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Translationally cold caesium molecules are created by photoassociation below the 6s + 6p; ), excited
state and selectively detected by resonance enhanced two photon ionization (RE2PI). A series of
excited vibrational levels belonging to the 0, symmetry is identified. The regular progression of the
vibrational spacings and of the rotational constants of the 0, (6s + 6p; ) levels is strongly altered in
two energy domains. These deviations are interpreted in terms of resonant coupling with deeply bound
energy levels of two upper 0, states dissociating into the 6s + 6p;, and 6s + 5d;, asymptotes.

A theoretical model is proposed to explain the coupling and a quantum defect analysis of the
perturbed level position is performed. Moreover, the resonant coupling changes dramatically the
spontaneous decay products of the photoexcited molecules, strongly enhancing the decay into deeply
bound levels of the a®%,” triplet state and of the X'Eg+ ground state. These results may be relevant
when conceiving population transferring schemes in cold molecule systems.

1 Introduction

Cold and ultracold molecules have received increasing attention
in recent years due to significant advances and potential new
applications they offer in several directions: ultra-high resolu-
tion molecular spectroscopy, tests of fundamental theories in
physics, clocks based on molecular transitions, full control of
the dynamics of cold chemical reactions, and design of quantum
information devices.'™ Among the various approaches to form
stable cold molecules, the photoassociation (PA) of laser-cooled
atoms into an excited molecule followed by stabilization via
spontaneous emission has proven very successful to obtain large
and dense samples of ultracold homonuclear and heteronuclear
alkali dimers.* Ultracold molecules in the lowest rovibrational
level of their electronic ground state have been observed in this
way,>S through subsequent vibrational cooling using a femto-
second laser,”® and by combining PA with the Stimulated
Raman Adiabatic Passage (STIRAP) method.” Spectacular
developments have also been achieved through the control of
Feshbach resonances of ultracold colliding alkali atoms with
external magnetic fields in combination with the STIRAP
method to create ultracold molecules in their absolute ground
state level.!*!!

In order to have control of the final molecular quantum
state, a precise knowledge of the relevant potential energy
surfaces and of their interactions is necessary. Different
high-resolution spectroscopic techniques, such as PA, Fourier

Laboratoire Aimé Cotton, CNRS, Univ. Paris Sud, bdt. 505, Campus
d’Orsay, 91405, Orsay Cedex, France.

E-mail: andrea.fioretti@lac.u-psud.fr

+ Permanent address: CNISM, Dipartimento di Fisica, Universita di
Pisa, Largo B. Pontecorvo, 56127 Pisa, Italy.

transform, single photon and two-photon resonance spectro-
scopy, provide a wealth of information about molecular
energy surfaces.'> With this information, coherent as well as
incoherent quantum state transfer processes can be engineered
using suitable laser beams and different electromagnetic fields.
The efficiency of a transition to a possible final state is limited
by selection rules on angular momentum, parity and spin as
well as by the overlap between the wavefunctions of the two
levels, the square of which is called the Frank—Condon (FC)
factor.'? Several interactions can couple potential surfaces of
different electronic states, thus giving the opportunity to
override these limits. As a consequence, the related energy
spectra of the involved molecular states are perturbed.
Relatively large energy shifts and rotational constant varia-
tions are expected for levels of coupled states sharing the same
energy range.”” In the cold molecule domain, such ‘resonant’
coupling between vibrational levels induced by the interaction
of two (or more) electronic states'* has been observed for both
caesium and rubidium dimers, giving rise to a significant and
unexpected enhancement of cold molecule formation.!>!®
Prospective studies of resonant coupling in cold heteronuclear
alkali dimers also recently appeared.'®?° Note that coupling
between electronic states but with no direct interaction
between energy levels is invoked for the formation of ultracold
RbCs?! and KRb'® ground states molecules.

The work presented here reports on high-resolution spectro-
scopic results concerning the 0, attractive state of the caesium
dimer correlated to the 6s + 6p;, excited asymptote. Although
this energy region has been already investigated in photo-
association experiments*® and in analysis,”>** here we have
for the first time the possibility to study the complete reaction
mechanism by performing high resolution PA spectroscopy and
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by analyzing spectroscopically the final states and vibrational
levels of the molecules after the radiative stabilization. In this
way we can isolate two subtle mechanisms, a three-state resonant
coupling in the excitation and a two-photon decay that make this
experiment a paradigm for cold molecule formation experiments.
We are able to probe efficiently the molecular population of the
vibrational levels of both the lowest triplet state a’%, (hereafter
simply referred as @) and the singlet ground state X'Z,” (hereafter
simply referred as X). We can thus detect 20 high-lying vibra-
tional levels belonging to the 0, (6s + 6p; ) state.

Both vibrational and rotational progressions appear to be
perturbed by the presence of two vibrational levels belonging
to a higher lying 0, state. The positions of the perturbing
levels are deduced through a Lu-Fano analysis.”>2® The
analysis?>?* of data of ref. 22 already showed a perturbation
in the progression of the binding energies of the 0, (6s + 6p;/2)
vibrational levels. We were able to record energy positions with
a high accuracy and thus measure the rotational constants for
many observed lines.

The effect of the perturbing levels not only alters the
spectroscopic signature (position and rotational constant) of
the levels but also changes completely the radiative decay
paths to the ground states. While unperturbed 0, levels mainly
decay into high lying levels of the a state, the perturbed ones
preferentially either decay into much more deeply bound levels
of the a state, or undergo a two-photon decay into deeply
bound levels of the X singlet ground state (see Fig. 1).
In particular we observe a large decay towards the first 60
vibrational levels of the X state. Similar two-photon decay
mechanisms have been observed starting from different excited
states'®?” and also proposed in ref. 28. These observations,
which can probably be generalized to other homonuclear and
heteronuclear cold molecular species, will be useful for the
engineering of quantum state transfer schemes. They contri-
bute to pave the way towards the production of cold molecular
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Fig. 1 (color online) The cold molecule formation scheme. Atom
pairs are associated by the PA laser. Three different decay processes
are possible, leading respectively to: two free atoms (1), triplet ground
state molecules (2) and singlet molecules (3-3’). More details are given
in the text.

samples with an extreme control over external as well as
internal degrees of freedom.

The paper is organized as follows: in Section 2 we describe
the experimental setup and the excitation and detection
mechanisms. In Section 3 we report the results, i.e. the spectro-
scopic analysis and the selective detection of deeply bound
ground state molecules. In Section 4 we present a spectro-
scopic analysis based on the vibrational quantum defect while
in Section 5 we discuss a theoretical model explaining the
whole process. Conclusions and prospects are reported in
Section 6.

2 Experiment

The experimental setup has been described in greater detail in
ref. 7, 8, 29 and 30. Briefly, a sample of N & 10’ laser-cooled
caesium atoms is trapped in a standard MOT, at a density
n > 10" cm™ and at temperature 7 &~ 100 uK. The accurate
values of these quantities are not measured because the
MOT parameters are optimized directly on the signal to
noise ratio of the photoassociation signal. An intense laser
(~300 W cm ) induces PA transitions to excited state
molecular levels in the 11125-11175 cm™! range. These mole-
cules either decay into two free atoms or into ground state
dimers, leading in both cases to trap losses. Cold molecules are
not trapped and slowly undergo a ballistic expansion under
gravity. They are available in the interaction volume for about
10 ms for further study and detection. Cold ground state
molecules are detected after pulsed two-photon photoioniza-
tion, in the 15700-16100 cm ™' range, into Cs; molecular
ions. They are accelerated to a pair of microchannel plates,
being time-of-flight separated from atomic ions.

By tuning the frequency of the photoassociation laser a
target molecular state is selected and, after spontaneous decay,
ground state molecules can be formed. When molecules are
produced in the deepest bound levels (roughly vy = 0-30) of
the singlet X state, a vibrational cooling phase can be added to
pump most of these molecules into a single selected level,
normally vy = 0. This is accomplished either with a shaped
femtosecond laser”® or simply with a broadband diode laser.?

An extensive PA spectroscopy of the 4 attractive Hund’s (¢)
case states (O 0, 1, and 1 o) dissociating to the 6s + 6p3)»
asymptote has been done in the past,®' as well as 2-color PA
spectroscopy of the last bound levels of the lower triplet
state.>? Here, we do not intend to perform extensive spectro-
scopy of molecular states below the 6s + 6p;, asymptote,
already reported in ref. 22. Rather, we utilise spectroscopy
to put in evidence a subtle coupling mechanism between three
0, potential surfaces leading to interesting quantum state
transfer. The PA laser is set to excite at long range vibrational
levels belonging to the 0, (6s + 6p;») state, in the first 20 em™!
below the atomic asymptote. This series had already been
observed several years ago in Laboratoire Aimé Cotton®® and
more recently in the University of Connecticut at Storrs.?

PA to the 0,(6s + 6p;;) state and the cold molecule
formation scheme is represented in Fig. 1. In this region these
levels are coupled to some inner ones, presumably belonging
to the upper 0,(6s + 6ps) and 0, (6s + 5ds5,) states (see
Section 5). Excited molecules may decay at long range into
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two free hot atoms (process 1) or, alternatevely into ground
state dimers (processes 2 and 3-3’). In either case photo-
associated atoms are lost from the MOT and a decrease in
fluorescence can be observed, giving rise to trap loss spectrum.

The 0, being a state of gerade symmetry, any one-photon
spontanous decay ends up either (process 2) into the a ground
state or into the Q = 0,//~, 1, and 2,, components of the b>II,,
state, located at intermediate energies (process 3). Selection
rules on g/u parity and total spin conservation should make
the latter state metastable. Nevertheless, a resonant coupling
with the 0, (A'Z,) state can allow a further decay of the
0,/ (b°I1,,) component into the X ground state (process 3').%® This
two-photon decay is indeed present since ground state X levels
are observed. It seems favored at shorter internuclar distances
but the relative efficiency of the two processes (2 and 3-3) has to
be discussed.

2.1 Selective ionization spectroscopy

Ground state cold molecules can be efficiently ionized into
Cs, ions by the Resonance Enhanced 2-Photon Ionization
(RE2PI) process proceeding through different intermediate
molecular states. Several detection schemes have been used
at different laser energies. In particular, all the schemes
detecting caesium molecules in the a state have been recently
reviewed in ref. 34. In experiments aimed to detect PA
processes as efficiently as possible, non-selective ionization
RE2PI schemes are preferred, like those used in ref. 18, 33
and 35 for a and X state molecules. On the contrary, if
quantum state transfer processes are studied, selective detection
of molecules distributed among the different ro-vibrational
levels is necessary. In the present case we need only to be able
to distinguish the electronic state and the vibrational level of the
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Fig. 2 (color online) The cold molecule detection scheme. Transitions
between the X — C and the X — D states are used to detect deeply bound
singlet molecules while transitions between the a—(3)° T states are
used for triplet molecules. The energy domain is 15700-16 100 cm™".

Details are given in the text.

produced molecules so we use selective ionization in the
15700-16 100 cm ™! energy range with the schemes of Fig. 2.

Ionization of deeply bound molecules in the X state proceeds
via the C'TI,(6s + 5d) state, hereafter referred as C, and the
D'S, (6s + 5d) state, hereafter referred as D. Assignment of
the observed ionization lines is done according to the known
spectroscopy of these states.>*>® Molecules in the « state are
ionized via the (3)32; excited state. Line assignment is done by
calculating the transition energies from ref. 34 and 39 for the a
and for the (3)323,+ potential curves, respectively.

Some older spectroscopic data from ref. 33 are also used.
In that case 0, (6s + 6p,)») lines were simultaneously detected
by trap loss and by ion detection (see Fig. 3b). The ionizing
laser was tuned in the 14000 cm ™' region, where molecules in
both X and « states are detected. Due to the high density of
intermediate states, we consider the detection in this case
unselective.

3 Results

Photoassociation as well as photoionization spectra are
recorded for all detected 0,(6s + 6p;/,) levels. This allows
us to study both the PA mechanisms and the decay schemes
leading to cold molecule formation. In the following, we will
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Fig. 3 (color online) (a) Photoassociation spectra for three different
vibrational levels of the 0, (6s + 6p;,) state. The photoionization laser
is adjusted in the 15700-16 100 cm ™~ region to the wavelength giving
the optimal PA signal for each spectrum. As the PA spectra have been
normalized, the different signal to noise ratios are indicative of the
different combined formation/detection efficiency for each PA line.
(b) Simultaneous recording of ion yield (lower trace) and trap loss
(upper trace) for v/ = 27 (data from ref. 33). Ionization frequency is in
the 14000 cm ™" region. Trap loss lines indicated with (I) belong to the
0,/ (6s + 6py),) series. Lines indicated with (*) are not assigned.
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indicate with v the usual vibrational numbering of levels
starting from the bottom of the potential curve of each state.
On the contrary, the levels of the investigated 0,(6s + 6p;»)
state will be numbered with the symbol v/ which counts the
levels starting from the dissociation limit. This is done to be
consistent with the following analysis of Section 4. As levels
up to dissociation are not all observed, the number of the
missing levels is calculated with the LeRoy—Bernstein fit of the
vibrational energies of Section 4.1.

3.1 0,(6s + 6py;2) photoassociation spectroscopy

We report in this section the spectroscopic results for the
04 (6s + 6p, ) state. The frequencies of the measured lines are
summarized in Table 1. It includes some lines (v/ = 11-18)
with an unresolved rotational structure observed by trap
loss in ref. 33, some lines (v/ = 20-27) observed by both trap
loss and ion yield and some others (v' = 28-44) observed
exclusively by ion yield. Two lines, labeled E; and FE,,
having a particularly large rotational constant are observed.

Table 1

Their position cannot fit into the 0,(6s + 6p;,,) vibrational
progression.

Some PA lines are shown in the spectra of Fig. 3. The
observed rotational progression is shown in Fig. 4. Due to our
selective detection in the 15700-16 100 cm ™' region we were
not able to observe further lines for detunings below 47.5 cm™"
with respect to the 6s(F = 4) — 6p;(F = 4) transition.
Rotational levels from J = 0-6 are observed, nevertheless
signals of J = 6 lines are extremely weak and are not reported
in Table 1. The 0,(6s + 6p;,) state corresponds to a Hund’s
case (¢) coupling scheme,®' where the molecular electron
angular momentum L and the spin angular momentum §
are strongly coupled to each other and to the nuclear rotation
angular momentum /N (which has quantum number labelled /)
but only weakly with the internuclar axis. In this case the good
rotational quantum number is J = /. As in photoassociation
the initial state is a collisional state, / represents also the
collisional partial wave. Thus, the observed PA spectra could
seem surprising at our atomic temperature of 100 pK because
the rotational barrier height for the / = 6 partial wave is as

Experimental energy detuning A and rotational constants B, of observed lines. Line numbering is given by v = integer(vp — v). The lines

v = 11—18 and El, indicated by superscript a, are deduced from older trap loss data.>® The (negative) detunings A are referred to the atomic
hyperfine transition 6s(F = 4) — 6p;»(F = 4) whose absolute energy value 11178.15105 em™~'.*? For comparison, in the last two columns are
reported also the detunings and rotational constants measured at lower resolution in ref. 22. The acronym ND stands for ‘not detected’

A detuning/cm !

Present data Ref. 17
v J=0 J=1 J=2 J=3 J=4 J=25 1000 x B, 1000 x 26(B,) J =1 1000 x B,
11 —0.9494?
12 —1.1943%
13 —1.4921°
14 ND
15 —2.2441* —2.241
16 —2.7090* —2.704
17 —3.2443? —3.234
18 —3.8316% —3.842
19 ND ND
20 —5.2323 —5.2301 —5.2257 —5.2195 —5.2109 1.098 0.005 ND
21 —6.0427 —6.0401 —6.0353 —6.0282 —6.0189 —6.0067 1.19 0.06 —6.037
22 —6.9287 —6.9259 —6.9205 —6.9127 —6.9023 1.3 0.1 —6.923
23 —7.8887 —7.8862 —7.8802 —7.8717 —7.8593 —7.8433 1.51 0.07 —7.875
24 ND ND
25 —9.9558 —9.9520 —9.9426 —9.9280 2.3 0.3 -9.95 1.75
26 —11.0106 —11.0049 —10.9925 —10.9751 —10.9515 2.9 0.1 —11.006  1.78
27 —12.0901 —12.0847 —12.0730 —12.0560 —12.0349 —12.0069 2.77 0.05 —12.086 1.76
28 —13.3053 —13.3015 —13.2916 —13.2781 —13.2610 —13.2385 2.23 0.05 —13.305 2.0
29 —14.6881 —14.6847 —14.6772 1.83 0.05 —14.63
30 ND
31 —17.8668 —17.8636 —17.8564 —17.8459 —17.8316 —17.8140 1.76 0.05 —17.865  1.65
32 —19.6366 —19.6332 —19.6259 —19.6152 —19.6010 —19.5833 1.78 0.05 —19.638  1.65
33 —21.5201 —21.5165 —21.5092 —21.4983 —21.4835 —21.4657 1.82 0.05 —-21.517 1.84
34 —23.5132 —23.5010 —23.5022 —23.4906 —23.4740 —23.4550 1.94 0.04 —23.682
35 ND ND
36 ND ND
37 —30.1231 —30.1180 —30.1074 —30.0921 —30.0716 2.6 0.1 -30.118  2.68
38 —32.3985 —32.3928 —32.3811 —32.3640 —32.3396 2.9 0.1 —-32.395 2.8
39 —34.6316 —34.6249 —34.6109 —34.5896 —34.5617 —34.5258 3.53 0.06 —34.626  3.06
40 ND N.D.
41 ND —38.74
42 —41.7576 —41.7517 —41.7404 —41.7240 —41.7020 —41.6739 2.78 0.05 —41.756 2.6
43 —44.5543 —44.5490 —44.5377 —44.5220 —44.4991 —44.4711 2.77 0.06 —44.551 29
44 —47.4569 —47.4508 —47.4387 —47.4212 —47.3982 —47.3676 2.96 0.05 —47.453 2.7
45 ND —50.498 2.6
El  —10.4483" —10.3950" —10.3416® —10.2700* —10.2056* —10.1251*  8.9% 0.1 ND
E2 —359873 —35.9697 —35.9344 —35.8813 —35.8096 8.9 0.1 ND
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Fig. 4 (color online) Measured rotational constants. Red symbols
refer to lines measured in ref. 33. Triangles indicate E1 (red) and E2
(black) lines.

high as 3.5 mK. This is due to the fact that the MOT trapping
laser was left on during the PA phase, leading to an accelera-
tion of the colliding pair at long range and thus to an increased
number of observed partial waves.*’

From the trap loss signal of Fig. 3b an estimation of
the number of photoassociated (excited) molecules can be
obtained. Then, a complete calculation, including transition
dipole moments and Frank-Condon factors between all
involved levels, would allow us to estimate the number of
produced cold ground state molecules. The number of trapped
atoms Ny in the trap when the PA laser is applied is deter-
mined by the rate equation expressing the balance between the
loading rate L and the various loss rates

dNat
dt

LN (B4 ) [

vol

where n,, is the atomic density, 7 is the loss rate due to
background gas collisions, f§ is the loss rate due to binary
collisions among trapped atoms and finally fpy is the loss rate
resulting from PA on trapped atoms. The PA rate per atom
Rpa = Ppalna, where (n,) is the average atomic density,
can be determined from the steady-state solution of eqn (1)
which gives for the number Npp (N, pa) Of trapped atoms in
presence (absence) of photoassociation

Npa _ 7+ Blna)
Nuopa 7+ (B + Bpa) (7ar)

)

considering a Gaussian distribution of the atomic density
(nay) = 2732 Npeak» With 71pc.i the peak density) and a uniform
intensity of PA laser on the MOT.?**! In this case

ston = (o o)) (N 1) ()

PA

Therefore, in the case of (v = 27, J = 2) line, where trap
losses due to PA amount to 12% of the fluorescence signal and
where the no-PA loss rate (i.e. in absence of photoassociation)
has been separately measured to be ™' = y + (1)

1.4 s7', we can estimate a PA rate #ps ~ 0.2 s~ ! per atom.
For a total number of trapped atoms N,, = 5 x 10”, this gives a
rate of 5 x 10° photoassociated (excited) molecules per second.

To calculate the ground state molecular yield for this line we
should evaluate the branching ratio between the spontaneous
decay into two free atoms and that into a bound molecule.
As discussed, the latter is possible either via a direct decay into
the a state or via the two-step cascade decay into the X state
through the intermediate 0, state. As the second process can
proceed through a large number of intermediate vibrational
levels, the exact calculation is quite lengthy and has not been
performed here. Therefore we propose here a simple estimate
of the number of produced molecules instead. The relatively
large (~40) number of detected ions per shot with an esti-
mated microchannel-plate detection efficiency of 10% allows
us to say that the production rate is larger than 400 molecules
in the 10 ms of molecular residence time in the detection
region. The maximum molecular yield would be obtained
when all the photoexcited molecules decay into ground state
molecules, i.e. 5 x 10* molecules in 10 ms. We expect the real
yield to be in between these two numbers, probably closer to
the upper limit as the rotational constant of this line corres-
ponds to a wavefunction with an average distance (R) =
18.2ay, ag being the Bohr radius, short enough to decay mainly
towards the bound levels of the ¢ and X states.

3.2 Production of deeply bound molecules in the X state

Fig. 5d shows the photoionization (PI) spectrum obtained,
for reference, with the PA laser tuned to the v = 6 of the upper
04 (6s + 6p3)») state at 11665.2055 cm”!, following the level
numbering of ref. 43. In this case the PA process populates
many vibrational levels in the a state. All the visible PI lines
can be assigned to a-(3)32‘.g+ transitions. No triplet molecules
are efficiently detected for ionization energies in the region
immediately below 15827.5 cm~'. We notice incidentally that,
at our lower resolution, we can fully confirm the energy level
spacings for the « state that can be calculated from the
potential curve deduced in ref. 39 (red, black and blue lines
below Fig. 5d). The PI spectra in Fig. 5a show that the first
detected levels (v/ = 23 in the figure) of the 0, (6s + 6p;)

V,=50 - v5=0

v =23 a)
/g ' =
; V' =26 b)
\m_/
B v,=48 - v;=0 v,=48 - vy=2
>
5| v=31 f( 0)
y

v=607(P;,) d)

N AN R N TN

15.80 15.82 .86 15.88 15.90

1584 5 4 15
Energy (10°cm )

Fig. 5 (color online) Photoionization spectra for different PA lines.
In (a), (b) and (c) the PA laser is tuned to the J = 2 ro-vibrational line
of the v/ = 23, 26 and 31 vibrational levels of the 0, (6s + 6p;,) state,
respectively. The (d) spectrum is taken with the PA laser tuned to the
v = 6, J = 2 ro-vibrational level of the upper 0, (6s + 6ps3) state.
Red (black, blue) lines correspond to calculated transition energies
between vibrational levels v, of the a state and of the v; = 0 (v; = 1, 2)
level of the (3)32,5,+ excited state.
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Fig. 6 (color online) Photoionization spectra for the v/ = 26, J = 2
PA line, without (a) and with (b) a vibrational pumping phase,
respectively. The vertical scale is the same for the two spectra and a
constant 20 ion offset is added to the (b) curve for clarity.

state close to dissociation produce cold molecules in mainly
one or two of the highest vibrational levels (v, = 50 in this
case) of the a state. Exciting the more deeply bound 0, levels
(v/ = 25-29), PI spectra change: the intensity of the lines
coming from «a levels decreases while new lines, not corres-
ponding to any known « state transition, appear. At some
point (see Fig. 5b) the spectrum becomes very dense.
Nevertheless, it can be completely interpreted as composed of
several transitions between deeply bound levels (vy = 0-60) of
the X state and excited levels belonging to the C and D states
and by transitions between deeply bound levels (v, = 6-18) of
the a state and excited levels belonging to the (3‘)32@,+ state.

As detuning is further increased (v = 31-34), PI spectra
become again essentially composed of lines coming from
ionization of high lying vibrational levels (v, &~ 48) of the
a state (see Fig. 5¢). A second region of modified decay
towards the X state is observed for levels around detuning
A~ =35cm™! (v = 38-39).

In addition to the spectroscopic assignment, by applying
a vibrational pumping phase during molecule formation we
demonstrate that the decay products of the PA lines for
detunings around —11 em™" and —35 cm™"' belong to the X
state. This experimental procedure consists of illuminating the
sample with a series of pulses of a mode-locked femtosecond
laser whose spectrum has been modified in order to eliminate
all molecular transitions starting from the vy = 0 level.’
In this way, a large fraction of the molecules originally in
the vy = 1-60 levels are optically pumped into the vy = 0 level
(the rest is pumped towards higher vibrational levels (vy > 60)
that are not detected). Molecules in any level of the a state
are not affected by the pumping process at this wavelength.
The same result can be obtained by using a shaped broadband
diode laser.? The result is shown in Fig. 6. After applying the
vibrational pumping phase there is a clear accumulation of
molecules into the vy = 0 level (Fig. 6b) together with a
depletion of most other lines of the spectrum. The remaining
lines can be assigned to transitions originating from deeply
bound levels (v, = 6-18) of the a state. This demonstrates
that, following PA of 0,(6s + 6p;.) levels in the —11 em™!
and —35 cm™' detuning region, a large fraction of ground state
molecules are produced either by one-photon decay into
deeply bound levels of the a state, that were not populated

before, or by two-photon decay into deeply bound levels
(vy = 0-60) of the ground X state.

To precisely determine the populations in the different
levels of the @ and X states we fitted our experimental ion
signal. The fitting model considers all the experimental (a — (3),
X — C and X — D) transition energies in the explored PI
domain, the experimental (when available) or computed dipole
moments and FC factors for the intermediate ionization step,
and a uniform ionization rate for the second step into the Cs3”
continuum. The results, corresponding to spectra in Fig 5 and 6,
are shown in Fig 7. Considering the uncertainty of the calcu-
lated FC factors used in the fit the results should be considered
as an estimate of the population distributions. Nevertheless,
firstly Fig. 7a clearly shows that the PA in the perturbed region
produces population in deeply bound (v, = 5-18) levels of the
a state that are not at all present after PA of unperturbed
0, levels. Moreover, due to the limited extension in the blue side
of the ionization spectrum, we are not probing the molecular
population in the first 7 levels (v, = 0-6). Secondly, Fig. 7b
shows that a large fraction of the population in the first 60
vibrational levels of the X state are optically pumped into the
single vy = 0 level. Finally, we observe that the number of
molecules in the « state largely exceeds that in the X state. Even
if these numbers, and thus their branching ratio, suffer from the
incertitudes discussed above, it is clear that the direct two-
photon decay into the X state is not the leading process. This
renews the interest for an optical pumping process capable of
converting riplet ground state molecules into singler ones.>”*

4 Analysis using the vibrational quantum defect

The method of analysis consists of converting the binding
energy, ¢, of each vibrational level (v, J/ = 0) into a number
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Fig. 7 (color online) Fitted populations of cold molecules in different
vibrational levels of the a state (a), corresponding to spectra shown in
Fig. 5, and of the X state (b), corresponding to spectra of Fig. 6.
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denoted 6, which is the vibrational quantum defect (VQD).
The conversion is done via an assumed energy law. In our case
the energy law is the LeRoy—Bernstein (LRB) one,***> which
gives the eigenvalues of the —CG/R6 potential curve. The VQD
0 is then plotted versus the binding energy ¢ for a series of
vibrational levels. ¢ is defined in such a way that if the set of
data satisfies the assumed law, then o is constant. To show the
discrepancies, 0 is plotted versus the binding energy ¢ for all
the set of data. The obtained (¢, §) graph is similar to the well-
known Lu-Fano graph.*® If the assumed law is satisfied the
expected (¢, 0) graph is a horizontal line. If not, the (e, §) graph
exhibits perturbations in the level series, generally due to a
coupling which is not included in the simple assumed law.
The next step consists of proposing a coupling model, for
example two coupled series, in order to extract an estimate of
the coupling strength and the characteristics of each series.

Such a method has already been applied successfully to
spectroscopic data of long range molecules of rubidium?®*’
and caesium®**® dimers.

Up to now one observed two types of (¢, ) graphs.
In the case of the 0,(5s + 5pij) series of RDb,,*® the (e, 0)
graph was linear. The slope was interpreted as a short range
effect in the molecular potential which was ignored in the 1970
LRB model.** An improvement of the LRB law has confirmed
this linear additional term.**->

In the case of the 0, (5s + 5pijp) series of Rb,,*
0, (6s — 6pi/») series of Cs,*® and an earlier study of the
Cs, 04(6s — 6py)2) series®® the (¢, 6) graph was linear with
additional sudden sharp variations. These variations were
interpreted as local perturbations of the molecular levels due
to a coupling with a neighboring vibrational series, having
nearly resonant levels.

4.1 LeRoy-Bernstein formula

Details about the LRB formula, the method to obtain it and
its validity, are given in Section 2 of ref. 24. The LRB formula
gives the binding energy ¢ of eigenstates for a potential curve
expressed as —c,/R". If v denotes the number of the level
(vibrational number) then ¢ is

&= By (vp— w0 =D )

In this formula, v is a constant whose integer part gives the
number of states in the potential and E, is an energy value
related to the reduced mass and to ¢,. The general expression
of E, is given in ref. 24, 44 and 45.

The asymptotic potential of the Cs, 0,(6s + 6p;)») state,
expressed in the Hund’s case (c) basis, is given by —cg/R®
where—due to the change of basis, from Hund’s case (a) to

Hund’s case (c)—the effective coefficient ¢ involves the Cs, cl

and CZ coefficients. The expression of ¢ and the values for Cs,
CI and C% taken from ref. 51 and other literature, are
discussed in detail in ref. 24 and 48. Here we pick out the
main established result, namely ¢ = (9.3732 + 0.0229) x 10°
au giving Eg = (6.8825 £ 0.0084) x 10™* cm™".

4.2 Effective vibrational number and VQD

In the analysis using the VQD, the LRB formula is applied to
define the effective non-integer vibrational quantum number,

v¥ = yp — v, of the measured level with the binding energy e.
For each measured vibrational level of the 0,(6s + 6p;))
potential curve having n = 6, v* is defined as

v = (o/E)'"”

The VQDs are defined as
0 = v¥ — Integer[v¥]

It is straightforward to see that if the LRB formula is satisfied
by a series of levels, then 6 = vp — Integer[vp] = constant for
all the levels. Thus the (g, §) graph would be a horizontal line.
Applying the method to the J = 0 data of Table 1, we
obtain the (g, §) graph given in Fig. 8. The (¢, §) graph exhibits
two perturbations located close to 11 cm ™! and 35 cm™ ! as it
was observed in ref. 24. These locations are in agreement with
the resonances of the rotational constant which are clearly
visible in the (¢, B,) graph of Fig. 4. The last point in Fig. 8§,
which has been excluded from the following fit, would appear
close to the fitted curve if negative values of VQD were
allowed. This discrepancy is probably due the limited accuracy
of the ¢¢ and E¢ values used in the assumed law of eqn (4).

4.3 Analysis using a two-series model

As done in ref. 24, the (¢, 6) graph is analyzed using a two-
series model. The procedure starts with the Demkov and
Ostrovsky model,>> where the two considered series have
regularly spaced levels (spacings A; and A,) coupled via an
assumed constant coupling V. In this case, the solutions for the
eigenenergy ¢ are given by

tan {np ;181] X tan {ns ; 82} =n’K? (5)

where ¢; (respectively ¢;) is one of the unperturbed levels of
series 1 (resp. series 2) and K the reduced coupling defined by

N
K = AA

To be applied to coupled molecular series, with non regu-
larly spaced levels, the model has been adapted. In the case of
a series following the LRB energy law, the pertinent quantity
is v¥ which is regularly spaced (the spacing is 1). It leads to the

e—

transformation of tan[n“s™] to tan[r(v* — v})]. Because of its

definition, the VQD 9 is also a pertinent quantity.
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Fig. 8 (color online) Experimental vibrational quantum defects (black
dots) fitted by eqn (6) (solid line). The last point, whose quantum defect
is close to one, has been excluded from the fit.
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In the considered energy region, the 0, (6s + 6p;.) series
can be described by the LRB model. For the perturbing state
(supposed here to be the 0,(6s + 6ps/,) one) only two levels
are involved. The spacing between them is denoted A,. For
that reason we consider the coupling of a LRB series with a
regular one and we use the following equation

tan[r(6 — p)] x tan {nb ; 82] =n*K? (6)

to fit the plot of Fig. 4. The quantity u is the VQD of
a unperturbed level of the series 1. To include the linear
additional term in the LRB formula,>** as mentioned above,
we also impose a linear variation of the VQD by taking
U = uo —ye. Because the experimental data set is narrow,
the second series is limited to two levels separated by A, with
one of them located at ¢,.

The fitting procedure, shown by the blue line in Fig. 8,
provides the following values: uo = 0.66 + 0.01;y = 0.0119 +
0.0005; &, = 11.424 £ 0.114 cm™'; Ay = 23.914 £ 0.243 cm ™ ';
and K = 0.1652 £ 0.0047. These values are in agreement with
results of ref. 24.

4.4 Wavefunction mixing and rotational constant estimation

The fitting parameters are then used to construct the matrix of
the unperturbed levels plus the coupling values. The unper-
turbed levels of the LRB series are defined by v¥ = (&/E¢)'/® =
i+ ug — ye; for i = 11 to 45. The two levels of the series 2 are
located at ¢, and &; + A,. Including the coupling V' the total
matrix is then diagonalized giving the eigenvalues and the
wavefunctions. The mixing coefficient (the character of the
level & or &+ A, in the eigenfunction) is denoted o and its
squared value is shown in Fig. 9. A mixing up to 30 percent is
observed at a binding energy close to 35 cm™! which explains
the enhancement in the molecule formation at this energy value.

The wavefunction mixing is also used to evaluate the
rotational constant B, in order to compare to experimental
data of Fig. 4. We first consider the analytic expression of the
rotational constant given by LeRoy in 1972.°* For a —c¢/R®
potential, the rotational constant is B = B, (vp — v) where

4 —1.0
=
—3 X
N =
g Q
(? g
o 2 @
- =
= o
3 5
o, =
4
N
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Fig. 9 (color online) Left axis: comparison between experimental and
deduced rotational constants. Black dots: experimental B,, dotted line:
unperturbed values BLR after eqn (7), solid line: perturbed values
BY®P given by eqn (8). Right axis (blue dots): weight o of the second
series character in the perturbed wavefunctions.

_37I@
By = SnZF(I

/
1/

2;; ;?8156 Then, we deduce

. s\ /3
BER(e) = Bug (F) )
With the Es value given previously, we obtain B, ~ 4.74 x
107> cm™! and plot this formula in Fig. 9 (dotted line).

Due to the coupling, the deduced rotational constant
BYRP is a combination of B-®(e) and of the rotational
constant BP"* of the perturbing series. It is written asi

BYPe) = (I = o)By™(e) + a’B™" ®)

Using the mixing o> of Fig. 9, and the value BP™" =
0.0088 cm™! computed from the adiabatic 04 (6s + 6p3)) of
Fig. 1, we deduce the plot of Fig. 9 (solid line). This curve,
which is not a fitting one, is in good agreement with the
experimental B, values. The discrepencies, which are less of
25 percent, are probably mainly due to the LRB model*
which neglects the short range potential effects.

5 Theoretical model

As stated in the previous section, the irregular variation of the
rotational constants of the PA lines is a well-known mani-
festation of the population of rovibrational levels of coupled
electronic states, as first observed in our group in the cold
molecule context in ref. 15. The sudden increase of the
rotational constant for isolated lines suggests that deeply-
bound energy levels (i.e. with a vibrational motion mainly
localized at short internuclear distance R) are populated
starting from a PA level essentially populated at large R.
Like in our previous papers, we looked for possible inter-
actions between electronic states giving rise to resonant
coupling between related weakly-bound and deeply-bound
levels. Fig. 10 displays the relevant excited electronic states
in the Hund’s case (a) representation, which result into the
0, states represented in Fig. 1. These potential curves are
obtained from calculations according to the method of ref. 54.
Note that the (2)3223+ curve has been shifted upward by
214 cm™' following ref. 34. The (1)°T; and (1)’T, states
(with potential curves V(;)(R) and Vp(R)) are coupled by
spin—orbit interaction, resulting into two 0, states correlated
to the 6sy,> +6p;/» 3> asymptotes. Weakly-bound levels of the
04(6s + 6p;;) state are initially populated by PA in the
present experiment. The 0,(6s + 6ps)) state has a double-
well potential which gave rise to the first observation of
ultracold molecules.®® In addition the (2)’E;" potential curve
V2) (R) correlated to the 6s + 5d limit is deep enough to have
a minimum in the energy range of the (1)323,+ and (1)31'[g wells.
The crossing between the (1)3Hg and the (2)32; curves is
responsible for giant resonant lines analyzed in our previous
experiments.'**® As indicated in Fig. 10a the (1)325,+ and
(2)32g+ curves also undergo an avoided crossing around 8a,
in the region of their inner wall. This feature is confirmed
by the R variation of the transition dipole moment (TDM)
functions (Fig. 10c), where the (1)’%, -a’E,” and (2)°%, -a’%,

1 The wavefunction written as y = o(ey) + Zfak(¢;) allows to express
B, = (Y| /QuRPY) as B, & o*By(e;) + (1 — o®)B-R(¢) because the
crossed terms as ([(e2)%/(2uR?)W(e;)) are negligible.
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Fig. 10 (a) Potential curves relevant for the present cold molecule
formation process, calculated after ref. 54. The avoided crossing
between the (1)32g+ and (2)32&,+ curves is indicated with a circle, and
the position of the 6s,,, + 6p;/, asymptote with the lowest dotted line.
(b) Corresponding spin—orbit couplings W*°(R) (full lines) (ref. 55) and
radial coupling W*™4(R) (dashed line). (c) Transition dipole moments
between the « state and the three states of panel (a).

TDM cross each other around 8ay, meaning that both states
exchange their character at the avoided crossing.

We model the problem by setting up a three-state electronic
hamiltonian H,y:

Vi(R)+ Wip(R) Wiy (R) Wi, (R)
diab = WE‘lm(R) Viy(R) W”d(R)
Wi 2)(R) Wrad(R) Vo) (R)

©)

where Wif(R) is the diagonal spin-orbit shift of the (1)L,
state, and Wii_)(R) and Wii_)(R) the off-diagonal spin—orbit
couplings between the (1)31'1g and the (1)32; and (2)32,72+ state,
respectively>> (Fig. 10b). Note that these two functions cross
each other around 8aq confirming the interaction between the
two X; states. The main parameter of the model WH(R) is
taken as a Gaussian function W™Y(R) = W, exp(—(R — Ro)*/Ar)
localized at Ry = 8aq (Fig. 10b).

Neglecting rotation and hyperfine effects, we computed the
vibrational energies and wave functions of the three-coupled
state system with the Mapped Fourier Grid Hamiltonian
(MFGH) method.®” A useful way to display the results
consists in representing the rotational constant of the eigen-
states as a function of their binding energy. In Fig. 11 we
compare these results to those of a two-state model involving
(1)3Hg and (1)32g+ . The latter model shows two distinct series
of rotational constants related to the 0, potential curves

T T T T | T I T T

o—o 3-channel calculation |

=--8 2-channel calculation

v

o
I

2_

Rotational constant B_ (x1 O'3cm'])

1 | 1 | 1 | 1 | 1 | L | 1 | b
-400 -350 -300 -250 -200 -150 -100 -50 0

Energy (cm”)

Fig. 11 Rotational constants B, of the 0, levels for a two-coupled
state model involving (1)31'Ig+ and (1)325,+ (open squares), and for a
three-coupled state ((1)31'lg, (1)32;, (2)32;) model (open circles).
Lines are drawn to guide the eye. The origin of energies is taken at
the 6s;, + 6p;), limit.

obtained after the diagonalization of the corresponding
2 x 2 submatrix in Hg,p. They correspond to two vibrational
series associated to the 0, (6s + 6p;/2) and 0, (6s + 6ps)») with
no mutual interaction. We checked that the eigenstates have a
pure 0, (6s + 6p;2) (lower series of B, values) or 0, (6s + 6p35)
(upper series of B, values, starting around —220 cm ')
character. Therefore this coupling cannot be responsible for
the population of short-range 0, (6s + 6p3) vibrational levels
after PA of long-range 0, (6s + 6p;») levels.

The three-channel model provides a spectacular change.
A new series of levels with large B, appears around —305 cm™",
corresponding to the lowest levels of the 0, ((2)3225,+ ) state. This
series is soon perturbed when entering the energy range of the
avoided crossing with the (1)32;, modifying in turn all wave
functions of the 0,(6s + 6p;») and 0,(6s + 6p3p) levels.
We zoomed these results on the experimental energy range
(Fig. 12). We clearly see that many levels have irregular B, values
(around —10 cm™', between —30 and —20 cm™!, and between
—55 and —45 cm™ ') which manifest strong wave function mixing.
We observe a qualitative agreement with the features observed in

IS
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=--a 2-channel calculation

oo (=)
I
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(o)}

Energy (cm™)

Fig. 12 Zoom of Fig. 11 in the region of the experimental results
(open diamonds).
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Fig. 4 of the experiment, while the magnitude of B, is in good
agreement. Both the position of the perturbed energy levels and
the amplitude of the wave function mixing cannot be exactly
predicted from the model, which relies on ab initio potential
curves and couplings. Nevertheless the necessity to include the
(2)321{\,+ state to induce the coupling between 0, (6s + 6p;») levels
populated by PA at long-range with short-range levels is clearly
demonstrated. The eigenstates of the three patterns in the above
regions have wavefunctions equally spread over the three
electronic states, while those with the largest rotational constant
correspond to almost pure 0, (6s + 6ps)) levels slightly mixed
with the (2)32; state. A deeper analysis of this process is currently
in progress, involving the quite large flexibility of the parameters
due to the limited accuracy of the theoretical potential curves.
A more extensive investigation by conventional spectroscopy of
these states would be desirable to identify the exact location of
these perturbations, in order to extract potential curves for all
internuclear distances.

6 Conclusions

In this paper we performed a complete photoassociation experi-
ment by exciting, in a limited range below the 6s + 6p;.
molecular asymptote, the 0, state in a cold caesium sample and
by selectively detecting the molecular decay products. The
recorded progressions of vibrational and rotational levels
showed strong perturbations for two PA energy domains,
at detunings around A = —11 cm™' and —35 ecm™". These
perturbations have been analyzed in terms of quantum defects,
allowing us to determine the positions of the two perturbing
molecular levels and the mixing of the molecular wavefunctions.
A theoretical model involving the resonant coupling of the
investigated 0, state with two upper 0, states connected to the
6s + 6ps3, and 6s + 5d asymptotes has been necessary to
explain the appearence of such strong perturbations in the
spectroscopic signature of the state.

Moreover, a selective analysis of the decay products of the
PA process allowed the monitoring of the change in the
population distribution of produced cold ground state mole-
cules. While PA in unperturbed 0, levels ends up mainly in the
very highest vibrational levels of the a state, the resonant
coupling enhances short range character of the excited mole-
cules allowing a one-photon decay into the deepest bound
levels (v, = 6-18) of the a state and a two-photon decay into
many deeply bound levels of the X state. The latter one can be
efficiently optically pumped into the single vy = 0 level.

This experiment, using the richness of the caesium molecule
in terms of couplings, allows for the identification and for the
characterization of both an excitation and a decay step that
efficiently produce cold molecules in deeply bound levels.
These mechanisms, in particular the two photon decay, should
appear ubiquitously in other homonuclear and heteronuclear
systems. They could be used to engineer schemes for cold
molecule production and quantum population transfer. Finally,
although an important fraction of the molecules can be put into
the vy = 0 level, the largest part of cold molecules are spread
over a relatively large number of levels of the « state. It would
be very important to find a way to transfer population between
these two electronic states. In this direction, a theoretical study

has been already published”® and an experiment is in progress in
our laboratory.?” The ensemble of studies pave the way towards
a complete control of both translational and internal degrees of
freedom of simple molecular systems and to applications.
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