. Pillet, A. Crubellier, A. Bleton, O. Dulieu, P. Nosbaum,

I. Mourachko, F. Masnou-Seeuws, J. Phys. B: At. Mol.
Opt. Phys. 30, 2801 (1997).

30. This constant is deduced from the observation that the
calculated Pion saturates as v′′ decreases to 0 as can be
seen in Figure 4 of reference [25]. ζ is chosen as a maximal
value such that Pion(v′′ = 0) = 1.

31. V. Kokoouline, O. Dulieu, R. Kosloff, F. Masnou-Seeuws,
J. Chem. Phys. 110, 9865 (1999).


