nature physics

Article

https://doi.org/10.1038/s41567-023-02296-w

Precisionspectroscopy and laser-cooling
scheme of aradium-containing molecule

Received: 2 March 2023 S.M. Udrescu®'

Accepted: 19 October 2023

Published online: 09 January 2024

% Check for updates

,S.G. Wilkins®'
M. Athanasakis-Kaklamanakis®*, R. F. Garcia Ruiz®"
R.Berger®8, M. L. Bissell®, C. L. Binnersley®, A. J. Brinson', K. Chrysalidis®5,
T.E. Cocolios®*, R. P. de Groote*, A. Dorne?, K. T. Flanagan®'’, S. Franchoo",
K. Gaul?, S. Geldhof ®*, T.F. Giesen ®2, D. Hanstorp® ', R. Heinke ®°®,

A. Koszorus?, S. Kujanpaa ® ™, L. Lalanne ®*, G. Neyens ®*, M. Nichols',

,A.A.Breier®?,
, M. Au®>5%, |. Belosevié’,

H. A.Perrett®°, J. R. Reilly®, S. Rothe ®°, B. van den Borne®*, A. R. Vernon®,
Q.Wang®", J. Wessolek?®, X.F. Yang® " & C. Ziilch®

Molecules containing heavy radioactive nuclei are predicted to be extremely
sensitive to violations of the fundamental symmetries of nature. The
nuclear octupole deformation of certain radium isotopes massively boosts
the sensitivity of radium monofluoride molecules to symmetry-violating
nuclear properties. Moreover, these molecules are predicted to be laser
coolable. Here we report measurements of the rovibronic structure of
radium monofluoride molecules, which allow the determination of their
laser cooling scheme. We demonstrate an improvementin resolution

of more than two orders of magnitude compared to the state of the art.

Our developments allowed measurements of minuscule amounts of hot
molecules, with only afew hundred per second producedin a particular
rotational state. The combined precision and sensitivity achieved in this
work offer opportunities for studies of radioactive molecules of interest in
fundamental physics, chemistry and astrophysics.

The Standard Model of particle physics has been spectacularly success-
ful atexplaining the fundamentalinteractions of the known elementary
particles of the universe up to TeV-scale energies. However, the Stand-
ard Modelis not acomplete theory of nature, as it cannot account for
observationsrelated to dark matter, dark energy, the matter-antimat-
ter asymmetry of the universe or the spectrum of elementary particle
masses'. Numerous Standard Model extensions have been proposed
to explainthese observations, often predicting stronger violations of

fundamental symmetries, such as parity or time reversal, or the exist-
ence of new forces and particles'. Agreat deal of attention is therefore
now focused on constraining these effects in precision experiments
conducted across different energy scales.

Inthelast few years, precision molecular studies have emerged as
acompelling platform upon which to perform these investigations®”’.
Symmetry-violating properties of fundamental particles canadd minus-
culebut measurable perturbations to the energies of molecular states.
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Fig.1|Illustration of the experimental setup. a, Mass-selected RaF* ions
accelerated to-30 keV are partially neutralized in a Na vapour (I). Residual ions
areremoved using astatic electric field (I), and neutral molecules are overlapped
collinearly with three pulsed laser beams (111). The three lasers used are shown as
coloured cuboids. Their approximate wavelengths and relative timings (coloured
Gaussian shapes) areindicated. Resonantly ionized molecules are deflected and
detected onanion detector (IV). b, Three-step ionization scheme for the RaF
molecules. The first Ti:Sa laser excites the molecules from the ground X?L* to

the excited Al , electronic state. Potential curves of the two states, vibrational
(blue) and rotational (green) energy levels are shown, not to scale (vlabels the
vibrational quantum numbers). A second dye laser further excites the molecules
to a higher-lying ’[1,,, electronic state. Finally, aneodymium-doped

yttrium-aluminium-garnet (Nd:YAG) pulsed laser ionizes the molecules. The
value of the ionization potential (IP) as well as the wavelengths of the lasers used
areshown. ¢, At zero centre-of-mass kinetic energy, the simulated rovibronic
spectra have transition linewidths, Av, at T=500 K, of ~400 MHz (cyan line).

At 30 keV, the linewidths can be reduced by up to three orders of magnitude
(magentaline), limited by the natural linewidth of the transition. d, A spectrum
of our current results (red and grey lines) is compared with previous results
(blue dots)”, displaying the linewidth reduction from ~60 GHz to ~150 MHz. The
x axis shows the wavenumber of the first-step laser in cm™. The y axis shows the
ion countrateinarbitrary units (a.u.). The error bars represent one standard
deviation statistical uncertainty.

Duetotheir close-lying rotational states of opposite parity, molecules
can be imbued with an enhanced sensitivity, of more than 11 orders of
magnitude, to symmetry-violating properties, relative to atoms>®. In
addition, as the strength of symmetry-violating effects rapidly scales
with atomic number, nuclear spinand nuclear deformation, molecules
containing heavy, radioactive nuclei, such as the pear-shaped radium
(Ra)", are predicted to further provide more than two orders of magni-
tude enhancement, relative to non-radioactive systems" ¢,

Radium monofluoride (RaF) molecules are particularly attractive
systems to study the aforementioned physical phenomena, as their
molecular structure has been suggested to be favourable for laser
cooling, paving the way towards highly sensitive studies, and adiverse
range of opportunitiesin fundamental physics research™>” ", However,
in contrast to atoms, laser-cooling molecules is substantially more
complex. Due to their rotational and vibrational degrees of freedom,
finding appropriate cycling transitions for laser cooling poses a major
experimental challenge” .

Here we performed precision studies of the rovibronic structure
of 2°Ra™F. We present a three-step resonance ionization scheme that
allows very sensitive measurements with a high rotational-state selec-
tivity, while also improving the spectral resolution of our measure-
ments by more than two orders of magnitude (Fig. 1d) with respect
to previous experiments'”’, This allowed for precise measurements
of the structure of these molecules and their energy levels that are
suitable for fundamental physics studies. By employing a combina-
tion of narrow- and broad-band laser systems, we were able to address
moleculesin specific rotational levels, populated with yields as low as
afew hundred per second, and immersed within a highly congested

spectrum. Our achieved combination of experimental resolution, high
sensitivity and low background is critical for the study of radioactive
molecules, which are produced with small fluxes (<10°molecules per
s), hightemperatures (>2,000 K) and in contaminated environments.
Additionally, our results provide an unambiguous identification and
quantification of a laser cooling scheme of this molecule, which can
beachieved by using only three lasers. This is an essential step towards
achieving ultra-cold temperatures and performing symmetry-violating
measurements with these moleculesin dedicated future experiments.

Isotopes of radium were produced by impinging 1.4-GeV protons
onto a uranium-carbide target. Following reactions with a CF, gas
introduced into the target container, RaF* molecules were formed,
extracted, mass separated and injected into a room-temperature
radio-frequency trap, filled with He gas, which cooled and bunched
them. Bunches of RaF*, accelerated to 29.908(1) keV, were then sent
towards the Collinear Resonance lonization Spectroscopy (CRIS) setup
atthelsotope Separator OnLine Device Radioactive lon Beam Facility at
the European Organization for Nuclear Research (ISOLDE-CERN)""*%%
once every 20 ms. The high translational energy of the molecular
bunch allows a significant reduction of the transitions’ linewidth
(Fig. 1¢)*®*°. The ions were neutralized in-flight by passing through a
charge-exchange cell filled with a sodium vapour at a temperature of
~500 K, predominantly populating the X?X* electronic ground statein
the neutralization process'””. The remaining ions were deflected from
the neutral beam, which was then collinearly overlapped with three
pulsed laser beams in an ultra high-vacuum (5 x 107° mbar) interac-
tion region (Fig. 1a). Further details of the experimental setup can be
found in Methods.
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Fig.2|Example of measured spectraforthe O’ — Q' transitions. Inthe
centre, inblue, we present the simulated RaF rovibronic spectrum obtained for
/<100, over arange of -100 cm™ (Jis the rotational quantum number of the
rotational levels in the X?X" electronic level). Figures in magnified views show
measured spectra for different regions (note the broken x axis present in some of
the figures). The connected red dots show the experimental data, whereas the
continuous blue line represents the best fit to the data. The error bars indicate

one standard deviation statistical uncertainty. For each spectrum, we also show
the covered range of /values (see the main text and Methods for the details of the
fit). The values on the x axis correspond to the wavenumber of the first laser used
inthe excitation-ionization scheme, Doppler-corrected to the molecular rest
frame and shifted by T“uz 0=13284.427 cm™. The rate on the y axis is givenin
arbitrary units (a.u.).

The RaF molecules were resonantly ionized by a stepwise
three-photon process. Firstly, an injection-seeded Titanium:Sapphire
(Ti:Sa) laser of tunable wavelength, with alinewidth of 20 MHz, was used
to resonantly excite the rovibronic transitions of interest, between the
vibrational ground or first-excited states of X’X* and A’[1,,, denoted as
0’ < 0”and1’ < 1”,respectively. Then,atunable pulsed dyelaser, with
alinewidth of 10 GHz and wavenumber around 15,500 cm™ (645 nm),
resonantly excited molecules in the A1, state to a higher-lying elec-
tronic state, tentatively assigned as a *[1y, (ref. 31) (an example of the
spectraofthe seconds step transition is shownin Extended Data Fig. 1).
Finally, the electronically excited RaF molecules were ionized using a
high-power (40 m) per pulse) neodymium-doped yttrium-
aluminium-garnet pulsed laser (Nd:YAG) at 532 nm (Fig. 1b). For agiven
wavelength of the first laser, the second laser wavelength, as well as the
timing of the three lasers, were adjusted to maximize the measuredion
signal. Resonant excitation to the higher-lying 1, , electronic state, that
lies closer to the ionization potential, enabled a longer-wavelength
non-resonant laser to be used for the ionization step in this three-step
scheme. This significantly reduced the non-resonant laser background,
increasing the signal-to-noise ratio by an order of magnitude, compared
toatwo-step scheme'", and facilitating an almost three orders of mag-
nitude improved spectroscopic resolution.

The resonantly ionized RaF" molecules were deflected from the
neutral bunch and detected by a MagneTOF ion detector. The wave-
length of the ionization laser was chosen such that RaF molecules can
only be ionized if they exist in the intermediate highly-excited elec-
tronic state, thatisifthe frequency of the first-and second-step lasers
were onresonance with sequential transitions in the RaF molecule. The
rovibronic spectrawere obtained by counting the number of detected
ionsasafunction of the wavelength of the first laser.

Figure 2 shows examples of experimental spectra, where the data
areshownasred points and the fitted peak positions are shownin blue
(similar spectraforthel’ — 1”transitions, as well as more details about
the O’ <« 0”transitions are shownin Extended DataFig.2 and Extended
DataFig. 3, respectively). In the centre, in blue, we show the full simu-
lated spectrum of RaF for/<100and 7=500K, overarange of -100 cm™
(Jrepresents the rotational quantum number of the rotational levels
inthe X°X*electroniclevel and Trepresents the temperature). For each
measured spectrum, we also indicate the range of / values contained
withinit. Thex axis shows the wavenumber of the first excitation laser,
Doppler-corrected to the molecular rest frame and shifted by
Tn,.0 = 13284.427 cm™. The temperature of the simulations was esti-
mated based on the distribution of the population of the rotational
levels in the O’ < 0" vibrational spectrum. At this temperature, no
states with />100 are expected to be observed in our experiment.
However, the extraction of the physical parameters from the data
dependsonly onthelocation of the measured transitions in frequency
space and not on their intensity. Therefore, the obtained results are
not affected by the choice of temperature.

We fitted the 0’ — 0” and 1’ « 1” transitions using an effective
rotational Hamiltonian for each of the two electronic states. The fit was
performed using the publicly available software PGOPHER™. For the
fit, we used 60 spin-rotation transitions with values of /ranging from
1.5t040.5 for 0’ < 0” and 32 spin-rotation transitions with_/ values
from 5.5t036.5for 1’ «— 1”. The values of the molecular parameters
obtained fromthefitting procedure are shownin the second and third
column of Table 1, for the v=0 and v=1vibrational levels of the X**
and A1, states, respectively (the resulting vibrational independent
parameters are shown in Extended Data Table 1). A comparison with
theoretical predictions, where available, is displayed in the last column.
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Table 1| Fitted rotational parameters

Parameter v=0(cm™) v=1(cm™) Theory®
(cm™)

B, 0.191985(5)[15] 0.19092(4)[6] 0192°
0.1909°

107 x D} 1.40(5)[10] 1.2(3)[4]

Yy 0.00585(3)[7] 0.00581(5)[15] 0.006*

B, 0.191015(5)[15] 0.18997(4)[6] 0.192°
0.1902°

107 x D, 1.40(5)[10] 1.5(3)[4]

D, -0.41071(3)[7] -0.40978(10)[20]

10"xpy, 1.9(2)[5] 4.4(20)[15]

Thy,y 13284.427(1)[20] 13278.316(1)[20] 13300°

In the first column, we list the parameter names, while the second and third columns show
their values for the ground and first-excited vibrational states of the X?s* and A’M,, electronic
manifolds. We show the 10 statistical and systematic uncertainties in round and square
brackets, respectively. In the last column we present the available theoretical predictions.

® The theoretical studies report the equilibrium rotational parameters: B, ~ 3BO - 1Bl and
Ve ™ 21’0— iyl.bRef.MCRef. 339Ref. 34 : :

Anexcellentagreementis seenbetween the experimentally determined
values and previous ab initio calculations'*****, A detailed description
of'the data analysis, as well as anin-depth explanation of the effective
Hamiltonians employed, are presented in Methods.

In Fig. 3, we show a laser cooling scheme for RaF, requiring only
three lasers. The location of the relevant spin-rotational levels in fre-
quency space was obtained fromthe fitted rotational parameters. The
Franck-Condonfactors, f,, ., betweenthe X’X*and A™[l,, vibrational
levels were calculated assuming a Morse potential for each of the two
electronic states, parameterized using the rotational constants
obtained in this work, B, and B; (Methods), as well as the vibrational
constants and dissociation energies from ref. 17. The solid,
upwards-pointing arrows represent laser excitations, while the sinu-
soidal ones represent spontaneous emission. One laser will be used to
pump the main cooling transitions between the /= 0.5, v=0 and
S =1.5", v=01levels of the X?3* state and the /*= 0. 5*, v=0 level of the
A’My, state (the ‘+"and ‘= refer to the parity of the state, P). The use of
these spin-rotational states will eliminate rotational branching, as
described inref.20. Given that the two levels in the X?X* are separated
by 263(4) MHz, asingle laser with modulated frequency would be able
to address both of them simultaneously. Two other lasers are used to
re-pump molecules that decay to the v=1and v =2 vibrational levels
of the X?X* state, back into the main cooling cycle. The described
approach would allow each molecule to scatter more than 10° photons
on average before it ends up in a dark state, at a rate greater than 10°
photons per second (given by the lifetime of the excited AX[,, state,
7<50ns)".

While previous low-resolution measurements presented evidence
for the existence of alaser cooling scheme of RaF”, our results quantita-
tively provide the spin-rotationlevels suitable for such ascheme, as well
astheassociated Franck-Condon factors, facilitating an unambiguous
pathway to laser-cooling this molecule. This will allow future experi-
mental developments aimingto laser cool and trap RaF molecules for
fundamental physics studies®. In order to achieve laser cooling over
reasonably short distances, as well as increase the population in the
relevantrotational levels, developments of efficient production meth-
ods of cold RaF beams are needed®. Compared to other alkaline-earth
monohalides, RaF is, to our knowledge, the most favourable molecule
for laser cooling, in terms of the diagonality of Franck-Condon fac-
tors*and relatively simple energy-levels structure. The absence of any
electronic manifolds between the two electronic states used for laser

wu £z5L =y

=05 |263MHz

SF=05"
v=0

Fig.3|Proposed laser cooling scheme for RaF. The upwards-pointing arrows
represent laser excitations between the ground, X’X*, and excited, AT, ,,
electronic states. The wavelength of each laser (A,/,//) is shown (energy levels not
shown to scale). The wavy, downwards-pointing arrows represent spontaneous
emissionfromthe v/ = 0 (continuouslines) and v/ = 1(dashed lines) vibrational
levels, including the associated Franck-Condon factors ( f,/,/s). The labels v’ and
v'represent the vibrational quantum number of the excited and ground
electronic manifolds, respectively. The vibrational (v) and rotational (/) quantum
numbers as well as the parity (+/-) are shown for the states of interest. Similar
coloursindicate similar values of the transition frequencies. We show in brackets
the uncertainty associated with the calculated Franck-Condon factors (see
Methods for details).

cooling in RaF, is a major advantage for laser cooling”, in contrast to
BaF (ref. 36), the heaviest stable alkaline-earth monohalide.
Duetotheinherent complexity and heavy mass of RaF molecules,
alarge number of rovibronic transitions, originating from states with
different/, can lie very close to each other. The first-step laser can
therefore excite several of them simultaneously, even withalinewidth
as narrow as a few tens of MHz. By properly adjusting the wavelength
ofthesecond-step laser, we introduce additional J-selectivity such that
only molecules fromagiveninitial rotational state are ionized. This ena-
bled the observation of individual transitions with initial /values from
0.5 up to 40.5. An example of this J-selection is shown in Fig. 4 (more
examplesareshowninthe Extended DataFig.4). Transitions containing
Jvaluesbetween 0.5and 3.5 canbeisolated fromalarge background of
higher-/transitions despite these states being populated much more
strongly. In the upper part, the red dots represent the data, while the
blue line is the result of a fit to the data using a sum of six peaks and a
constant background. The dashed green lines show the individual fit-
ted peaks. The same fitted spectrum is compared in the bottom part
to the spectrum without the /< 4 cut (black dashed line). Without the
additional second-step J-selectivity, the displayed wavelength region
contains/valuesup to15.5(marked as the vertical black lines), making
the investigation of low-/ transitions virtually impossible. The rate of
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Fig. 4| Measured spectra using second-step J-selectivity. In the upper part, the
red dots represent the data while the blue continuous line is the result of a fit to
the data, containing six peaks (shownin green) plus a constant background. The
error bars show one standard deviation statistical uncertainty. For each peak we
indicate the rotational quantum number, / and the parity of its ground rotational
level. In the bottom part, the fit (blue line) is compared to the expected spectra
without any cut on the/values range of the transitions (black dashed line). The
black vertical lines mark the position of each transition (see the main text for the
details of the fit).

moleculesintheinteractionregion, populating states with/< 4 inour
experiment was estimated to be between 50 and afew hundred per sec-
ond. Hence, we canisolate and perform precision studies of particular
transitions within a highly congested spectrum with high sensitivity,
using the three-colour ionization scheme discovered herein.

Precision experiments using *°RaF molecules, as well as the
extension of such experiments to molecules containing Ra isotopes
with nuclear spin larger than zero, such as ?>?*RaF, will enable highly
sensitive studies of electroweak nuclear and leptonic properties. This
will include searches for parity violation, through nuclear anapole
moment measurements and combined parity and time-reversal viola-
tion searches, through investigations of the electron electric dipole
moment, nuclear Schiff moment and nuclear magnetic quadrupole
moment’. Such measurements can be performed using the lowest
rotational and hyperfine levels of the ground electronic state®”’.

The accuracy achieved in our experiment approaches what is
required to guide astrophysical observations of radioactive mole-
cules of importance in our understanding of stellar nucleosynthe-
sis and astrochemistry, such as 2°AlF (ref. 37), 2°AlO (ref. 38) or *SiO
(refs. 39,40). The rotational de-excitations of these molecules can
be sensitively observed with a high spatial resolution using modern
telescope facilities**2. However, their identification requires a very
precise knowledge of their rotational structure which can only be
unambiguously obtained from laboratory measurements, achievable
with the technique presented here.

In addition, several other radioactive molecules are predicted to
possess an enhanced sensitivity to fundamental symmetry violations,
suchas RaOH (ref. 43), RaO (ref.12), RaH (ref. 44), RaOCH} (refs. 45,46),
PaF** (ref. 47) or AcCOH" (ref. 48). However, their structure remains
experimentally unknown. The described measurement technique can

be used to investigate these and other short-lived radioactive mole-
cules of fundamental physics interest. The extension of our current
method to polyatomic molecules poses additional challenges, as extra
degrees of freedom come into play. Furtherimprovementsinthereso-
lution of the first-step transition (Methods), as well as the possibility
of using the second-step laser to isolate individual transitions from
complexmolecular spectra, as described in this work, could allow the
investigation of such species. The developments presented in this work
are timely with respect to the current efforts to produce radioactive
molecules for fundamental physics research at different facilities
worldwide such as ISOLDE-CERN (Switzerland), the TRI-University
Meson Facility (TRIUMF) (Canada), and the Facility for Rare Isotope
Beams (FRIB) (US)S.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41567-023-02296-w.
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Methods

For this experiment, radium isotopes were produced by imping-
ing 1.4-GeV protons onto a thick uranium-carbide target. By inject-
ing CF, gas through a calibrated leak into the target container,
radium-containing molecules were formed. Through surface ioni-
zation, RaF" was created and extracted using an electrostatic field.
The isotopologue of interest for the present study, ?°Ra*F', was
mass-selected using a high-resolution magnetic mass separator and
then collisionally cooled in a radio-frequency quadrupole trap filled
with room-temperature helium gas for up to 20 ms. After that, bunches
of 2°Ra®F" were released, accelerated to an energy of 29.908(1) keV,
and then sent to the Collinear Resonance lonization Spectroscopy
setup*~*. The energy of the molecular bunch allows a significant
reduction of the measured transitions’ linewidths?**°. Thisis possible
because, during the acceleration, theinitial energy spread of the ions
is preserved, while their velocity increases, which leads to a reduc-
tion of the ion beam velocity spread along its axis of motion. At our
acceleration voltage, the linewidths of the measured transitions can
be reduced by up to three orders of magnitude, compared to a meas-
urement performed on a thermal beam?-°. In practice, the observed
linewidths are broader than this due to power broadening, variations
inthe acceleration voltage, collisions in the charge-exchange cell and
the linewidth of the spectroscopy laser used. Reducing these effects
willimprove the resolution of the measured spectra.

Measured and fitted spectra, correspondingto 1’ < 1”rovibronic
transitions, are presented in Extended Data Fig. 2, together with the
rotational quantum numbers, /, that they contain. In the centre, we
show the fitted spectrum simulated in PGOPHER for /<100 and
T=500K, overaregionof-70 cm™ The magnified views show different
regions of the spectrum, with the red dots representing measured data,
andtheblue continuous line showing the best fit to the data. The xaxis
shows the wavenumber of the first-step laser, Doppler-corrected to
the molecular rest frame and shifted by 7y, , o = 13284.427 cm™. The y
axisshowstherateinarbitrary units. During the experiment, the wave-
length of the first-step Ti:Sa laser was measured with a wavemeter
(WSU-2, HighFinesse) calibrated by measuring a reference wavelength
provided by a rubidium-stabilized diode laser (DLC DL PRO 780, Top-
tica)”. Simultaneously, we measured the 5°S,,, F = 2 > 5P, ,, F = 3 transi-
tionin¥Rbwith the same wavemeter, as areference, in order to correct
for any measurement drifts. The wavenumbers shown in Fig. 2 and in
Extended Data Fig. 2 were calculated using:

V=V — (ﬁﬁf’ -) @

where v,,and 7 are the measured wavenumbers of the Ti:Sa laser and of

the ¥Rb transition, respectively, while v%° is the literature value of the
reference ¥Rb transition®*. Each peak used for the determination of the
rotational Hamiltonian was fit with a Voigt profile plus a constant back-
ground, using the LMFIT Python package™. The number of peaksinagiven
scanwas chosen based on the reduced x* of the fit. The obtained central
value of each peak, together withits associated uncertainty, were used as
inputin PGOPHER, in order to extract the rotational parameters.

The main sources of systematic uncertainties in our experimen-
tal setup were (the associated uncertainty in the measured wave-
number is given in brackets): variations in the ion beam’s extraction
voltage (1.2 x10™* cm™), changes in the beam energy during the
charge-exchange process (<10 cm™), uncertainties in the measure-
mentofthe Rb reference frequency by the wavemeter (10 cm™), pres-
ence of stray magnetic and electric fields (<10 cm™) and AC Stark shifts
duetothe presence of the second- and third-step lasers (5 x 10 cm™).
These uncertainties were added to the statistical uncertainty for each
fitted linein the spectra, before performing the PGOPHER fit.

For the simulation of the spectrum in PGOPHER, the vibrational
levelsin the electronic ground state, X2*, were described by the effec-
tive Hund’s case (b) Hamiltonian:

Hyasz+ = (B —D"N?)N? + YN - S (v)]

where B”is the rotational constant, D" is the centrifugal distortion
constant and y is the spin-rotation constant. N=J — S and S are the
molecular-rotational operator (excluding the electron spin) and
electron-spin operator, respectively. The vibrational levels in the
excited electronic state, A’T1, were described by the effective Hund’s
case (a) Hamiltonian:

Hyn =Tn— 2 + (B - D'N?)N2—

- % {p+ppoN? NS, e 2% + N_S_e9}

where {0,Q} =0Q + QO, T;;represents the distance between the origins
ofthe v = 0and v' = 1vibrational levels of the *I1 electronic manifold
and the origins of the corresponding isovibrational levels of the X?*
electronic manifold, while A, is the spin-orbit interaction. As rovi-
bronic transitions to the A’[1,,, electronic state were not measured, it
wasn'’t possible to constrain both T;; and A, simultaneously so A;; was
kept fixed atits previously measured value of2067.6 cm™ (ref.17). pis
the A-doubling parameter and p,, is the centrifugal distortion correc-
tiontop.N,and S, aretheraisingand lowering operators forthe N and
Soperators defined above and ¢ is the electron orbital azimuthal angle.
Because of the coupling between the rotation of the molecule and the
electron orbital angular momentum, each level withagiven quantum
number/is splitinto two levels of opposite parity. Note that the terms
inthe Hamiltonians above are effective parameters, whichinclude the
small contributions of the other electronic states in the molecule®.
The hyperfine splitting due to the fluorine nucleus is expected to be
less than 100 MHz (ref. 33) and we were not able to observe this effect
given our experimental resolution. The associated hyperfine Hamil-
tonianwastherefore notincluded in the analysis. For laser cooling, the
ground-state hyperfine sublevels of interest can be addressed using
sidebands obtained from the modulation of the frequency of the laser
used to pump the main cooling transition, similar to other laser-cooled
molecules®. This will notinfluence the number of lasers needed, their
frequencies or the calculated Franck-Condon factors.

From equations (2) and (3) we can see that in total there are nine
parameters that we need to fit for, three for the ground and six for the
excited state. Given the large parameter space, choosinginitial values for
thefitascloseas possible tothe true ones was crucial. It was alsoimpor-
tant to reduce the number of free parameters by using (approximate)
theoretically and experimentally motivated constraints between them.
These constraints were used only in the beginning of the fitting proce-
dure, in order to have a fast convergence towards an optimal region of
the parameter space. The only exception was for the A parameter which
was kept fixed at its previously measured value of 2,067.6 cm™ (ref. 17).

We started the fitting procedure with 0’ < 0” rovibronic transi-
tions. The rotational constants, B, of the X’X* and A’[l,, electronic states
were calculated inref. 14 to be equal to 0.192 cm™. Based on the spacing
between the well-separated measured peaks (located on the left and
right side of the spectrum shown in Fig. 2), we were able to obtain two
approximate constraints using combination differences:

B’ —B' =0.001cm™
)
p=6B —y—1552cm!

Hence, we set the initial rotational constants to B"= 0.192 cm™ and
B’ = 0191 cm™. The initial value of T}, was initially set to 14315 cm™,
according toref.17, while y was set to 0.006 cm™ (ref. 33). For aMorse
potential, the centrifugal distortion constant can be written in terms
of the rotational constant as:

4B
b=z
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where wis the vibrational constant of the electroniclevel, whichin our
case for the X’* and A™[1, states it is equal to wy.;. = 441.8 cm™and
W2, = 435.5 cm™ (ref. 17). Together with the values of the rotational
constants considered above, the initial values for the centrifugal distor-
tion constantsweresetto:D'=1.45x107 cm™and D’ = 1.47 x10~7cm™,
Initially p, was set to zero.

Usingthese initial values of the parameters, we were able to assign
the two bandheads present in the simulations and in the data to their
respective transition branches. The location of the bandheads for the
0’ < 0” transitions is indicated with green arrows in the spectrum
shown in Extended Data Fig. 3. Red dots represent the data, while the
bluelineisthefit to the data. The x axis corresponds to the wavenumber
of the first laser used in the excitation-ionization scheme,
Doppler-corrected to the molecular rest frame and shifted by
Th,,0 = 13284.427 cm™. They axis shows the ratein arbitrary units. This
made the assignment of the measured transitions to the right branches
substantially easier.

Thefitting procedure started with only two free parameters: the
rotational constant of the ground state, B’, and the centre of the excited
state, T,. In PGOPHER, each measured transition is assigned to the
closest transition in the simulated spectrum. Initially, only isolated
lines, fromtheright and left sides of the simulated spectrum shownin
Fig. 2, were used for the fit, as the assignment between the measured
and simulated spectrawas relatively easy. We then gradually removed
the initial constraints, hence allowing other rotational parameters to
vary, and we also added lines from the congested regions of the spec-
trumto thefit.Inthe end, allthe molecular parameters were set as free
parameters and 60 rovibronic transitions were used for the fit. For
certain scans, extra peaks were present in the simulated spectrum
relative to the measured ones. These extra peaks could be removed by
placing simple cuts on the range of / values used in the simulation (as
showninFig.2), depending onthe frequency of the second-step laser.
We concluded that this effect is a consequence of the second-step
J-selectivity described in the current work. An example of this effect is
shownin Extended DataFig. 4. We show three measurements (scans of
the first-step laser) taken with the wavenumber of the second-step
laser, Doppler-shifted to the molecular rest frame, being
15485.23(2) cm™,15485.39(2) cm™and 15485.56(2) cm™. By increasing
the frequency of the second-step laser, we are able to see transitions
from levels with higher/valuesin the A’[1,, < X?X*spectrum, increasing
the maximum value of /from J,x = 25.5t0 Jiax = 27.5.

The second excited state used in the measurement scheme was
tentatively assigned as a °[1;;, state®.. This was based on the shape of
the spectrum of the second-step transition, obtained by scanning the
frequency of the pulsed dye laser, while the frequency of the first-step
laser was kept fixed. In order to make sure a wide range of / values was
covered by thefirst step, the narrowband injection-seeded Ti:Salaser,
seeded by aMatisse 2 TS, was replaced withagrating Ti:Salaser witha
linewidth of 2 GHz for this study"”. An example of such ascan is shown
in Extended Data Fig. 1, for a wavenumber of the first-step laser of
13285.69(2) cm™ (Doppler-corrected to the molecular rest frame). The
red dotsrepresent the measured data, while the blue line is the best fit
to the data obtained in PGOPHER, assuming a [, state for the second
excited state. As seen in the figure, the fit is in good agreement with
data over afrequency range of more than 30 cm™.,

Forthe1’ < 1”transitions we employed the same effective Hamilto-
nians mentioned above. We set the initial values of the parameterstothe
onesobtained fromthefittothe 0’ « 0”transitionsandweonly allowed
B’, B, pand Ttovaryinitially (A wasstill kept fixed at 2,067.6 cm™). After
several fitting iterations in PGOPHER, we allowed all the parameters to
vary, including 32 rovibronic transitions in the final fit.

The parameters obtained for v=0 and v =1vibrational levels of
the X?z*and A™[,, electronic levels are reported in Table 1. For the
location of the vibrational levelsin the excited electronic state, relative
to the isovibrational levels in the ground electronic state, we defined

Th,=Tn— %. Exceptfor Ty, ,, all the other parameters have adepend-

ence on the vibrational quantum number, v, which can be parameter-
ized, tofirstorderinv, as:

m:&—m0+9 6)

where X, can be any of the rotational parameters considered and X,
is the extracted value of that parameter in the vibrational level v. The
obtained values for X, and a, for all the rotational parameters are shown
in Extended Data Table 1.

The locations in frequency space of the spin-rotational levels
proposed for the laser cooling scheme (Fig. 3) were obtained directly
from the effective Hamiltonians (equations (2) and (3)) using the fit-
ted rotational parameters (Table 1). The associated Franck-Condon
factors were calculated by approximating the ground and excited
electronic states using a Morse potential (similar to ref. 20), which
is a very good approximation in diatomic molecules, especially for
low-lying electronic states. The potential for each level was parameter-
ized using the rotational parameters B, obtained in this work (Extended
Data Table 1), together with the previously measured vibrational con-
stant and dissociation energy". The uncertainty on these parameters
propagates to an uncertainty in the shape of the used potential and
thus, to an uncertainty in the resulting Franck-Condon factors. The
uncertainties associated with (or the upper bounds to) the calculated
Franck-Condon factors are displayedin Fig. 3 and correspond toa90%
confidenceinterval.

Data availability

The processed spectra used for the analysis and supporting the find-
ings of these studies are provided in ref. 57. The complete raw data is
available from the corresponding authors upon request. Source data
are provided with this paper.

Code availability

The Pythonscript used for fitting individual peaks as well asaPGOPHER
file containing a fitted spectra for the 0’ < 0”and 1’ « 1” rovibronic
transitions are provided in ref. 57. The code used for processing the
raw datais available from the corresponding authors upon request.
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Extended DataFig. 2| Example of measured spectraforthel’ < 1"
transitions. In the centre, in blue, we present the simulated RaF spectrum for
/<100, over arange of - 70 cm™ (Jis the rotational quantum number of the
rotational levels in the X?Z* electronic level). Figures in magnified views show
measured spectra for different regions (note the broken x-axis present in some of
the figures). The connected red dots show the experimental data, whereas the
continuous blue line represents the best fit to the data. The errorbars indicate

one standard deviation statistical uncertainty. For each spectrum we also show
the covered range of /-values (see the main text and Methods for the details of the
fit). The values on the x-axis correspond to the wavenumber of the first laser used
inthe excitation-ionization scheme, Doppler-corrected to the molecular rest
frame and shifted by Tn1/2,0 = 13284.427 cm~L. On the y-axis we show the rate in
arbitrary units (a.u.).

Nature Physics


http://www.nature.com/naturephysics

Article https://doi.org/10.1038/s41567-023-02296-w

‘ !

@

Rate (a.u.)
ll) N SN (@)}
o o o o o

|
N
o

~

—60 e
0.20 0.25
Wavenumber - Tp,, o (cm™)

Extended Data Fig. 3| Location of thebandheadsinthe O’ < O’ rovibronic the firstlaser used in the excitation-ionization scheme, Doppler-corrected to the
transitions. The bandhead locations are indicated with green arrows. The red molecular rest frame and shiftedby T, , | = 13284.427 cm~. They-axis shows
dots represent the measured data while the blue line is the best fit to the data (see the rate in arbitrary units (a.u.). The errorbars show one standard deviation
Methods for the details of the fit). The x-axis corresponds to the wavenumber of statistical uncertainty.
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Extended DataFig. 4 |Example of O’ — O’ rovibronicspectrafor different
second-step laser wavenumbers. The red, blue and green dots correspond to
separate scans of the first step laser, while the second-step laser wavenumber,
Doppler-shifted to the molecular rest frame, was kept fixed at 15485.23(2) cm™,
15485.39(2) cm™, and 15485.56(2) cm™, respectively. Increasing the wavenumber
ofthe second-step laser facilitated the observation of new transitions starting
from levels with higher rotational quantum numbers, J, in the A’[1, < X’2*

spectrum (the new peaks appearing on the left). The maximum/-value of the
shownspectraincreases from J.x = 25.5t0 Jmax = 27.5. The x-axis corresponds
to the wavenumber of the first laser used in the excitation-ionization scheme,
Doppler-corrected to the molecular rest frame and shifted by

T“l/z,o = 13284.427 cm~L. The y-axis shows the rate in arbitrary units (a.u.). The
errorbars show one standard deviation statistical uncertainty.
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Extended Data Table 1] Vibrationally independent rotational constants of the X?Z* and A’[,, electronic states

Parameter This work

B! 0.19252(2)[4]
o’ 0.00107(4)[6]
10” x D?  1.50(17)[25]
10" x o,  0.20(31)[41]
Ye 0.00587(5)[13]

ay, 0.00004(6)[17]

B, 0.19154(2)[4]

o’z 0.00105(4)[6]

10" x D, 1.35(17)[25]
10" x o, -0.10(31)[41]
pe -0.41118(7)[15]

ap, -0.0009(1)[2]

10” X pp,e  0.7(10)[10]

10" X app,  -2.5(20)[16]

The first column shows the names of the parameters, while the second column shows their values in cm™. We show the 10 statistical and systematic uncertainties in round and square
brackets, respectively.

Nature Physics


http://www.nature.com/naturephysics

	Precision spectroscopy and laser-cooling scheme of a radium-containing molecule

	Online content

	Fig. 1 Illustration of the experimental setup.
	Fig. 2 Example of measured spectra for the transitions.
	Fig. 3 Proposed laser cooling scheme for RaF.
	Fig. 4 Measured spectra using second-step J-selectivity.
	Extended Data Fig. 1 Example of rovibronic spectra of the second step used in the experimental scheme.
	Extended Data Fig. 2 Example of measured spectra for the transitions.
	Extended Data Fig. 3 Location of the bandheads in the rovibronic transitions.
	Extended Data Fig. 4 Example of rovibronic spectra for different second-step laser wavenumbers.
	Table 1 Fitted rotational parameters.
	Extended Data Table 1 Vibrationally independent rotational constants of the X2Σ+ and A2Π1/2 electronic states.




