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Science Park 904, 1098 XH Amsterdam, The Netherlands

Jacek Szczepkowski,‡ Anna Grochola, and Wlodzimierz Jastrzebski
Institute of Physics, Polish Academy of Sciences, Al. Lotników 32/46, Warszawa 02–668, Poland

Slava M. Tzanova
Institut für Quantenoptik und Quanteninformation (IQOQI),

Österreichische Akademie der Wissenschaften, 6020 Innsbruck, Austria
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We report on spectroscopic studies of hot and ultracold RbSr molecules, and combine the results
in an analysis that allows us to fit a potential energy curve (PEC) for the X(1)2Σ+ ground state
bridging the short-to-long-range domains. The ultracold RbSr molecules are created in a µK sample
of Rb and Sr atoms and probed by two-colour photoassociation spectroscopy. The data yield the
long-range dispersion coefficients C6 and C8, along with the total number of supported bound
levels. The hot RbSr molecules are created in a 1000 K gas mixture of Rb and Sr in a heat-pipe
oven and probed by thermoluminescence and laser-induced fluorescence spectroscopy. We compare
the hot molecule data with spectra we simulated using previously published PECs determined by
three different ab-initio theoretical methods. We identify several band heads corresponding to
radiative decay from the B(2)2Σ+ state to the deepest bound levels of X(1)2Σ+. We determine a
mass-scaled high-precision model for X(1)2Σ+ by fitting all data using a single fit procedure. The
corresponding PEC is consistent with all data, thus spanning short-to-long internuclear distances and
bridging an energy gap of about 75% of the potential well depth, still uncharted by any experiment.
We benchmark previous ab-initio PECs against our results, and give the PEC fit parameters for
both X(1)2Σ+ and B(2)2Σ+ states. As first outcomes of our analysis, we calculate the s-wave
scattering properties for all stable isotopic combinations and corroborate the locations of Fano-
Feshbach resonances between alkali Rb and closed-shell Sr atoms recently observed [Barbé et al., Nat.
Phys., 2018, DOI:10.1038/s41567-018-0169-x]. These results and more generally our strategy should
greatly contribute to the generation of ultracold alkali – alkaline-earth dimers, whose applications
range from quantum simulation to state-controlled quantum chemistry.

I. INTRODUCTION

Production of ultracold molecules composed of one al-
kali and one alkaline-earth(-like) atom is being pursued
with increasing effort over the last years, boosted by the
achievement of quantum degeneracy for gases of alkaline-
earth atoms and atoms with similar electronic structure
[1–3]. These heteronuclear open-shell molecules possess
a 2Σ electronic ground state. In the rovibronic ground
state, they exhibit a non-zero electronic spin angular mo-
mentum and a strong permanent electric dipole moment.
These properties make them suitable for quantum sim-
ulations of magnetism and topological quantum phases
mediated by the induced electric dipole-dipole interac-
tion [4–8]. Molecules with 2Σ ground state could also be

∗ Corresponding author: a.ciamei@uva.nl
† Corresponding author: A.Bayerle@arcnl.nl; present address:
ARCNL, Science Park 110, 1098 XG Amsterdam (NL)
‡ Corresponding author: jszczep@ifpan.edu.pl

used as sensitive magnetic field sensors [9], quantum com-
puting platforms [10], and probes of parity-violations and
variation of the proton-to-electron mass ratio [11–13]. If
one can produce a quantum degenerate gas of molecules,
where all degrees of freedom are under control, one can
study quantum chemical reactions and their dynamics at
the most fundamental level, with full control over the
reactants, in dependence of electromagnetic fields, and
detecting reaction products [7, 8, 14–17].

In order to create molecules at ultracold temperatures
and to understand quantum chemistry processes, an ac-
curate molecular model is needed. Recently ab-initio
calculations for alkali – alkaline-earth(-like) molecules
have provided potential energy curves (PECs), perma-
nent electric dipole moments and transition dipole mo-
ments, and a few attempts at benchmarking theories with
experiments have been recorded [18–24]. The precision of
ab-initio calculations is typically not enough to reliably
predict the properties that need to be known to form
ultracold molecules, such as molecular binding energies.
Theory must therefore be complemented by spectroscopy

ar
X

iv
:1

80
6.

08
58

6v
1 

 [
ph

ys
ic

s.
at

om
-p

h]
  2

2 
Ju

n 
20

18

https://www.nature.com/articles/s41567-018-0169-x
https://www.nature.com/articles/s41567-018-0169-x
mailto:a.ciamei@uva.nl
mailto:A.Bayerle@arcnl.nl
mailto:jszczep@ifpan.edu.pl


2

experiments.
Different spectral ranges can be explored with the help

of various types of spectroscopy, three of which being
relevant for the present work. Photoassociation (PA)
spectroscopy of ultracold atoms provides data with pre-
cision and accuracy reaching down to the kHz level [25–
27]. PA spectroscopy favours the production of weakly-
bound molecules, since their wavefunction has the best
overlap with the large wavefunction describing colliding
atoms. Knowledge of these weakly-bound levels is suffi-
cient to determine the long-range behaviour of the PECs
[28, 29]. Thermoluminescence and laser induced fluo-
rescence (LIF) spectroscopy in high-temperature ovens
provide spectra with many optical lines at a fraction of
cm−1 precision [18, 30, 31]. Thermoluminescence and
LIF spectra are usually dominated by the radiative de-
cay towards the most bound levels of the ground-state
potential and therefore allow to determine the behaviour
of the PECs in a range of internuclear distances centred
around the potential equilibrium distance.

In this paper we present two independent experimental
investigations of alkali – alkaline-earth RbSr molecules,
two-colour PA spectroscopy of ultracold Rb - Sr mix-
tures, and thermoluminescence/LIF spectroscopy of hot
molecules, both carried out for the first time on this sys-
tem. By combining the results from both experiments in
a joint analysis and exploiting three previously reported
state-of-the-art ab-initio calculations [32, 33], we can pro-
vide a PEC for RbSr ground-state molecules represent-
ing accurately all our experimental data and smoothly
bridging the gap between the two spectral ranges inves-
tigated. We also determine the molecular constants of
the X(1)2Σ+ and B(2)2Σ+ states, and dispersion coeffi-
cients of the X(1)2Σ+ state. We use these fitted PECs to
benchmark the ab-initio calculations, which come from
three independent theoretical methods. Thanks to this
analysis, we can infer the molecular spectra with suffi-
cient accuracy to guide future experiments (e.g. STIRAP
path towards rovibronic ground state [34–36]), as well as
atomic properties such as scattering cross sections and
magnetic Fano-Feshbach resonances.

This manuscript is structured as follows. In section II,
we summarize the experimental and theoretical informa-
tion currently available on molecular RbSr and we intro-
duce the molecular potentials that we investigate. In sec-
tion III, we present two-colour PA spectroscopy of three
RbSr isotopologues performed on µK atomic mixtures.
We use the PA spectroscopy results to fit a model from
which we extract the long-range dispersion coefficients C6

and C8 along with the zero-energy semi-classical action.
Based on this spectroscopy type alone, we calculate the
s-wave scattering properties of all isotopic combinations
of Rb and Sr, and explain the location of magnetic Fano-
Feshbach resonances observed in previous work by some
of the authors [37]. The Fano-Feshbach resonances are
then included in the fit to provide a single comprehensive
model. We corroborate this analysis by comparison with
independent cross-thermalization experiments. In sec-

tion IV, we present the thermoluminescence spectroscopy
and LIF spectroscopy in a 1000 K heat-pipe oven. We de-
tail the production of the molecular gas sample and its
interrogation. We compare the recorded spectrum with
three simulated spectra recreated starting from three ab-
initio theory calculations. From this comparison we iden-
tify 24 band heads in the data and give the fitted Dunham
coefficients, which describe the lowest vibrational energy
levels of the ground and first excited 2Σ+ states. In sec-
tion V, we use the results from both types of spectroscopy
to refine the three ab-initio ground-state potentials via
a direct potential fit of an analytic function. We discuss
the final results and how they compare with theory. In
section VI, we conclude and give an outlook.

II. RbSr STATE OF THE ART

We first introduce the molecular structure of RbSr and
the results of previous studies. RbSr has recently been
the subject of theoretical works [32, 33, 35, 38, 39], two of
which [32, 33] cover the spectral region that we are inves-
tigating and provide state-of-the-art PECs based on ab-
initio calculations. In ref. 32, Żuchowski et al. compare
two different methods. The first is a full-configuration-
interaction (FCI) treatment of RbSr, represented as a
molecule with 3 valence electrons subject to an effec-
tive core potential (ECP) complemented with a core
polarization potential (CPP), which is referred to as
FCI-ECP+CPP. The second is a spin-restricted coupled-
cluster (RCC) method, applied to a 19 electron problem
subject to a fully-relativistic small-core ECP with single,
double and triple excitations, referred to as RCCSD(T).
In ref. 33, Pototschnig et al. provide PECs obtained via
multiconfigurational self-consistent field calculations, in-
volving ECP and CPP, followed by second order multiref-
erence configuration interaction, which we label MRCI in
the following. For all three methods, PECs of the non-
rotating molecule are calculated without or with inclu-
sion of the fine-structure Hamiltonian, resulting in Hund
case (a,b)1 or (c) representation, respectively.

Experimental investigation of RbSr has been restricted
so far to Helium-nanodroplet-assisted spectroscopy [40,
41]. In these experiments a supersonic jet of He droplets
is sequentially injected into pickup cells containing Rb
or Sr, which can get caught on the droplet surface and
reactively collide forming a RbSr molecule. In contact
with superfluid He, RbSr further relaxes to its vibronic
ground state, which greatly simplifies spectroscopic stud-
ies. Extensive spectroscopy data were collected via
resonance-enhanced two-photon ionization, elucidating
the electronic structure of RbSr in the spectral region
11600− 23000 cm−1, where the precision was limited by
line-broadening due to the coupling of RbSr to the He

1 Hund cases (a) and (b) are equivalent for non-rotating molecules.
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droplet. Remarkably, RbSr desorbed from the droplet
upon laser excitation, allowing to record fluorescence of
free RbSr molecules and to extract the harmonic con-
stant of the ground state. The experimental value was
consistent with theoretical predictions, however the mea-
surement precision was not sufficient to discriminate be-
tween the three aforementioned high-precision theoretical
PECs.

The electronic states relevant to the present work are
those dissociating into the two lowest atomic asymptotes
Rb(5s 2S) + Sr(5s2 1S) and Rb(5p 2P ) + Sr(5s2 1S), see
Fig. 1. Our thermoluminescence spectra are dominated
by transitions between levels belonging to the X(1)2Σ+

and B(2)2Σ+ states. Two-colour PA spectroscopy ex-
plores the X(1)2Σ+ ground-state potential, by using in-
termediate molecular levels supported by potentials dis-
sociating into the Rb(5s 2S) + Sr(5s5p 3P ) asymptote,
see Fig. 1. From our combined measurements we there-
fore derive quantitative information about the X(1)2Σ+

and B(2)2Σ+ states. Since for both states the projec-
tion Λ of the electronic angular momentum on the in-
ternuclear axis is zero, spin-orbit coupling vanishes and
Hund case (b) is the appropriate representation for the
rotating molecule [42]. The corresponding basis vectors
are |Λ, N, S, J〉, where N is the momentum given by the
coupling between the corresponding angular momentum
vector of Λ and the nuclear orbital momentum, S is the
electron spin and J is the total electronic angular mo-
mentum. Moreover, both the atomic and molecular lev-
els are described by the total angular momentum of the
Rb atom [37], labelled F for the molecule and fRb for
the atom.
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Figure 1. The potential energy curves calculated using the
MRCI method [43] for all states correlating to the Rb(5s 2S)+
Sr(5s2 1S), Rb(5p 2P ) + Sr(5s2 1S) and Rb(5s 2S) +
Sr(5s5p 3P ) asymptotes. The solid black lines denote 2Σ+

states, the dashed red lines 2Π states, the dotted blue line a
4Π state and the dash-dotted green line a 4Σ+ state.

III. PA SPECTROSCOPY OF WEAKLY-BOUND
LEVELS

In this section, we study the bound levels supported
by the X(1)2Σ+ RbSr ground-state potential close to the
dissociation threshold using µK atomic clouds. We first
describe the two-colour photoassociation spectroscopy
we use to observe and characterize weakly-bound RbSr
molecular levels. We then present the characteristics of
the atomic mixture samples studied here. We give the
spectroscopy results and discuss their uncertainties. We
detail our data analysis and discuss the physical quanti-
ties that can readily be extracted from this type of data,
such as the zero-energy semi-classical action and the van
der Waals dispersion coefficients, which determine the
spectrum of weakly-bound levels and the atomic scatter-
ing properties. We use our findings to confirm the identi-
fication and position of recently observed Fano-Feshbach
resonances [37], and include these data into our analysis.
Finally, we corroborate the overall analysis by comparing
the s-wave scattering lengths inferred by our model with
the results of cross-thermalization measurements.

A. Overview of two-colour photoassociation
spectroscopy

We carry out two-colour PA spectroscopy to observe
weakly-bound X(1)2Σ+ levels and measure their ener-
gies referenced to the energy of the atomic scattering
state Rb(2S1/2, f

Rb = 1)+Sr(1S0). Two-colour PA spec-
troscopy exploits the presence of an optically-excited
molecular level e, which is coupled to an atom-pair state a
by the free-bound laser LFB with frequency fFB. When
this laser is resonant with the a to e transition, pairs
of colliding atoms a are transferred to e, from where
they spontaneously decay to low-lying molecular levels,
resulting in atom loss 1. If an additional bound-bound
laser LBB with frequency fBB is tuned on resonance with
a molecular transition between e and a weakly-bound
molecular level m of the X(1)2Σ+ ground state, a signifi-
cant light shift pushes e out of resonance with LFB. The
loss induced by LFB is then suppressed, resulting in an
atom number peak when varying the frequency of LBB,
see the example in Fig. 2. The energy E of the molecular
level m referenced to the energy of the atom pair a is di-
rectly given at this peak by E = h× (fBB − fFB), where
h is the Planck constant. In the limit of low temperature
and small external fields, the molecular binding energy
Eb is equal to E for levels with F = 1, and Eb = E+Ehf

for levels with F = 2, where Ehf is the Rb hyperfine
splitting.

1 We confirm that such loss originates from the formation of RbSr
molecules and not Rb2 or Sr2 molecules, by verifying that the
loss only occurs if both elements are present.
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Figure 2. Typical two-colour photoassociation spectroscopy
signal. The plot shows the number of Rb atoms in the
fRb = 1, mRb

f = 1 level normalized to the atom number in the
other two fRb = 1, mRb

f levels, as function of the frequency
difference between LBB and LFB, recorded during a scan of the
LBB frequency, while LFB is on resonance with an a to e tran-
sition. This signal corresponds to the {ν = 66, N = 0, F = 1}
level of the 87Rb-88Sr ground-state potential, see Table II.

In order to detect weakly-bound levels up to the least
bound ones, we exploit similarly weakly-bound levels sup-
ported by the electronically excited potentials correlating
to the Rb(5s 2S1/2) + Sr(5s5p 3P1) asymptote [32, 44],
see Fig. 1. These levels provide sufficient Franck-Condon
factors between e and m, while the narrow linewidth of
the nearby Sr intercombination transition results only
in small losses and heating by off-resonant scattering of
photons on Sr atoms.

B. Sample conditions and spectroscopy setup

We prepare the desired ultracold mixtures of Rb - Sr
isotopes as in our previous works [37, 45, 46]. We keep
the mixture in a crossed-beam dipole trap formed by one
1064-nm horizontal elliptical beam with a vertical waist
of 19(1)µm and a horizontal waist of 313(16)µm, and
one 1064-nm (or 1070-nm) vertical beam with a waist of
78(2)µm (or 90(5)µm). When studying 87Sr, we add a
532-nm horizontal beam with vertical (horizontal) waist
of 19(1)µm (219(4)µm) to increase the trap depth, in
order to capture more Sr atoms. We prepare 87Rb in
its hyperfine ground level (2S1/2, f

Rb = 1) with almost
equal population of the Zeeman sub-levels mRb

f = 0,±1.
During PA spectroscopy, we measure each mRb

f popu-
lation separately via time-of-flight expansion in a Stern-
Gerlach magnetic field gradient. Bosonic Sr isotopes 84Sr
and 88Sr have zero nuclear magnetic moment leading to
a structureless 1S0 ground state. Fermionic 87Sr has a
non-zero nuclear magnetic moment of iSr = 9/2 and is
prepared in the stretched level mSr

i = 9/2 or mSr
i = −9/2

via optical pumping.
The atomic samples used to study 87Rb84Sr and

87Rb88Sr molecules have a temperature of 1.0(1)µK,
average densities of 0.3 − 4 × 1012 cm−3 for Sr and
2 − 7 × 1012 cm−3 for Rb (summing over all mRb

f

levels), and the trap frequencies are {ωx, ωy, ωz} =
2π × {66(6), 57(6), 560(50)} Hz for Sr and 2π ×
{110(10), 95(9), 950(80)} Hz for Rb 1, where the z-
axis is vertical 2. The samples used to study the
fermionic 87Rb87Sr molecules have a temperature of
1.5(1)µK, average densities in the range 2 − 6 ×
1011 cm−3 for Sr and 0.8 − 3 × 1012 cm−3 for Rb,
and trapping frequencies in the range {ωx, ωy, ωz} =
2π × {70− 80, 55− 70, 590− 640} Hz for Sr and 2π ×
{110− 130, 95− 125, 820− 930} Hz for Rb.

The PA beam, containing both LFB and LBB, propa-
gates horizontally at a ∼ 30◦ angle from the axis of the
horizontal dipole trap and has a waist of either 60(1)µm
or 110(10)µm, depending on the transition strength and
the available laser power. LFB and LBB are derived from
the same master oscillator, either via injection-lock or
beat-lock, which ensures good coherence between them
(typically below 100 Hz for injection-locked and ∼ 30 kHz
for beat-locked lasers). We apply a homogeneous mag-
netic field in the range of 0 to 20 G. We vary the polar-
ization and frequency of LFB,BB as required to optimally
detect a specific molecular level. We adjust the pulse
time and power of LFB in order to induce 70 to 90 %
loss of Sr atoms. The LBB intensity is chosen such as to
obtain a good signal-to-noise ratio for the two-colour PA
signal, while not being limited by off-resonant scattering
of photons on Sr atoms.

C. Experimental results

We have observed a total of 10 molecular levels via
two-colour PA spectroscopy, of which we report the ener-
gies E in Table I. We also report the one-colour PA lines
used, the type of transition induced, the angular mo-
mentum projections involved and the bound-bound Rabi
frequency, if characterized. Levels with negative values
of E are necessarily levels with F = 2. The typical er-
ror of Eb is significantly larger than the uncertainty of
h × (fBB − fFB), and is the result of several sources of
uncertainty.

The first significant error contribution comes from the
differential Zeeman shift between the atom-pair level a

1 The error bars on the trap frequencies are dominated by the
uncertainty on the waists previously stated.

2 The sample used to detect the 87Rb88Sr level at a
binding energy of h × 459 MHz has a temperature of
1.5(1)µK, average densities 6.4(2.2) × 1012 cm−3 for Sr
and 8.4(3.0) × 1011 cm−3 for Rb, and trapping frequencies
{ωx, ωy , ωz} = 2π × {57(7), 8(1), 930(100)} Hz for Sr and
2π × {97(10), 14(2), 1600(200)} Hz for Rb.
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Table I. Results of two-colour PA spectroscopy. The energy E is given by the two-colour frequency detuning E/h = νLBB−νLFB

at B = 0 G. ∆ is the detuning of LFB from the Sr 1S0 −3 P1 transition for bosonic molecules and from the Sr (1S0, f
Sr =

9/2) − (3P1, f
Sr = 11/2) transition for 87Rb87Sr molecules. The column labelled “Transition” shows the type of transition

addressed by both LFB and LBB. The labels mat
f and mmol

F are the projections of the total angular momentum on the
quantization axis, neglecting nuclear rotation and the nuclear spin of 87Sr, for the atomic and molecular levels, respectively.
For some excited levels mmol,e

F is not known. Such levels are all high-field seeking. The last column gives the bound-bound
Rabi frequencies, if measured, between molecular levels m and e in the electronic ground and excited states

Isotopologue E/h (MHz) ∆ (MHz) Transition mat
f , mmol,e

F , mmol,m
F Ω/2π (kHz/

√
mW/cm2)

87Rb84Sr 29.01(3) 173.5(2), 427.8(2) π 0, 0, 0 -, 16(1)

744.53(3) 173.5(2), 427.8(2) π 0, 0, 0 6.7(3), 285(10)

87Rb87Sr 199.97(17) 686.79(23) σ− −1,-,−1 6.0(5)

287.27(18) 686.79(23) σ− −1, -, −1 22.2(2.0)

1950.24(11) 686.79(23) σ− −1, -, −1 -
87Rb88Sr −6476.80(4) 41.39(60) σ± 0, -, 0 0.31(6)

−4677.78(15) 260.54(5) σ± 0, 0, 0 -
356.99(3) 41.39(60) π 0, -, 0 3.39(25)

458.90(22) 53.5(4) π 1, -, 1 3.1(1.3)

2153.83(15) 260.54(5) π 0, 0, 0 0.59(13)

and the molecular level m. In order to minimize this con-
tribution, we exploit the fact that, in the case of equal
spin quantum numbers F = fRb and mF = mRb

f , this
shift is vanishingly small for weak binding energy of the
molecular level m, see the example of Fig. 3. We thus
drive two-colour transitions between the atom pair in
fRb = 1 and molecular levels with F = 1 andmF = mRb

f .
For the example of Fig. 3 with mF = mRb

f , we derive a
small differential magnetic moment of −2.0(2.0) kHz/G.
Such shift extrapolated to all measured points results in
a maximum systematic shift in the range 0.2− 20.0 kHz.
For molecular levels with F = 2, we drive magnetically
insensitive two-colour transitions with mF = mRb

f = 0.
This results in a systematic shift of at the most 10 Hz for
the measured points.

The second error contribution is the light shift on the
two-colour transition arising from the spectroscopy lasers
themselves. We have characterized it for some of the
points and estimated it for the others as explained in our
previous work [47]. This amounts to shifts up to 100 kHz
for the typical laser powers used here.

The third error contribution is the light shift on the
two-colour transition arising from the dipole trap. Sim-
ilarly to the previous error contribution, it is character-
ized for some of the points, and estimated for the others.
Given the trap used here, only the differential polarizabil-
ity between atoms and molecules affecting the centre-of-
mass Hamiltonian is relevant. For Sr2 we have shown
that the relative variation of the polarizability is smaller
than 1 % [47]. Here we use the conservative value of 5 %
to estimate the errors if not characterized.

The last error contribution comes from thermal shifts
and is typically negligible, as a temperature around 1µK
corresponds to an energy of about h× 20 kHz.
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Figure 3. Molecular level energy E = h × (fBB − fFB) as
function of the magnetic field. The (F, mF ) − (fRb, mRb

f )
transitions (1, 0)−(1,−1) (black squares) and (1,−1)−(1,−1)
(red disks) are shown together with linear fits. The error bars
of the measurements are smaller than the symbol sizes.

D. Data analysis

1. Line attribution and estimation of physical quantities.

The first step in a quantitative analysis of the weakly-
bound spectrum probed by two-colour photoassociation
is a line attribution, by which we mean the assignment
of quantum numbers to both atomic and molecular levels
used in the measurements of E. In particular, the angular
momenta F andN of molecular levels are not known, and
their proper assignment is crucial to the success of any
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model-fitting attempt. The angular momenta of atomic
levels are partially known: we measure the Rb atomic
spin angular momentum fRb = 1 and its projection mf ,
and for 87Sr we measure the nuclear momentum projec-
tion mSr

i . However, despite the low temperature of the
sample, the atom-pair orbital momentum is not known,
but will be zero for the majority of cases. The possible
molecular angular momenta can be restricted by consid-
ering the atomic angular momenta and the changes of
angular momentum allowed by two-colour PA. All possi-
ble assignments of quantum numbers must then be tested
by the fit in order to find the best one.

Attributing quantum numbers to molecular levels is
not trivial, especially in cases of sparse spectral data like
the present one. In the spectral region considered here,
i.e. for Eb << De withDe the molecular potential depth,
only universal, model-independent properties are invoked
in order to attribute quantum numbers. These properties
are:

1. the asymptotic behaviour of the interaction poten-
tial Vg as Vg(r) → −C6/r

6 at large internuclear
distance r � RL, where RL is the LeRoy radius;

2. the presence of a strong repulsive wall at the in-

ner classical turning point, i.e. |dVg
dr

(R1)| �

|dVg
dr

(R2)|, whereR1 andR2 are the inner and outer
classical turning points for vibrational motion;

3. mass-scalability under the Born-Oppenheimer ap-
proximation, due to the presence of a single elec-
tronic state.

Property 1 implies that the semi-classical phase ac-
cumulation of the zero-energy scattering wavefunction
Φ0
WKB = ΦWKB(Eb = 0) is well defined. Moreover,

because of both property 2 and the condition Eb << De,
ΦWKB is to a large extent model-independent [48]. Prop-
erty 3 implies that a single-channel Hamiltonian, contain-
ing Vg(r), explains all spectral data for different isotopo-
logues via simple mass-scaling. Based on these consider-
ations, a single well-defined value Φ0

WKB referenced to an
isotopologue of choice is sufficient to describe our system.
In this work we choose the isotopologue with highest
abundance 85Rb88Sr as our reference. As a consequence
of these properties, we expect that two physical quanti-
ties Φ0

WKB and C6 can be extracted from our data by
fitting our complete dataset and assigning the quantum
numbers consistently. We employ a simple semi-classical
approach to find the correct attribution of quantum num-
bers F and N [49].

We use this fitting strategy on the two-colour pho-
toassociation spectroscopy data presented in Table II (la-
belled as “PA” in the “Method” column). Only a single
attribution of quantum numbers delivers a satisfactory
fit, which we report in Table II in columns F and N .
This simple fitting strategy is thus sufficient to provide

an unambiguous attribution for these two quantum num-
bers, while the attribution of ν still presents some un-
certainty. As expected, the vast majority of observed
molecular levels are either N = 0 or N = 2. Even so, let
us note the presence of two N = 3 levels for 87Rb88Sr,
which might seem inconsistent with our ultracold sample
temperature. However, due to the presence of a virtual
near-threshold level in this isotopologue, the amplitude
of the p-wave scattering wavefunction at the one-colour
PA Condon point is less than a factor of 3 smaller than
that of typical s-wave scattering states. The fit also pro-
vides a first estimation for Φ0

WKB and C6. We extract
the zero-energy semi-classical action Φ0

WKB = 67.42(1),
which gives 67 bound levels for 87Rb84Sr and 87Rb87Sr,
and 68 bound levels for 87Rb88Sr, and we extract the
dispersion coefficient C6 = 1.78(2) × 107 Å6 cm−1. Both
quantities are determined with better accuracy and pre-
cision in the following sections.

2. Extraction of physical quantities.

Based on the unambiguous quantum number attribu-
tion of F and N explained in the previous section, we
check the consistency of our data with the universal long-
range dispersion and extract the relevant physical quan-
tities from a fit of a second model. We assess consistency
with our data using the reduced chi-square as figure of
merit:

χ̃2 =
1

DOF
×
∑
i

(
Eexpb,i − Ethb,i

∆Eexpb,i

)2

, (1)

where DOF is the number of degrees of freedom in the
fit 1, i runs over the experimentally observed levels, Eexpb,i

is the ith measured binding energy (BE), Ethb,i is the ith

predicted BE and ∆Eexpb,i is the experimental error of
Eexpb,i . We consider χ̃2 to be good if close to unity, i.e.
χ̃2 ' 1. Since probability levels can only be associated to
confidence intervals if the experimental error distribution
is known, we only state confidence intervals based on
a given absolute variation of χ̃2, without quantitative
knowledge of the associated probability level.

We fit a single-channel Hamiltonian model to our ex-
perimental data [49] in order to retrieve the relevant
physical information, i.e. the zero-energy semi-classical
action and dispersion coefficients. This means we require
consistency between BEs measured via two-colour PA
spectroscopy and the bound spectrum supported by the
Hamiltonian

H̃ = T̃ + Ṽint + Ṽrot = − ~2

2µ

d2

dr2
+ Vg(r) +

~2

2µ

N(N + 1)

r2
,

(2)

1 The DOF are defined as the number of experimental data points
minus the number of fit parameters.
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Table II. List of observed molecular levels, with the experimentally determined binding energies Eb and corresponding errors
approximated by the theoretically estimated shift from the variation of the hyperfine splitting δEhf . The values Ethb represent
the binding energies given by the best fit in Sec. IIID 3. The quantum numbers {ν, N, F} identifying each level are also shown.
The vibrational quantum number ν is counted starting from the lowest level, which has ν = 0. The “Method” column specifies
whether the levels are determined by two-colour photoassociation (PA) or Fano-Feshbach (FFR) spectroscopy, or both

Isotopologue Eb/h (MHz) δEhf/h (MHz) Ethb /h (MHz) ν N F Method
87Rb84Sr 29.01(3) 0.094 28.93 66 0 1 PA

744.53(3) 0.82 745.27 65 0 1 PA
87Rb87Sr 199.97(17) 0.34 199.90 66 2 1 PA,FFR

287.27(18)a 0.44 287.30 66 0 1 PA,FFR
288.2(4)a 0.44 287.30 66 0 2 FFR
1950.24(11) 1.56 1953.00 65 0 1 PA
5991.8(1.4) 3.30 5991.64 64 2 2 FFR
6233.8(1.0) 3.39 6232.14 64 0 2 FFR

87Rb88Sr 356.99(3)a,b 0.50 357.21 66 2 1 PA
357.87(4)a,b 0.50 357.21 66 2 2 PA
458.90(22) 0.59 459.12 66 0 1 PA
2153.83(15)a,b 1.67 2158.40 65 3 1 PA
2156.91(15)a,b 1.67 2158.40 65 3 2 PA
7401.01(66) 3.80 7397.47 64 0 2 FFR

a For the fit, we use the mean value of each pair.
b We use the measured energies of these pairs to estimate δEhf .

where T̃ is the kinetic energy operator, µ is the reduced
mass, Ṽrot is the rotational energy operator and Ṽint is
the interaction operator corresponding for the ground
state to Vg, which obeys the properties enumerated in
Sec. IIID 1. For simplicity, we here use the generalized
Lennard-Jones model for Vg:

VLJ(r) =
C6

r6
×
((σ

r

)6
− 1

)
−
NvdW∑
n≥2

C2(2+n)

r2(2+n)
, (3)

which contains the leading order dispersion coefficients
C6, C8, ..., C2(2+NvdW ). The maximum order NvdW used
in the long-range asymptotic expansion is chosen as the
lowest number that is able to provide a good fit of our
data by the weakly-bound spectrum supported by VLJ .
The parameter σ is used to tune the short-range phase
accumulation.

Due to the presence of a single electronic ground state
in RbSr, the simple single-channel model (2) with the
potential of eqn (3) is sufficient to provide a unique at-
tribution of the quantum numbers F , N and ν for our
experimental data. However, it is in general not suffi-
cient to fit high-resolution spectra to experimental accu-
racy. This is mostly due to the fact that the two 2Σ+

PECs of F = 1 and F = 2 character are not exactly
parallel [50]. At large internuclear separation r the split-
ting Ehf(r) between these PECs is the Rb atom hyperfine
splitting, whereas it is reduced by about 10 % at the bot-
tom of the PECs. This effect is due to the reduction of
the electronic density at the Rb nucleus because of the

bonding with Sr. Although extremely small, it is respon-
sible for the strongest Fano-Feshbach resonances recently
observed in RbSr [37]. In the present work, our precision
and accuracy are enough to reveal hints for this effect,
appearing as significant differences in the BEs of levels
with the same ν and N quantum numbers but different
F , see the pairs of BEs of 87Rb88Sr {ν = 66, N = 2} and
{ν = 65, N = 3} in Table II. However, our data are not
sufficient to extract this shift reliably and include it in our
model 1. We therefore keep a single-channel model and
take this effect into account as a systematic error con-
tribution to ∆Eb,i. This contribution is estimated using
the aforementioned differences in BEs and knowing that
the change in hyperfine splitting scales as δEhf ∝ E

2/3
b

close to the dissociation threshold [51]. These estimated
shifts δEhf,i, which dominate the errors ∆Eb,i, are of the
same order of magnitude as the shift predictions from ab-
initio results [50], and are listed in Table II. When BEs
of both hyperfine states are measured, the mean binding
energy is used in the fit, see Table II. The quality of this
estimation is assessed a posteriori via the χ̃2 of the best
fit, labelled χ̃2

min.
We fit the model Hamiltonian (2) to our PA spec-

troscopy data, using {σ,C6, ..., C2(2+NvdW )} as indepen-

1 The two observed shifts mentioned involve rotationally excited
molecular levels with unknown spin-rotation coupling, hence
they do not directly yield the shift under discussion. The simplest
experiment able to characterize this shift requires the measure-
ment of pairs of rotationless levels at different BEs.
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dent fit parameters and we retrieve the zero-energy semi-
classical action Φ0

WKB = Φ0
WKB(σ,C6, ..., , C2(2+NvdW )).

For NvdW = 1, 2, 3 we obtain for the best fits χ̃2
min =

41, 0.24, 0.32, respectively. This shows that the inclu-
sion of C6 and C8 terms is necessary and sufficient to
model our data. We obtain the best fit parameters
σ = 5.012941656601387Å, C6 = 1.784438900566861 ×
107 Å6 cm−1, C8 = 6.18126306008073×108 Å8 cm−1 with
DOF = 5. The fit returns the physical quantities C6 =
1.784(15) × 107 Å6 cm−1, C8 = 6.2(1.1) × 108 Å8 cm−1,
and a corresponding Φ0

WKB = 67.4379(12) 1. The errors
stated in brackets correspond to, somewhat arbitrarily,
the joint confidence region with ∆χ̃2 = χ̃2− χ̃2

min = 1. In
Fig. 4 we show the configurations sampled by the fitting
procedure that provide the evaluation of the confidence
regions. The dispersion coefficients are consistent with
theoretical predictions [50, 52–54].

Δχ̃2 <1
Δχ̃2 >1 Φ

0 W
K
B

C8 (108 x Å8 cm-1) C6 (107 x Å6 cm-1)

Figure 4. Confidence intervals. The plot shows χ̃2 for con-
figurations sampled close to the best fit configuration in the
fit-parameter space, with its projections on the 2D coordi-
nate planes. The total confidence regions corresponding to
∆χ̃2 < 1, used for error estimates, are indicated as green
balls in the centre.

Atomic scattering properties at a given collisional en-
ergy and in the absence of external magnetic fields can
be directly derived from the fitted PEC [49]. Scatter-
ing wavefunctions are obtained by integration of the nu-
clear Schrödinger equation for the appropriate angular
momentum N , i.e. H̃(N)ψN (r) = EcollψN (r), where
H̃(N) is the fitted Hamiltonian (2) with explicit N -
dependence and Ecoll = ~2k2/2µ is the collisional en-
ergy with wavevector k. Of particular interest for the
cold atoms community are the scattering properties in

1 The number of vibrational levels is determined without uncer-
tainty. All isotopologues have 67 vibrational levels, except for
the two with the highest mass 87Rb88Sr and 87Rb87Sr, which
have 68.

the limit Ecoll → 0, which are dominated by s-wave scat-
tering, i.e. N = 0. In this limit the scattering phase
shift δφ → −kas and the cross-section σs → 4πa2s are
determined by a single parameter, the s-wave scattering
length as, which we report in Table III for all stable iso-
topologues of RbSr 2. In Fig. 5 we show the s-wave scat-
tering wavefunctions ψ0(r) for a collision energy Ecoll =
kB×1.0µK, with kB the Boltzmann constant, where the
effect of the scattering length on both the asymptotic
phase shift and the short-range scattering amplitude is
evident. The s-wave scattering lengths derived from the
fitted model for 87Rb84Sr and 87Rb88Sr are in good agree-
ment with those extracted from the cross-thermalization
measurements presented in Sec. III E, which corroborates
the overall analysis carried out to this point.

Table III. Inter-species s-wave scattering lengths in units of
the Bohr radius

84Sr 86Sr 87Sr 88Sr

85Rb 689(20) 90.6(2) 44.3(3) −35.8(1.0)
87Rb 92.7(2) −43.0(1.1) 1421(98) 170.3(6)
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Figure 5. Atom-pair scattering wavefunctions. The top panel
shows the scattering wavefunctions as function of the internu-
clear distance for all Rb - Sr isotopes in the range of typical PA
Condon points, which are only meaningful for r > RL. The
bottom panel shows the scattering wavefunctions at large dis-
tance where the phase shift encodes the short-range physics.
We note that two pairs of isotopes have incidentally almost
the same reduced mass, hence almost overlapping wavefunc-
tions.

2 The s-wave scattering length as is calculated by fitting ψ0 at
large r with the known asymptotic behaviour ψ0(r) → αr + β,
where α and β are fit parameters. as is then given by as = −β/α
[55]
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3. Validation and inclusion of Fano-Feshbach spectroscopy.

The model described in the previous section is also
sufficient to infer within a few Gauss the resonant mag-
netic field of the magnetically-tunable Fano-Feshbach res-
onances (FFRs) present in RbSr. Let us note that we can
only derive FFR locations from the fitted PEC with ex-
perimental accuracy thanks to the extreme simplicity of
the 2Σ+ ground state of RbSr [37, 49]. The existence and
observability of this novel type of FFRs was theoretically
predicted a few years ago [50] and recently experimen-
tally observed by some of the authors [37].

The best fit VLJ in the previous section (see eqn (3))
predicts the location of FFRs for fermionic 87Rb87Sr
within 10 G and has been used to infer with the same
accuracy the location of one 87Rb88Sr FFR arising from
the level {ν = 64, N = 0, F = 2}, subsequently ob-
served in an ultracold Rb-Sr mixture [37]. The BEs
and corresponding quantum numbers of the bound lev-
els inducing the observed FFRs derived with our model
are reported in Table II, and marked with “FFR” in the
“Method” column. As a complementary check, we ap-
ply the fitting procedure to the data set including both
PA and FFRs, which results in the same unique solu-
tion. As in the case of two-colour PA spectroscopy data
alone, inclusion of C6 and C8 is necessary and sufficient
to model the complete data set. The best fit parameters
are σ = 5.02477864619132Å, C6 = 1.776513404206001×
107 Å6 cm−1, C8 = 6.262096495696839 × 108 Å8 cm−1,
with DOF = 8 and χ̃2

min = 1.29. The fit returns the
physical quantities C6 = 1.777(18) × 107 Å6 cm−1, C8 =
6.3(1.3) × 108 Å8 cm−1, and a corresponding Φ0

WKB =
67.4370(13). There is a significant increase in our fig-
ure of merit compared to Sec. IIID 2, which we attribute
primarily to the inclusion of deeper F = 2 levels with
rather large δEhf , and secondarily to the change in DOF.
The inferred s-wave scattering lengths are consistent with
those presented in Table 5.

The ability to predict FFRs with high accuracy is ex-
tremely valuable for mixtures with one open-shell and
one closed-shell atom, due to the low density of reso-
nances in these systems, in particular in the case of zero
nuclear magnetic moment for the closed-shell atom, as in
bosonic RbSr isotopologues [50, 51, 56]. As an example of
the outcomes of our model, Fig. 6 shows the energy of the
atomic scattering levels and molecular levels of 87Rb84Sr
in dependence of magnetic field, and the locations of the
predicted FFRs. Due to favourable scattering proper-
ties, this isotopic combination is a very good candidate
for magneto-association [46].

E. An independent check of quantum number
assignment: inter-species thermalization

An improper quantum number attribution strongly af-
fects the accuracy of the inferred scattering lengths. We
therefore experimentally characterize the thermalization
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Figure 6. Zeeman sub-levels of 87Rb84Sr. The plot shows
the energy of fRb = 1, 2 atomic levels (black solid lines) and
of F = 2 molecular levels (orange dashed lines, see also Ta-
bleVII) in dependence of magnetic field. The red dots mark
the location of FFRs in this magnetic field range.

of Rb atoms with a Sr cloud to measure the Rb - Sr
inter-species s-wave scattering lengths, and thus confirm
our quantum number attribution. The values of scatter-
ing lengths obtained by thermalization experiments suf-
fer from low precision, however they constitute a useful
cross-check, as they rely on simple collisional physics and
are independent from our PA and Fano-Feshbach spec-
troscopy experiments. We present thermalization exper-
iments done with 87Rb-84Sr and 87Rb-88Sr. Trapped ul-
tracold mixtures of 87Rb-87Sr show significantly stronger
3-body losses, which limit the reliability of the data anal-
ysis for this particular mixture.

1. Experimental setup and sample conditions.

The starting point of the thermalization measurement
is an ultracold mixture composed of 87Rb and either
84Sr or 88Sr, prepared as for spectroscopy experiments,
with the addition of evaporative cooling by lowering
the dipole trap potential in 6 s, followed by a 1 s re-
compression of the potential, which is used to tune the
atomic density and temperature. After this prepara-
tion sequence, the sample has a temperature between
200 and 400 nK and contains 1 − 1.7 × 105 atoms of
84,88Sr and 50 − 70 × 103 atoms of 87Rb. The typi-
cal shot-to-shot temperature fluctuation is 15 nK, while
shot-to-shot atom number fluctuations are 15 × 103

and 5 × 103 for Sr and Rb, respectively. The trap-
ping frequencies in our crossed-beam dipole trap are
{ωx, ωy, ωz} = 2π×{35−65, 20−55, 500(25)}Hz for Sr
and {ωx, ωy, ωz} = 2π×{60− 105, 35− 90, 840(40)}Hz
for Rb, respectively. The frequency ranges in the hor-
izontal x and y axes correspond to various trap re-
compressions. The relative uncertainty on these frequen-
cies is less than 5 %. The difference of trap frequen-
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cies between Sr isotopes is less than the uncertainty,
hence negligible. The atomic densities used here are
nSr = 0.3−3×1012 cm−3, nRb = 0.7−4.4×1012 cm−3 for
the 87Rb-84Sr mixture and nSr = 1.7 − 4.4 × 1012 cm−3,
nRb = 1.5 − 5.4 × 1012 cm−3 for the 87Rb-88Sr mixture.
The Rb sample, as in PA spectroscopy, is prepared in
fRb = 1 and is not spin-polarized. Given the existence
of a single electronic ground state, as can be considered
independent of fRb and mRb

f .

2. Measurement strategy.

In order to observe inter-species collisions, we selec-
tively excite the cloud of one species and observe the en-
suing inter-species thermalization. Since the dipole trap
is roughly three times deeper for Rb than for Sr, we ex-
cite the Rb cloud by scattering photons on Rb D2 line for
a few µs. After this excitation, the mixture is kept in the
trap for a variable hold time t before a 17 ms time-of-flight
expansion followed by absorption imaging. From the ab-
sorption images, we extract temperatures and atom num-
bers of both species. The main limitations to the preci-
sion of our measurement are shot-to-shot fluctuations in
atom number and temperature.

3. Experimental results.

We measure the evolution of temperature and atom
number for each species as functions of time. In Fig. 7
we show an example for each isotopic combination. The
temperature of Sr smoothly evolves from the initial tem-
perature T iE = TSr(t = 0) to the final equilibrium tem-
perature T fE = TSr(t → ∞). By contrast, the temper-
ature of Rb shows a sharp decrease on a timescale of a
few tens of ms from a temperature of a few µK down to
0.5−0.7µK, after which the new equilibrium temperature
T fE = TRb(t→∞) = TSr(t→∞) is reached smoothly.

4. Extraction of collision cross sections.

We measure the thermalization time of both
87Rb -84 Sr and 87Rb -88 Sr mixtures. In the case of close-
to-equilibrium dynamics, the evolution of temperatures
TRb,Sr(t) is described by exponential functions with the
same well-defined time constant τ . We analyse the ther-
malization rate τ−1 using a well-known model [57, 58],
which we detail in AppendixVIIIA. This model gives the
relation:

τ−1 ≈ 1

2.4
σRb - Sr × Φ, (4)

where σRb - Sr = 4π a2Rb - Sr is the collision cross section
dependent on the inter-species s-wave scattering length

aRb - Sr. The value 2.4 in the denominator represents the
average number of collisions required for thermalization,
when thermalization is fast compared to the trap fre-
quencies. Φ is an effective flux that encompasses the
kinematic contribution, see AppendixVIIIA. We fit our
data for various effective fluxes and extract values for τ ,
shown in Fig. 8.

The effective flux Φ is determined through the knowl-
edge of the trap potential, atom numbers and initial tem-
peratures. All quantities are either measured or known
from calibration, with the exception of the initial temper-
ature T iRb of the Rb sample right after excitation. Let
us note that the excitation we apply experimentally is
the injection of energy in the form of both heating and
displacement of the cloud. However, by assuming the
regime of close-to-equilibrium dynamics, we approximate
the excitation to be solely an increase in temperature.
The excitation energy of Rb can be derived with good
precision from the atom numbers and the temperature
evolution of Sr, since the system is isolated after the ex-
citation. The trapping potential can be approximated at
these low temperatures by a three dimensional harmonic
oscillator potential giving E = 3 kBT energy per particle.
The final energy in the system Ef must be equal to the
initial one Ei, and under our assumptions these are Ef =

3 kBT
f
E(NSr + NRb) and Ei = 3 kB(NSrT

i
E + NRbT

i
Rb).

We thus derive T iRb = T fE + NSr

NRb
(T fE − T iE).

Fitting the data of Fig. 8 with eqn (4), we obtain the
inter-species scattering lengths |a87Rb -84 Sr| = 103+15

−10 a0
and |a87Rb -88 Sr| = 215+50

−40 a0, where a0 is the Bohr radius,
and where the errors are estimated from the residual sum
of squares 5-fold increase. Let us note that the variation
of the average number of collisions required for thermal-
ization, within the meaningful range 2.4− 3.0 [58], leads
to a variation of the scattering lengths smaller than the
stated error.

While for 87Rb -84 Sr the fit is satisfying, the fit of
87Rb -88 Sr is worse because of the two points at high-
est Φ, which we include in the fit. For these two points
the thermalization time is comparable with the initial
fast time scale of the Rb temperature evolution (see
Fig. 7), suggesting a strong deviation from the close-
to-equilibrium case, as expected from the bigger inter-
species scattering length. Nonetheless even in the lat-
ter case, a meaningful scattering length can be ex-
tracted with a correspondingly (larger) error. Finally,
the 87Rb -87 Sr mixture shows losses that we interpret as
3-body losses, which for similar densities are not observed
in the other mixtures investigated. From this observa-
tion, we derive that |a87Rb -87 Sr| � |a87Rb -88 Sr| ' 200 a0.

The fitted (central) values of the inter-species scat-
tering lengths are close to the ones inferred from spec-
troscopy, which is an independent confirmation of our
quantum number attribution. However they are 10 % −
20 % higher. This is expected since the initial densi-
ties of Rb are underestimated by our model, which as-
sumes thermalization. A Monte-Carlo trajectory simula-
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Figure 7. Inter-species thermalization. Evolution of Sr (black squares) and Rb (red circles) temperature as a function of the
hold time during thermalization in (a) 87Rb -84 Sr mixture at an effective flux of Φ = 7.0 × 1012 s−1 cm−2 and (b) 87Rb -88 Sr
mixture at a flux of Φ = 1.9× 1013 s−1 cm−2. The lines are exponential fits to the data.
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The solid black line shows the fit for 87Rb -84 Sr using the the-
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oretical region corresponding to the uncertainty of the fitted
scattering length for 87Rb -88 Sr.

tion would most likely improve the accuracy of the scat-
tering lengths extracted from these thermalization mea-
surements.

IV. THERMOLUMINESCENCE AND LIF
SPECTROSCOPY OF DEEPLY-BOUND LEVELS

In the second experiment, we study the deeply-bound
levels supported by the B(2)2Σ+ and X(1)2Σ+ potentials

via fluorescence spectroscopy of a 1000 K gas mixture of
Rb and Sr. In this section, we first describe the experi-
mental setup we use to record the fluorescence from RbSr
molecules in a heat-pipe oven. We then explain how we
simulate theoretical spectra using three published sets
of potential energy curves produced by independent ab-
initio methods [32, 33]. By comparing these spectra with
our experimental data, we identify a few band heads,
from which we extract Dunham coefficients describing
the deepest parts of the B(2)2Σ+ and X(1)2Σ+ states.
With the obtained two sets of Dunham coefficients, we re-
peat the comparison procedure until we identify 24 band
heads and produce final sets of Dunham coefficients. Fi-
nally, we estimate the uncertainty of the Dunham co-
efficients resulting from our analysis by a Monte-Carlo
method.

A. Experimental setup

The measurements at high temperatures were per-
formed in two steps. In the first step, we record ther-
moluminescence spectra using the method and experi-
mental setup described in ref. 18. We therefore provide
here only information specific to this paper. We produce
RbSr molecules in a dedicated dual-temperature heat-
pipe oven. We place 10 g of metallic strontium in the
central part of the oven, which is heated to TSr = 1000 K,
and 8 g of metallic rubidium in the outer part, heated to
TRb = 800 K. Both metals have natural isotopic compo-
sition. To ensure the stability of the heat-pipe operation,
we use a buffer gas of helium at a pressure of 30 Torr. At
the applied temperatures the B(2)2Σ+ electronic state
of RbSr is thermally populated, and we record the flu-
orescence towards the X(1)2Σ+ electronic ground state
using a Bruker Vertex V80 Fourier Transform Spectrom-
eter with a spectral resolution of 0.16 cm−1 limited by its
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aperture size.
In the second step, we obtain spectra via laser induced

fluorescence (LIF). We employ a home-made 100 mW
external-cavity diode laser whose wavelength is actively
stabilized using a HighFinesse WS7 wavemeter. By tun-
ing the laser frequency to the centre of selected band
heads, we excite RbSr molecules to the B(2)2Σ+ state
and record fluorescence to the ground state with the same
spectrometer as before. To increase the contrast between
the LIF and thermoluminescence signals observed simul-
taneously, we reduce the temperature of the central part
of the heat-pipe to TSr = 900 K.

B. Simulations of the recorded spectra

In order to interpret the experimental spectra, we first
simulate fluorescence spectra using PECs and transi-
tion dipole moments computed theoretically, and com-
pare theory and experiment. The simulations start from
three sets of PECs, obtained independently with FCI-
ECP+CPP [32], RCCSD(T) [32], and MRCI [33] meth-
ods. We calculate the energies of rovibrational levels
of the B(2)2Σ+ and X(1)2Σ+ states by solving the ra-
dial Schrödinger equation with each of the three sets of
PECs. All bound levels in the X(1)2Σ+ and B(2)2Σ+

states are included in the simulations. The contribution
of the A(1)2Π state in this spectral region was found to be
negligible. In our calculation we omit the fine structure
splitting of molecular levels resulting from spin-rotational
coupling. Indeed, the energy difference between fine
structure components with low rotational quantum num-
bers N ′ contributing to a band head formation is ex-
pected to be smaller than the spectral resolution of the
measurement [30]. We assume spectral lines to have a
Gaussian profile with FWHM = 0.16 cm−1, which re-
sults from the Fourier Transform Spectrometer working
parameters. Intensities of all spectral lines are calculated
assuming thermal equilibrium in the central part of the
heat-pipe. The simulation procedure has been described
in detail by Szczepkowski et al. [18], including equations
necessary to perform the calculations.

The final step of the calculations is to average the
simulated spectra of the most abundant isotopologues of
RbSr, weighted by their natural abundances (59.6 % for
85Rb88Sr, 22.9 % for 87Rb88Sr, 7.1 % for 85Rb86Sr, 5.1 %
for 85Rb87Sr, 2.7 % for 87Rb86Sr and 1.9 % for 87Rb87Sr).
As a result, we obtain three sets of “theoretical spectra” to
be compared with the experimental data, shown in Fig. 9.
The analysis of the spectra reveals that the positions of
the observed band heads are defined by the 85Rb88Sr iso-
tope alone, and other isotopes influence mainly the band-
head widths (broadened up to 0.08 cm−1). Thus we only
take into account the 85Rb88Sr isotope in the Dunham
coefficients generation procedure described in the next
subsection. The influence of other isotopes is included
again during the error estimation process.
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Figure 9. Simulated thermoluminescence spectra based on the
three sets of theoretical PECs for the X(1)2Σ+ and B(2)2Σ+

states, calculated with (a) RCCSD [32], (b) FCI-ECP+CPP
[32], and (c) MRCI [33], compared with the experimental data
(d). The positions of identified band heads are marked with
dashed lines and labelled with their vibrational quantum num-
bers ν′ − ν′′ (where primed and double primed symbols refer
to B(2)2Σ+ and X(1)2Σ+, respectively). The wavenumber
scales of theoretical spectra are adjusted in such a way that
0− 0 band heads are at the same position in all panels. The
well-resolved band heads used in the final fit of Dunham co-
efficients are marked in red.

C. Results

In order to identify the observed band heads, we com-
pare the thermoluminescence spectra of RbSr with the
simulated spectra based on the three theoretical meth-
ods [32, 33]. Unfortunately, these simulations provide
spectra of considerably different shapes for each theory
(see Fig. 9) and only few experimental band heads can
be identified unambiguously as they appear in all three
simulations.

To address this issue we record additional LIF spectra
by tuning the excitation laser frequency to the centres of
already identified band heads. These new experimental
data, shown in Fig. 10, confirm the validity of the assign-
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ment in the case of six band heads. Using the energy of
experimental band heads and their assignment confirmed
both by thermoluminescence and LIF spectroscopy, we fit
preliminary Dunham coefficients for both X(1)2Σ+ and
B(2)2Σ+ electronic states. The values of the ground state
rotational constants (labelled Y01 ≡ Be) were taken from
theory for each set and fixed during the fit. We thus ob-
tain three sets of fitted coefficients, each corresponding
to one theoretical method. This procedure is described
in detail in ref. 18.
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Figure 10. Comparison of band-head positions in the LIF
(a) and (b), and thermoluminescence (c) spectra. The LIF
spectra were obtained with the laser tuned to the centres of
ν′−ν′′ band heads: (a) 0−0 and (b) 1−2. The well-resolved
band heads used in the preliminary fit of Dunham coefficients
are marked in red.

These fitted Dunham coefficients allow for a new pre-
diction of the vibrational level energies in the X(1)2Σ+

and B(2)2Σ+ states, followed by an assignment of addi-
tional band heads in the thermoluminescence spectrum.
With the improved assignment a correction of Dunham
coefficients becomes possible, and we repeat the whole
procedure until the final identification of 24 band heads,
whose energies are given in Table IV as a Deslandres ta-
ble. To prevent mistakes in the assignment, only the 18
strongest band heads, whose energies are written in bold
in the table and whose positions are marked in red in
Fig. 9, were taken into account in the final fit of Dunham
coefficients. As the outcome of this hot gas mixture spec-
troscopy, the fitted coefficients describe the energies of
the six lowest vibrational levels ν′′ = 0− 5 in the ground
state and the nine lowest vibrational levels ν′ = 0− 8 of
the B(2)2Σ+ state. The final values of the Dunham co-

efficients, given in TableV, will be used in the next steps
of our analysis described in the following section.

The uncertainties of the Dunham coefficients result
mainly from the determination of the positions and
widths of the band heads, as many lines corresponding
to transitions between different rovibrational levels of the
B(2)2Σ+ and X(1)2Σ+ states overlap in the spectra, and
thus only the top parts of the band heads are observed
in our experiment. We use a Monte-Carlo method to
find the error associated with this problem. We ran-
domly vary the positions of individual band heads within
a range of 0.46 cm−1. The choice for this range results
from the band-head half-widths, assumed arbitrarily to
be 0.3 cm−1, combined with the maximum value of the
isotopic shifts. We also vary the widths of individual
band heads within 0.16 cm−1, a value that influences the
number of rovibrational lines taken into consideration in
each case. We determine a set of Dunham coefficients for
each random combination of positions and widths. We
repeat the procedure until the average values of all co-
efficients becomes equal to the fitted values reported in
TableV. The final errors are defined for each Dunham
coefficient as three times their standard deviation.

V. AB INITIO-BASED PEC FIT

We now combine the results from both types of spec-
troscopy, at µK and 1000 K temperatures, and perform a
joint fit procedure in order to obtain a model represent-
ing the complete spectrum of the X(1)2Σ+ ground state
of RbSr. In this section, we first describe the specifics of
the problem we will address. We then submit and moti-
vate our choice of representation for the potential energy
curves. We next detail all steps of our fitting procedure.
Finally, we present the results of our joint analysis and
compare them with the predictions of the three ab-initio
theoretical methods we selected.

A. Statement of the problem

The goal of our data analysis is to provide a represen-
tation of the complete bound spectrum of the electronic
ground state. This apparently contradicts the fact that,
based on the independent analyses of the weakly- and
deeply-bound levels, only 15 % of the vibrational levels,
corresponding to less than 25 % of the well depth, were
observed. Moreover, two-colour photoassociation spec-
troscopy has very high accuracy and precision but only a
few weakly-bound levels have been probed, while thermo-
luminescence spectroscopy explored a significantly bigger
energy range but lacks rotational resolution and its pre-
cision is limited to 0.16 cm−1. To the knowledge of the
authors, such a problem has not been addressed before
and requires a novel method of analysis able to exploit all
information present in the two data sets at our disposal.
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Table IV. Deslandres table constructed for the observed band heads in the experimental thermoluminescence spectrum of RbSr.
The wavenumbers of band heads are given in cm−1. The energies of the 18 strongest band heads used in the final fit are written
in bold

ν′′ = 0 1 2 3 4 5 6

ν′ = 0 8856.81 39.55 8817.26 38.71 8778.55
58.63 58.61 58.66

1 8915.44 39.57 8875.87 38.66 8837.21 38.05 8799.16
58.52

2 8934.39 8820.25 36.6 8783.65
58.18 58.2

3 8992.57 38.89 8953.68 8841.85 35.84 8806.01

58.06 57.92

4 9050.63 39.03 9011.60 37.97 8973.63
57.6 57.53

5 9069.2 38.04 9031.16
57.34 57.35

6 9126.54 38.03 9088.51
57.17

7 9145.68 37.33 9108.35
56.82

8 9165.17

Table V. The Dunham coefficients for the B(2)2Σ+ and
X(1)2Σ+ states of the 85Rb88Sr molecule based on the LIF
and thermoluminescence spectra. The three sets of coeffi-
cients for each state correspond to different values of the
ground state equilibrium distance re taken from theoretical
calculations. All values are in cm−1

MRCI [33] FCI-ECP+CPP [32] RCCSD(T) [32]

X(1)2Σ+

Y10 40.39(72) 40.32(76) 40.31(76)

Y20 −0.39(11) −0.38(12) −0.38(12)

Y01 × 102 1.874a 1.84842a 1.79052a

Y11 × 104 −0.8(6) −1.1(1.1) −0.9(1.2)

B(2)2Σ+

Te 8847.92(80) 8847.66(80) 8847.66(80)

Y10 58.96(38) 58.95(39) 58.95(39)

Y20 −0.13(4) −0.13(5) −0.13(5)

Y01 × 102 1.932(4)b 1.952(5)b 1.893(5)b

Y11 × 105 −8.3(6.4) −3.4(6.7) −3.4(6.8)
a Values taken from theory and fixed during the fit.

b Values strongly correlated with Y01 of the X(1)2Σ+ state.

An examination of the methods used in the previ-
ous sections shows how to overcome this problem. The
weakly-bound spectrum was analysed, without the need
for ab-initio PECs, via a direct potential fit of an ana-
lytic PEC, with the sole requirement of a correct long-
range behaviour, see Sec. IIID. The deeply-bound spec-
trum was analysed by a fit of Dunham expansion coef-
ficients to band heads whose rovibrational composition

was determined by the simulated spectrum based on ab-
initio PECs, see Sec. IVB and IVC. Since the fitted
Lennard-Jones PEC and the Dunham expansion have no
predictive power beyond the corresponding regions of def-
inition, the results of those analyses are valid separately
but cannot be extrapolated to the region with missing
data. However, a model originating from ab-initio calcu-
lations, with an appropriate PEC for the X(1)2Σ+ state
and a correlated B(2)2Σ+ state is expected to be a good
representation of the complete data set, capable of pre-
dictive power for the X(1)2Σ+ state, and easily refined
in the future by inclusion of new data.

B. Representation of the X(1)2Σ+ and B(2)2Σ+ state
PECs

We now choose a suitable representation of the RbSr
X(1)2Σ+ and B(2)2Σ+ states. A somewhat similar prob-
lem, albeit considerably more intricate, arose in the
case of the excited 13Σ+

g state in the homonuclear Li2
molecule accessed via the 13Σ+

g → a3Σ+
u system, see

ref. 59. In this case, Dattani and Le Roy were able to
bridge a 5000 cm−1 gap in spectroscopy data, i.e. 70 %
of the well depth, by performing direct potential fit of
Morse/Long-Range (MLR) functions to a rovibrationally
resolved high-precision spectrum 1. The MLR function
appears to be particularly suited to represent the RbSr

1 Successively, the binding energies extrapolated in the gap region
were experimentally confirmed within 1.5 cm−1 [60].
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ground state. Indeed, since the RbSr X(1)2Σ+ state is
a single isolated electronic state and RbSr is a heavy
molecule, the MLR PEC can easily represent the long-
range tail, Born-Oppenheimer breakdown effects are ex-
pected to be small [61] 1, and damping functions are
readily incorporated [64]. The B(2)2Σ+ state, relevant
for thermoluminescence spectroscopy, is experimentally
probed only close to its bottom, far from other electronic
states, so it can be explicitly included in the analysis.
However, compared to the case of ref. 59, the precision
of our thermoluminescence data is significantly lower and
lacks rotational resolution. As a consequence, for reasons
different from the case of ref. 59, the fit is non-trivial and
a specific method must be devised.

The version of the MLR function used in this work is
the same as in ref. 59:

VMLR(r) = De

[
1− u(r)

u(re)
e−β(yp(r),yq(r))·yp(r)

]2
, (5)

u(r) =

Nu∑
i=1

dmi(r) ·
Cmi
rmi

, (6)

yx(r) =
rx − rxe
rx + rxe

, (7)

β (yp, yq) = ln

(
2De

u(re)

)
·yp(r)+(1− yp(r))·

Nβ∑
i=0

βi (yq(r))
i
,

(8)
where De is the well depth, re is the equilibrium distance,
u(r) is the function describing the long-range behaviour,
yx(r) is an x-order effective radial variable and β (yp, yq)
is the exponent coefficient of the radial variable yp 2.
The functions dmi(r), explicitly included in eqn (6), are
Douketis-type [65] damping functionsDs

m(r) with s = −1
and adapted to RbSr by scaling of the radial variable via
atomic ionization potentials [66] as explained in ref. 59.
The Cmi coefficients in eqn (6) are the Nu lowest order
dispersion coefficients.

In order to represent the theoretical PECs by MLR
functions we choose a family of these functions and val-
ues of their parameters based on the available theoretical
calculations. The family of the MLR functions is defined
by the choice of Nu in eqn (6), Nβ in eqn (8) and p, q.
We use perturbation-theory results for C6, C8 and C10

available in the literature [52] and set Nu = 3. This
choice implies p > mlast −m1 = 4 and correspondingly
1 < q < p [59], with a contribution to the asymptotic
long-range tail of order r−m1−p = r−6−p. We resolve

1 Adiabatic corrections are similar to those in Rb2 [62, 63].
2 Compared to ref. 59 the notation is simplified because we set
rref = re, i.e. all effective radial variables are referenced to re.

this indefiniteness, together with the one of Nβ , by fit-
ting the MLR function to the three point-wise represen-
tations of ab-initio PECs in the region r ≥ 3.0Å, using
the unweighted χ̃2 as figure of merit, with errors set to
1.0 cm−1. In all fitted cases we obtain χ̃2

min ' 1.0 with
“well-behaved” PECs, i.e. with a single inflection point,
already for Nβ = 5, and the best fits are obtained for low
values of p, q. Hence, we eventually set Nu = 3, Nβ = 5,
p = 5 and q = 2, which we hold constant during later
fits. Since our data on deeply-bound levels are not ro-
tationally resolved and since weakly-bound levels, within
our experimental precision, do not carry information on
the equilibrium distance re, we set re equal to the equilib-
rium distances from the theoretical calculations and hold
it fixed during fits. The remaining parameters De and βi
are fitted to the three point-wise representations of ab-
initio PECs. This provides us with the three desired
MLR functions representing the PECs from the three
theoretical calculations, which we later use as starting
conditions for fitting our experimental data. Since har-
monic and first anharmonic contributions are sufficient
to represent the data, see Sec. IVC, only the parameters
that strongly affect the lowest derivatives at r = re need
to be fitted to the thermoluminescence data. These are
the coefficients βi with lowest i. In summary, in the fol-
lowing fitting procedure of all experimental data, we will
treat β0≤i≤2, C6, C8 and De as the only fitting parame-
ters, retaining in this way the theoretical shape of each
PEC in the region where no data are available.

A well defined representation of the B(2)2Σ+ state is
needed to simulate the thermoluminescence spectrum.
We adopt a point-wise representation determined both
by our experiment and by theoretical calculations in the
region of missing data. This is realized by initializing
the PEC with the ab-initio predictions and adapting it
to fitted Dunham coefficients via the Inverted Perturba-
tion Approach [67], see Sec.VC. The bottom part of the
potential, determined by the experiment, and the upper
part, determined by theory, are matched smoothly to pro-
vide a well depth referenced to that of the ground state.
Within this representation the fitting parameters are the
Dunham coefficients, which provide the link between the
representations of the X(1)2Σ+ and B(2)2Σ+ states.

C. Fit Method

We fit our model of the X(1)2Σ+ and B(2)2Σ+ states
to experimental data both from two-colour photoassocia-
tion and thermoluminescence/LIF spectroscopy. In par-
ticular, the fitted experimental quantities for two-colour
PA are binding energies, while in the case of thermolu-
minescence/LIF they are band-head wavenumbers and,
with lesser precision, the overall intensity profile. We re-
call that the fit parameters are those defining VMLR for
the X(1)2Σ+ state and the Dunham coefficients of the
X(1)2Σ+ − B(2)2Σ+ system. While the weakly-bound
spectrum and the band-head positions do not determine
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precisely the equilibrium distances, the intensity profile
carries this information together with the overall poten-
tial shapes and can be used to adjust the equilibrium
distance of the B(2)2Σ+ state with respect to that of the
X(1)2Σ+ state. The initial values for the fit parameters
in VMLR are defined in Sec.VB for each ab-initio model,
while the initial values for the Dunham coefficients are
those of TableV. The figure of merit used in the fit is χ̃2,
see eqn (1). In the following, we outline a single iteration
step of our fit, which is applied to each ab-initio model,
while a future work will provide a detailed explanation
[49].

We first generate the rovibrational levels of X(1)2Σ+,
using the fitted Dunham coefficients, for the range v′′ =
0− 6 for N ′′ = 0, and fit them together with the experi-
mental weakly-bound energy levels, via a direct potential
fit of our model MLR PEC [49]. We derive the B(2)2Σ+

state depth from the MLR De parameter and the Dun-
ham coefficients. We then construct the B(2)2Σ+ PEC
via the Inverted Pertubation Approach, using both the
B(2)2Σ+ energy levels, generated with Dunham coeffi-
cients in the range v′ = 0 − 8 for N ′ = 0 − 44, and the
B(2)2Σ+ potential well depth. We simulate the thermo-
luminescence spectra using the resulting PECs, in order
to check the agreement of the simulated band-head po-
sitions and intensity profiles with the experimental ones.
Here the convergence of the fit algorithm is checked and,
if met, the calculation is stopped. Otherwise, we opti-
mize the equilibrium point of the B(2)2Σ+ state to max-
imize the agreement between the simulated intensity pro-
file and the experimental one. During this optimization,
for each change of the equilibrium point, the B(2)2Σ+

state is optimized against the X(1)2Σ+ state, which con-
sists in fitting the Dunham coefficients of the B(2)2Σ+

state keeping those of the X(1)2Σ+ state fixed. With this
new guess for the equilibrium distance of the B(2)2Σ+

state, we refit all Dunham coefficients of both states, see
Sec. IVC, and repeat the iteration step.

D. Results and discussion

The fit outlined above is performed separately starting
with FCI-ECP+CPP, RCCSD(T) and MRCI ab-initio
point-wise representations. In all cases we obtain good
agreement between our best-fit model and the binding
energies and band-head positions. However, while in
the case of MRCI and FCI-ECP+CPP potential energy
curves, the B(2)2Σ+ state depth inferred after the first it-
eration is within 190 cm−1 of the ab-initio predictions, in
the case of RCCSDS(T) the well depth is about 440 cm−1

away from the theoretical value. As a consequence, we
observe that all ab-initio PECs give a sufficiently good
representation of the RbSr ground state allowing for ex-
perimental fits, but only FCI-ECP+CPP and MRCI pre-
dictions are able to approximate the excited state well
enough to permit its refinement by tuning its equilib-
rium distance. Best-fit parameters for the X(1)2Σ+ state

MLR functions and refined point-wise representations of
the B(2)2Σ+ state are reported in the Appendix VIII B.
The derived Dunham coefficients for both X(1)2Σ+ and
B(2)2Σ+ states are consistent with those in TableV. A
comparison between the initial MLR functions, fitted to
ab-initio data, and the final MLR functions, based on
ab-initio PECs and fitted to experimental data, is shown
in Fig. 11.
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Figure 11. PECs of the X(1)2Σ+ state of RbSr. Top panel:
theoretical PECs corresponding to the three different ab-initio
calculations considered in this work. Bottom panel: PECs
fitted to experimental data with initial fit parameters deter-
mined by each ab-initio method, see Sec.VC.

The convergence of the three PECs towards a unique
solution, as illustrated in Fig. 11, and the good agreement
with our experimental data corroborate our fit method.
In particular, we observe that our data are sufficient to
constrain strongly the depth of the ground state potential
well to De = 1152+9

−16 cm
−1 1. The fitted PECs are con-

sistent with the model-independent quantities derived in
the previous sections up to residual model dependency.
In particular, compared to those of Sec. IIID 3, the dis-
persion coefficient C6 and the semiclassical phase Φ0

WKB
are slightly bigger, which is mostly due to the inclusion of
C10 in the MLR model 2, while the C8 is consistent within
our relatively low precision. The fit quality of weakly-
bound levels can still be assessed by the χ̃2 and DOF = 8
used in Sec. IIID 2, since it is insensitive to βi fitting pa-
rameters. We obtain 0.89, 0.53 and 0.99 for MRCI, FCI-
ECP+CPP and RCCSD(T), respectively, which are all
sufficiently good. We use the χ̃2, with DOF = 10 and

1 Although the depths derived from the FCI-ECP+CPP and
RCCSD(T) methods are extremely close, we attribute to De the
mean value of all three cases and the full uncertainty range.

2 By fitting once more the weakly-bound spectrum with VLJ in-
cluding a C10 term fixed to the theoretical value, we obtain C6 =
1.7962010665716115× 107 Å6 cm−1, C8 = 5.792504377056786×
108 Å8 cm−1 and Φ0

WKB = 67.4386.
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error set to 0.16 cm−1, of the distance between band-
head positions in experimental and simulated thermolu-
minescence spectra as a second benchmark of the fitted
potential energy curves. We obtain 0.83, 0.5 and 1.78
for MRCI, FCI-ECP+CPP and RCCSD(T) respectively,
which shows agreement within our experimental resolu-
tion.

In Table VI the experimental values of spectroscopic
constants are compared with the theoretical ones. Also
here the convergence of the described fitting procedure
is remarkable. The final value of the vibrational con-
stant ωe does not depend on the starting ab-initio PECs
used in the fit for both X(1)2Σ+ and B(2)2Σ+ states.
However, the agreement between the experimental and
theoretical ωe values obtained is clearly the best for the
FCI-ECP+CPP model. Similarly this model provides
the best prediction of the potential well depths De of
the investigated states and of the number of bound lev-
els in the ground state. The experimental data also al-
low to determine the difference between equilibrium dis-
tances of the X(1)2Σ+ and B(2)2Σ+ electronic states,
∆re = reB − reX, and the values obtained are almost
identical when starting from theoretical PECs calculated
with the FCI-ECP+CPP (∆re = −0.086Å) and MRCI
(∆re = −0.087Å) methods.

Finally, we check in two ways the quality of the fi-
nal fitted potential for the X(1)2Σ+ state. Firstly, we
simulate the thermoluminescence spectrum by using the
potential we obtained starting from the FCI-ECP+CPP
potential, as it gives the best agreement between theo-
retical and experimental values of molecular constants.
In Fig. 12 we show a comparison of this simulation with
the experimental results. The agreement for the band-
head positions between the two spectra is almost per-
fect, and this allows the assignment of even more band
heads. Secondly, we use the fitted X(1)2Σ+ state po-
tential to calculate the positions of Fano-Feshbach reso-
nances, which are listed in TableVII. At the time of the
writing of this paper and thanks to these predictions,
the resonances arising at about 1.3 kG for 87Rb84Sr and
1.0 kG for 87Rb88Sr have indeed been observed exper-
imentally at the expected magnetic fields, which proves
the high quality of the potential we obtained for the RbSr
X(1)2Σ+ state.

VI. CONCLUSIONS AND OUTLOOK

We have performed three different types of spec-
troscopy experiments in order to investigate the ground
and second excited electronic states, both of 2Σ+ sym-
metry, of the alkali – alkaline-earth RbSr molecule. We
have presented a novel procedure to connect data from
two-colour photoassociation measurements, which pro-
vide information on energy levels of the X(1)2Σ+ state
near the dissociation threshold, and low-resolution data
from thermoluminescence/LIF experiments, which allow
to describe the bottom of both X(1)2Σ+ and B(2)2Σ+
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Figure 12. Comparison of the original experimental spectrum
(upper curve, in black) with the spectrum simulated using the
experimental potential employing the ground state re value
from the FCI-ECP+CPP [32] calculations (lower curve, in
green). The positions of identified band heads are marked
with dashed lines, on top of which the assigned vibrational
quantum numbers ν′ − ν′′ are given.

PECs. As the thermoluminescence spectra lack rota-
tional resolution, the equilibrium distance between the
Rb and Sr nuclei cannot be determined from our mea-
surements and must be taken from theoretical calcula-
tions. Therefore we use three different sets of theoretical
PECs, resulting from state-of-the-art ab-initio calcula-
tions, as starting points for the fit of potential energy
curves to the experimental data. We obtain three poten-
tials for the X(1)2Σ+ state, but despite significant dif-
ferences between the starting potentials, the three fitted
ones converge to nearly the same shape. In the region of
missing experimental data the shapes of the fitted PECs
stay close to the initial theoretical potentials and this
region awaits future spectroscopic investigation to be re-
fined. Although in the case of the B(2)2Σ+ state, the ex-
perimental data provide only information about deeply-
bound energy levels, our procedure is able to reject one
of the three theories that diverges too much from the
experimental results.

We have demonstrated that our data analysis method
is a powerful tool to obtain potential energy curves of
heavy molecules, where achieving rotational resolution
is difficult and investigation of the mid-range spectrum
challenging. This method may find a welcome use in the
field of physical chemistry, since it shows, in the sim-
ple case of diatomic molecules, that several independent
sources of information, both experimental and theoret-
ical, can be synthesized successfully. The findings of
our analysis may be of interest to physicists from var-
ious fields. Indeed, calculations performed with the fit-
ted RbSr potentials demonstrate their power to predict
the positions of unassigned band heads and the intensity
distribution of the spectrum, but also the positions of
Fano-Feshbach resonances, some of which were later con-
firmed experimentally [37]. As a next step, we plan to
further refine the PECs derived in this work via new LIF
experiments with rotational resolution, and to charac-
terize the effects induced by hyperfine and spin-rotation
couplings via additional two-color PA. We will also use
the results of this work to determine an efficient STIRAP
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Table VI. Comparison of spectroscopic constants and dispersion coefficients for the X(1)2Σ+ and B(2)2Σ+ states of the 85Rb88Sr
molecule, between the present experiment-based work, the ab-initio calculations used here [32, 33], and other relevant works la-
belled as in their respective publication. Units of energy and length are cm−1 and Å, respectively, while Φ0

WKB is dimensionless.
The final errors, defined as three times the standard deviation, are given in parentheses

De ωe Be × 102 re [Å] Te C6 × 10−7 C8 × 10−8 Φ0
WKB

X(1)2Σ+

presenta 1136 40.39(72) 1.874e 4.565e 0 1.81(2) 5.8(1.3) 67.4393

presentb 1158 40.32(76) 1.848e 4.595e 0 1.80(2) 6.1(1.3) 67.4381

presentc 1161 40.31(76) 1.791e 4.669e 0 1.81(2) 5.90(1.3) 67.4396

experimental [40] − 42(5) − − − − − −
MRCI [33] 1298 42.5 1.874 4.565 0 − − 70.7768

FCI-ECP+CPP [32] 1073.3 38.98 1.848 4.595 0 − − 65.8890

RCCSD(T) [32] 1040.5 38.09 1.791 4.669 0 − − 64.7252

ST [43] 1273 42.2 1.853 4.590 0 − − −
CCSD(T) [39] 916 36 1.75 4.72 0 − − −
Relativistic KR-MRCI [35] 1017.58 35.8 1.8 4.66 0 − − −
theory [52] − − − − − 1.783 6.220 −

B(2)2Σ+

presenta 5025 58.92(38) 1.946 4.478 8848.0(8) − − −
presentb 5047 58.94(39) 1.920 4.509 8847.6(8) − − −
presentd 5050 58.95(39) 1.893 − 8847.7(8) − − −
MRCI [33] 5214 59.5 1.921 4.507 8830 − − −
FCI-ECP+CPP [32] 4982.9 58.37 1.975 4.445 8828 − − −
EOM-CC [32] 4609.6 60.20 1.925 4.503 9224 − − −
ST [43] 5078 58.5 1.899 4.533 8711 − − −
Relativistic KR-MRCI [35] 4683.56 58.1 1.98 4.43 9151 − − −
theory [52] − − − − − 8.448 59.80 −

a Based on MRCI [33] ab-initio calculation.
b Based on FCI-ECP+CPP [32] ab-initio calculation.
c Based on RCCSD(T) [32] ab-initio calculation.

d Based on RCCSD(T) [32] and EOM-CC [32] ab-initio calculation; parameters taken from Dunham coefficients listed in
Table V.

e Fixed during the fit at the corresponding theoretical value.

path for RbSr molecules towards the rovibronic ground
state [35]. With such molecules available, one can run
quantum simulations [4–7], perform fundamental tests of
physics [11–13], and study chemical reactions with full
control over reactants at the quantum level [7, 14–17].
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Table VII. Fano-Feshbach resonances for RbSr isotopologues due to coupling between N = 0 molecular levels and N = 0 atomic
scattering levels in the magnetic field region B < 3.0 kG. Eb is the binding energy of the bound state, fRb, mRb

f , F and mF

are the quantum numbers defined in the main text identifying the open and closed channel, respectively. B is the resonant
magnetic field, ∆µ is the differential magnetic moment, and ∆B is the width of the resonance calculated as the avoided crossing
gap divided by ∆µ. The avoided crossing gap is calculated for the two-body problem by using first order perturbation theory
and the ab-initio coupling matrix term induced by the variation of Rb hyperfine constant [50]. The two atoms are confined in
a species-independent potential well with ω = 2π × 60 kHz isotropic trapping frequency, which is a typical value for sites of a
three-dimensional optical lattice
BE (MHz) fRb mRbf F mF B (G) ∆µ (MHz/G) ∆B (mG)

85Rb84Sr

6644.83 2 -2 3 -2 2950.99 -2.64 31.40
6644.83 2 -1 3 -1 2500.46 -2.53 35.06
6644.83 2 0 3 0 2108.76 -2.49 31.82
6644.83 2 1 3 1 1778.42 -2.53 24.94
6644.83 2 2 3 2 1506.91 -2.64 16.03
85Rb86Sr

3421.32 2 -2 3 -2 1637.55 -2.10 5.37
3421.32 2 -1 3 -1 1029.72 -1.54 5.85
3421.32 2 0 3 0 562.87 -1.29 4.03
3421.32 2 1 3 1 307.68 -1.54 1.75
3421.32 2 2 3 2 193.47 -2.10 0.63
9308.75 2 1 3 1 2799.16 -2.67 4.71
9308.75 2 2 3 2 2499.41 -2.72 3.26
85Rb87Sr

78.63 2 -1 2 -2 157.16 -0.53 0
78.63 2 0 2 -1 165.59 -0.48 0
78.63 2 1 2 0 174.48 -0.43 0
78.63 2 2 2 1 183.83 -0.39 0
78.63 3 -3 3 -2 149.40 -0.59 0
78.63 3 -2 3 -1 157.41 -0.53 0
78.63 3 -1 3 0 165.88 -0.47 0
78.63 3 0 3 1 174.82 -0.43 0
78.63 3 1 3 2 184.23 -0.39 0
78.63 3 2 3 3 194.10 -0.35 0
1071.24 2 -2 3 -3 1329.33 0.56 0
1071.24 3 -3 3 -2 995.37 -1.85 0
4227.19 2 -2 3 -2 1995.89 -2.37 -5.26
4227.19 2 -2 3 -1 1741.03 -2.22 0
4227.19 2 -1 3 -2 1740.39 -2.23 0
4227.19 2 -1 3 -1 1470.84 -2.06 5.63
4227.19 2 -1 3 0 1256.20 -1.98 0
4227.19 2 0 3 -1 1255.68 -1.99 0
4227.19 2 0 3 0 1049.46 -1.95 4.51
4227.19 2 0 3 1 889.86 -1.97 0
4227.19 2 1 3 0 889.49 -1.98 0
4227.19 2 1 3 1 748.80 -2.06 2.87
4227.19 2 1 3 2 642.03 -2.19 0
4227.19 2 2 3 1 641.79 -2.19 0
4227.19 2 2 3 2 551.81 -2.37 -1.46
4227.19 2 2 3 3 482.92 -2.57 0
4227.19 3 -3 3 -2 2314.53 -2.65 0
10827.35 2 2 3 3 2916.48 -2.77 0
85Rb88Sr

5128.78 2 -2 3 -2 2364.10 -2.52 8.32
5128.78 2 -1 3 -1 1879.36 -2.33 9.05
5128.78 2 0 3 0 1474.80 -2.26 7.75
5128.78 2 1 3 1 1157.32 -2.33 5.57
5128.78 2 2 3 2 920.02 -2.52 -3.24
87Rb84Sr

9242.30 1 0 2 0 2218.82 -1.89 3.77
9242.30 1 1 2 1 1312.74 -2.15 1.69
87Rb86Sr

12546.80 1 1 2 1 2726.72 -2.47 4.35
87Rb87Sr

0.01 1 -1 1 0 0.18 0.70 0
0.01 1 0 1 1 0.18 0.70 0
0.01 2 -1 2 -2 0.18 0.70 0
0.01 2 0 2 -1 0.18 0.70 0
0.01 2 1 2 0 0.18 0.70 0
0.01 2 2 2 1 0.18 0.70 0
287.32 1 0 1 -1 397.14 -0.74 0
287.32 1 1 1 0 432.35 -0.62 0
287.32 2 -2 2 -1 366.06 -0.88 0
287.32 2 -1 2 0 398.65 -0.73 0
287.32 2 0 2 1 434.30 -0.62 0
287.32 2 1 2 2 473.02 -0.52 0
1952.06 2 -2 2 -1 1672.34 -1.70 0
6235.49 1 -1 2 -2 294.64 1.96 0
6235.49 1 -1 2 -1 1918.11 -0.88 -59.55
6235.49 1 -1 2 -1 519.45 0.88 16.13
87Rb88Sr

7403.10 1 -1 2 -1 2804.54 -1.68 -8.73
7403.10 1 0 2 0 1014.50 -1.08 -5.70
7403.10 1 1 2 1 366.98 -1.68 -1.14
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VIII. APPENDIX

A. Theoretical model for inter-species
thermalization

A rigorous analysis of the experimental data would re-
quire a Monte-Carlo trajectory simulation taking into ac-
count the initial atomic distributions, the subsequent ex-
citation of the Rb cloud and the elastic-scattering cross
sections, both inter-species and intra-species. However,
we are here only interested in a confirmation of our
ground-state potential model and for that we do not re-
quire precise values for the scattering lengths. Moreover
we observe that, although during the thermalization the
system is out of equilibrium, it might be close enough to
equilibrium to apply a very simple collision model giving
the cross-thermalization rate from equilibrium statistical
physics [57]. This is suggested in our case by the very
fast decrease in Rb temperature compared to the cross-
thermalization time. In order to clarify the analysis, we
review the model here.

The temperature difference is expected to decrease ex-
ponentially to zero with an inter-species thermalization
rate given by

τ−1 =
d(∆T )

∆Tdt
=
d(∆T )

∆T
Γ, (9)

where ∆T is the temperature difference between species
1 and 2 and dt = 1/Γ is the average collision time. The
rate of inter-species collisions Γ is given by

Γ = σ12 × v̄ ×
∫
n1(x)n2(x) dx3 =

= σ12 × v̄ ×N1N2

∫
ρ1(x) ρ2(x) dx3, (10)

where σ12 = 4πa212 is the inter-species cross section, v̄ is
the mean thermal relative velocity and n1,2(x), ρ1,2(x)
are the atomic density distributions normalized to N1,2

or 1, respectively. At thermal equilibrium with known
trapping potential U1,2, temperatures T1,2, and atomic
masses m1,2, we know all the quantities in the equa-
tion above except the inter-species scattering length. In
particular v̄ =

√
(8kB/π)× ((T1/m1) + (T2/m2)) and

n1,2(x) ∝ exp−U1,2(x)/kBT1,2 .
From basic kinematics the energy transfer from species

1 to species 2 is given by

∆E1→2 = ξ kB∆T,

ξ =
4m1m2

(m1 +m2)2
, (11)

where ξ accounts for the mass imbalance, and in our case
ξ ' 1. From this we obtain

d(∆T ) =
ξ

3

N1 +N2

N1N2
∆T. (12)

Substituting eqn (12) into eqn (9), we get the final re-
sult

τ−1 =
ξ

3

N1 +N2

N1N2
Γ =

ξ

3
σ12×(N1+N2) v̄

∫
ρ1(x) ρ2(x) dx3 =

=
ξ

3
σ12 × Φ, (13)

where the kinematic contribution to the rate is summa-
rized in the effective flux Φ.

The value of 3 in the denominator of eqn (13) repre-
sents the average number of collisions for thermalization.
Corrections to this number have been evaluated [58], and
it is shown to vary within the range 2.4 − 3.4, with 2.4
referring to fast thermalization compared to trap oscilla-
tion time and 3.4 to the opposite case.

B. Potential energy curves

In this part, we provide additional information about
the fitted potentials. In TableVIII, we give the best fit
parameters for the MLR PEC describing the X(1)2Σ+

state. In Table IX and TableX we give the point-wise
representations of the fitted PECs for the B(2)2Σ+ state,
fitted starting from the FCI-ECP+CPP and the MRCI
methods, respectively 1. Finally, in Fig. 13 we show a
comparison of the potentials for the B(2)2Σ+ state before
and after our fit procedure.

1 Electronic Supplementary Information (ESI) available. See
http://dimer.ifpan.edu.pl/.

http://dimer.ifpan.edu.pl/
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Table VIII. Best fit parameters for the MLR PECs describing the X(1)2Σ+ state in the cases of the three initial ab-initio
representations. Units of energy and length are cm−1 and Å, respectively. The number of digits in the presented values of
parameters is necessary to reproduce band-head positions and weakly-bound energy levels with the experimental uncertainty

MRCI [33] FCI-ECP+CPP [32] RCCSD(T) [32]

p 5a 5a 5a

q 2a 2a 2a

Nu 3a 3a 3a

Nβ 5a 5a 5a

De 1136.153957156767 1158.334744879383 1161.0696743991873

re 4.5645a 4.59508a 4.66879a

C6 1.808868014576728 1.795668695101867 1.8134615231939677

C8 5.792504377056786 6.148308472469144 5.870256113661574

C10 2.2043858534998264a 2.2043858534998264a 2.2043858534998264a

β0 −1.2521217820591306 −1.2744532761179883 −1.2541965574219214

β1 −2.7403962754860123 −2.6486718159733136 −2.324690124968812

β2 −1.2388430923676004 −0.8587136858852784 −0.06921139967893859

β3 0.8220377227516734a 1.5773120878976061a 0.9325813112428021a

β4 −2.710995726338915a −0.16154919058041997a −4.2183716802600495a

β5 −4.142301068756231a −0.8834374478517256a −5.290318777716273a
a Held fixed during fit to experimental data.
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Figure 13. PECs of the B(2)2Σ+ state of RbSr. Top panel:
theoretical PECs corresponding to the three different ab-initio
calculations considered in this work. Bottom panel: PECs
fitted to experimental data with initial fit parameters de-
termined by the FCI-ECP+CPP and MRCI methods, see
Sec.VC.
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Table IX. The point-wise potential energy curve of the
B(2)2Σ+ state obtained after the fit procedure, based on the
theoretical curve calculated with the FCI-ECP+CPP method
r (Å) E (cm−1) r (Å) E (cm−1)

2.68 19257.0300 8.18 12109.8735
2.78 17908.5708 8.29 12157.4315
2.89 16617.8234 8.39 12197.4666
3.00 15379.9026 8.50 12238.2371
3.10 14312.2244 8.60 12272.5381
3.21 13241.3574 8.71 12307.4494
3.31 12375.1023 8.82 12339.6227
3.42 11528.6439 8.92 12366.6696
3.52 10837.7736 9.03 12394.1795
3.63 10150.2670 9.13 12417.2977
3.74 9536.4284 9.24 12440.8047
3.84 9050.4423 9.35 12462.4492
3.95 8604.8603 9.45 12480.6336
4.05 8289.8226 9.56 12499.1204
4.16 8021.3425 9.66 12514.6521
4.27 7838.3481 9.77 12530.4436
4.37 7737.9870 9.87 12543.7127
4.48 7691.2318 9.98 12557.2074
4.58 7699.9253 10.09 12569.6388
4.69 7753.0775 10.19 12580.0904
4.79 7837.0308 10.30 12590.7265
4.90 7961.2580 10.40 12599.6736
5.32 8634.7155 10.51 12608.7842
5.43 8837.5343 10.62 12617.1902
5.54 9044.9495 10.72 12624.3507
5.64 9233.5924 10.83 12631.8586
5.75 9439.0045 10.93 12638.2067
5.85 9621.9672 11.04 12644.7041
5.96 9818.0546 11.14 12650.2014
6.06 9991.0355 11.25 12655.8314
6.17 10174.3255 11.36 12661.0571
6.28 10349.5430 11.46 12665.4829
6.38 10501.3856 11.57 12670.0202
6.49 10659.9119 11.67 12673.8658
6.59 10796.1676 11.78 12677.8112
6.70 10937.3983 11.89 12681.4802
6.81 11069.6823 11.99 12684.5934
6.91 11182.3688 12.10 12687.7911
7.02 11298.2776 12.20 12690.5065
7.12 11396.6341 12.31 12693.2978
7.23 11497.4813 12.41 12695.6701
7.33 11582.8320 12.52 12698.1107
7.44 11670.1576 12.63 12700.3871
7.55 11751.0295 12.73 12702.3241
7.65 11819.3069 12.84 12704.3196
7.76 11889.0220 12.94 12706.0191
7.86 11947.8194 13.05 12707.7714
7.97 12007.8007 13.16 12709.4095
8.08 12063.2037

Table X. The point-wise potential energy curve of the
B(2)2Σ+ state obtained after the fit procedure, based on the
theoretical curve calculated with the MRCI method
r (Å) E (cm−1) r (Å) E (cm−1)

2.57 20015.9638 7.97 12039.5764
2.67 18623.1081 8.47 12260.0669
2.77 17378.0065 8.97 12412.7431
2.87 16227.5400 9.47 12513.9446
2.97 15164.7084 9.97 12581.4056
3.07 14191.0980 10.47 12626.6346
3.17 13301.5037 10.97 12657.3393
3.27 12484.9011 11.97 12693.3984
3.37 11729.7060 12.97 12711.7395
3.47 11028.5584 13.97 12721.6836
3.57 10381.0891 14.00 12721.9028
3.67 9791.4292 14.10 12722.6076
3.77 9271.8458 14.20 12723.2748
3.87 8816.5037 14.30 12723.9066
3.97 8486.8951 14.40 12724.5053
4.07 8191.1429 14.50 12725.0727
4.17 7968.0412 14.60 12725.6108
4.27 7821.7664 14.70 12726.1213
4.37 7739.7466 14.80 12726.6058
4.47 7711.9908 14.90 12727.0659
4.57 7729.6107 14.97 12727.3742
4.67 7784.9552 15.00 12727.5029
4.77 7871.4749 15.10 12727.9182
4.87 7983.6310 15.20 12728.3130
4.97 8116.4157 15.30 12728.6885
5.07 8265.5303 15.40 12729.0457
5.17 8430.3232 15.50 12729.3857
5.27 8609.5386 15.60 12729.7094
5.37 8792.9576 15.70 12730.0178
5.47 8981.4689 15.80 12730.3115
5.77 9548.1877 15.90 12730.5915
5.97 9908.3732 16.00 12730.8585
6.47 10690.4487 18.00 12734.2857
6.97 11287.8051 20.00 12735.7680
7.47 11725.8313
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