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Ionization potential of radium monofluoride
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The ionization potential (IP) of radium monofluoride (RaF) was measured to be 4.969(2)[10] eV, revealing
a relativistic enhancement in the series of alkaline earth monofluorides. The results are in agreement with a

relativistic coupled-cluster prediction of 4.981(7) eV, incorporating up to quantum electrodynamics corrections.
Using the same computational methodology, an improved calculation for the dissociation energy (Dy) of
5.54(5) eV is presented. This confirms that RaF joins the group of diatomic molecules for which Dy > IP,
paving the way for precision control and interrogation of its Rydberg states.

DOI: 10.1103/fvsy-v1q6

The ionization potential (IP), defined as the minimum en-
ergy required to release a bound electron, is a fundamental
property of atoms and molecules, and is important in chem-
istry and physics. The IP is central to revealing rigorous and
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intuitively appealing interrelationships among all electronic
structural properties of atoms and molecules [1]. Electronic
states of these systems can be arranged into series, which
differ in their principal quantum number n and state energy.
The energy of these states within each series increases with n
and eventually converges at the IP.

Due to the highly nonlinear scaling of atomic and molecu-
lar properties with n, states with n >> 1 can exhibit remarkable
properties when compared to their ground states. These “Ryd-
berg states” can have micrometer-sized atomic radii, extended
lifetimes, and extremely large transition dipole moments,
thousands of times larger than those for their low-lying
(low-n) states [2]. These exceptional characteristics make
Rydberg states prominent systems for quantum computing
and simulation [3], precision measurements [4], and the

Published by the American Physical Society
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investigation of long-range interactions due to their high sen-
sitivity to external electric fields and photon absorption.

For the majority of diatomic molecules, however, the
dissociation energy (D) lies lower in energy than the IP.
This severely limits the ability of experiments to precisely
study and manipulate their high-lying Rydberg states, as the
molecules can fragment following predissociation on short
(nanosecond) timescales. The short lifetimes of Rydberg
states in these molecules intrinsically limit the attainable reso-
lution of experiments attempting to measure them, preventing
precision investigations of the properties of the molecular ion
core. A notable exception to this trend, with Dy > IP, is BaF,
which has been an important system for the investigation of
molecular Rydberg states [5,6]. More recent experiments have
leveraged this property to realize high-resolution studies, en-
abling detailed insights into the nature of molecular Rydberg
states in BaF [7].

Molecules containing isotopes of radium have been pro-
posed as being promising systems in which to study the
fundamental symmetries of the Universe [8—11], particularly
in the hadronic sector of the standard model, where the
rare octupole deformation of certain radium isotopes signif-
icantly boosts their sensitivity to P, T-violating phenomena
[12]. An important example is the radium monofluoride (RaF)
molecule, which was theoretically predicted [8] and later ex-
perimentally confirmed to be directly laser-coolable [13—15].
Although measurable progress has been made in investigating
the spectroscopic properties of RaF [10,16], numerous critical
quantities remain undetermined and the molecule has yet to be
cooled and slowed to a sufficient degree to enable trapping for
precision measurements. Furthermore, performing accurate
calculations on atoms and molecules containing heavy ele-
ments requires sophisticated theoretical methods that have to
be specifically tailored to account for relativistic and quantum
electrodynamics (QED) effects that scale rapidly with atomic
number in heavy elements. Experimental measurements play
a crucial role in investigating the often dramatic influence
of these contributions, providing critical information for both
motivating and testing developments in cutting-edge theories,
in addition to charting the evolution of chemical and physical
properties toward the extremes of the periodic table.

Leveraging the unique properties of high-lying Rydberg
states of RaF through manipulating them with external fields
could enable the sensitive control of these molecules. This
could allow a cryogenic buffer gas beam of them to be
collimated and rapidly slowed to near the capture velocity
of magneto-optical traps using Rydberg-Stark deceleration
[17,18], setting the stage for precision measurements of
CP violation. The efficient realization of such techniques,
however, relies upon the condition that Dy > IP, with both
of these properties yet to be determined with sufficient
precision in RaF.

Here, we demonstrate that RaF possesses a dissociation
energy that exceeds its ionization potential. We report the
first measurement of the IP of 22°Ra '°F, determined from the
ionization threshold of its valence electron under multistep
laser excitation using both two-step and three-step ioniza-
tion schemes. The obtained value is compared with ab initio
calculations performed within the relativistic coupled-cluster
framework, corrected for higher-order effects, including QED

contributions. The same computational method is used to cal-
culate its dissociation energy, resulting in an improved value
and thus confirming that RaF indeed possesses the type of
electronic structure for which Dy > IP.

Experimental details. Bunches of 22°Ra °F" were pro-
duced at the ISOLDE radioactive ion beam facility at CERN
and studied with the collinear resonance ionization spec-
troscopy (CRIS) experiment. Details on the production of RaF
molecules at ISOLDE can be found in Refs. [14,19]. Upon
entering the CRIS beamline, the RaFt beam was neutral-
ized in-flight after passing through a charge-exchange cell
filled with a sodium vapor, where the neutral RaF molecules
predominantly populated the X 2% electronic ground state
[20]. The non-neutralized residual ions were deflected away,
while the neutral bunches entered an ultrahigh-vacuum in-
teraction region (10~'° mbar), where they were collinearly
overlapped with either two or three pulsed laser beams.

The ionization threshold was measured during two sepa-
rate experiments. The ionization schemes for these are shown
in Fig. 1(a). In both experiments, the first laser excited
the A 2T1;5(v = 0) < X 2EF (v = 0) transition of the RaF
molecules [14], transferring molecules residing in multiple
rotational states from the vibronic ground state [13]. In the
first experiment, the second laser was used to ionize molecules
directly from the A 2171, ,2(v = 0) state, constituting a two-step
resonance ionization scheme. In the second experiment, the
discovery of the higher-lying E 2% state [16] allowed a
three-step resonance ionization scheme to be employed. This
resulted in a significantly improved signal-to-background ra-
tio as the superior pulse energy and beam quality of the
ionization laser operating in its fundamental wavelength range
increased the ionization efficiency while simultaneously de-
creasing the nonresonant background. Additional details on
the laser setups for each experiment can be found in the
Supplemental Material [21].

The wavelengths of the ionization lasers were scanned and
the resulting RaF™ molecular ions were deflected onto an
ion detector. The ion count rate was monitored as a function
of ionization laser wavelength. The total excitation energy
delivered to each molecule by the lasers was determined by
Doppler correcting the sum of the individual photon energies
of the lasers in each ionization scheme. Two scans at each
ionization laser wavelength were taken: one in which all lasers
of each scheme were present in the interaction region and the
other one where only the ionization laser was present such
that any background resulting from the ionization laser could
be accounted for. The ion rate was then determined as the
difference between these two scans and linearly normalized
with respect to the ionization laser power.

The resulting thresholds are shown in Figs. 1(c) and 1(d)
for the two-step (teal squares) and three-step schemes (blue
circles), respectively. Using the same method as presented
in Ref. [22], the two sets of data were fit using a sigmoid
function and the IPs were determined from the energy at
which the ion rate saturates. This was done by determining
the energy at which the tangent to the inflection point of
the fitted sigmoid curves intersects the maximum ion rate,
and its corresponding +1o boundaries. The IPs and their
statistical uncertainties are shown as the vertical dash-dotted
lines and the narrow dark gray bands in Figs. 1(c) and 1(d). A
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FIG. 1. (a) Molecular energy-level diagram for the electronic states in RaF and RaF*' involved in the experiment with the IP and
dissociation energy (Dy) shown. In addition, the two-step and three-step ionization schemes are denoted by a series of teal and blue upward
arrows, respectively. (b) Orbital diagram of the X 2%+ electronic ground state of RaF. Power-normalized, background-subtracted ion count
rate as a function of total photon energy in ***Ra '°F for the (c) two-step scheme (teal squares) and (d) three-step scheme (blue circles). The
determined IPs are shown as vertical dash-dotted lines with their statistical and total uncertainties as dark and light gray bands, respectively.

systematic uncertainty from the fitting procedure is assigned
by taking the energy difference between the inflection points
of the curves and the extracted IPs. This is due to the lack of
consistency in the literature regarding where the IP lies with
respect to measured ionization thresholds. The total combined
statistical and systematic uncertainties are shown as the wide
light gray bands in Figs. 1(c) and 1(d). More details on the
fitting and its justification can be found in the Supplemental
Material [21]. The ionization threshold measured using the
three-step scheme [Fig. 1(d)] can be seen to increase more
sharply when compared to the two-step scheme [Fig. 1(c)].
This is due to the additional rotational angular momentum
(J) selectivity introduced by having two sequential resonant
excitations before the ionization step in the three-step scheme.
This in turn reduced the number of high-lying Rydberg states
populated by the ionization laser at energies below the IP, re-
sulting in a sharper threshold. The ionization thresholds were
determined to be 4.966(3)[10] and 4.970(1)[2] eV for the two-
step and three-step schemes, respectively, with the statistical
errors shown in parenthesis and the systematic errors shown in
square brackets. More details on the fitting and its justification
can be found in the Supplemental Material [21].

The majority of each molecular bunch was present in a
shielded interaction region when the ionization process took
place. However, a fraction of the molecules at the tail end of
each bunch were outside of this region where stray fields are
non-negligible. These molecules were gated out of the dataset
as a conservative measure to negate any systematic downward
shift of the observed thresholds resulting from the electric
fields present. See the Supplemental Material [21] for more
details on the time-of-flight gating.

As no significant change in the molecular equilibrium
structure or vibrational quantum number occurs, the observed
ionization thresholds from the A ?I1j, and E *Z7 states
represent the adiabatic IP of RaF. The final experimental value

is given as 4.969(2)[10] eV, using the weighted standard de-
viation of the two-step and three-step scheme measurements
to calculate the statistical error. The systematic errors from
the two measurements were added in quadrature as the mea-
surements were taken from separate independent experiments
under different experimental conditions.

Computational — method.  Relativistic  core-valence-
correlating uncontracted Dyall basis sets [23,24] of varying
cardinality, cvnz (n = 2—4) augmented by a single layer of
diffuse functions, were used (s-aug-cvnz). The coupled cluster
with singles, doubles, and perturbative triples (CCSD(T))
method [25-27] was used to describe electron correlation
and served as the baseline for subsequent corrections and
uncertainty estimates. These corrections were evaluated at
the CCSD(T) level or with full triples (CCSDT) using the
appropriate Dyall basis sets with the bond lengths fixed at
the respective equilibrium geometries of the neutral molecule
and ion. The equilibrium bond lengths were obtained from
the computed potential energy curves extrapolated to the
complete basis set limit (CBSL) and are 2.236 A for RaF
(X2X*) and 2.162 A for RaF™ (X'Z1), respectively.
The CBSL extrapolation method employed the scheme in
Ref. [28] for the Dirac-Hartree-Fock energy and the scheme in
Ref. [29] for the correlation contribution. In the calculations,
49 electrons were correlated and the virtual space was
cut off at 50 E,. In the calculation of the dissociation
energy, the counterpoise approach to correct for the basis set
superposition error [30] was also used.

To correct for the limited active space used, the difference
between results obtained correlating 49 electrons with a 50 Ej,
cutoff and those obtained correlating all (97) electrons with
a virtual space cutoff of 4000 E;, was calculated. In order to
capture the full active space effect and to account for inner-
core correlations, the all-electron quality basis set was used in
the latter calculation. The more modestly sized dyall-cv3z and
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dyall-ae3z basis sets were employed, as all-electron calcula-
tions were prohibitively computationally expensive at the 4z
level. Furthermore, the possible lack of diffuse functions was
accounted for by taking the difference between the d-aug-v4z
and the s-aug-v4z results. The above corrections were calcu-
lated at a single geometry point (the ground-state equilibrium
geometry) and added to the potential energy curves.

The effect of perturbative triple excitations on the CBSL
level was determined to be 51 meV for the IP and 93 meV
for Dy. The effect of full triple excitations was evaluated to be
around 1 meV for the IP and 3 meV for Dy by comparing the
values calculated at the CCSDT and CCSD(T) levels using
the MRCC code [31,32]. These calculations were performed
using the dyall.v3z basis sets, 16 correlated electrons, and a 10
E, virtual cutoff. Higher-level excitations were not considered
due to the very small difference between the CCSD(T) and
CCSDT results.

In addition, the Breit and QED contributions were esti-
mated. QED corrections were calculated using a development
version of the DIRAC code [33,34]. Using this implementation
in the molecular framework, two effective QED potentials
were added variationally to the dc Hamiltonian. The QED
correction itself was obtained from a single-point calculation
at the equilibrium structure of neutral RaF. The Uehling po-
tential [35] was employed for vacuum polarization and the
effective potential of Flambaum and Ginges for the electron
self-energy [36]. Our estimate of the size of the Breit effect
relied on the fact that the electronic structure of RaF is very
similar to that of Ra™ and upon ionization the valence electron
is removed from a o orbital resembling a mildly perturbed
atomiclike s orbital on Ra. Thus, the contribution of the Breit
interaction to the IP and D, of RaF was approximated by
the effect calculated for the IPs of Ra' and Ra, respectively
(direct calculations of molecular Breit contributions are chal-
lenging at present). These calculations were performed within
the Fock-space coupled-cluster approach (DCB-FSCC), using
the Tel Aviv atomic computational package [37]. The zero-
point vibrational energy (ZPVE) correction for RaF and RaF*
in the 22+ and ' ©+ states was deduced from their calculated
vibrational frequencies of @R = 438 cm~' and WRF' =
518 cm~!, respectively. Using these, the vibrationally cor-
rected adiabatic IP is approximated as

IP = (ERF 4 R /2) — (ERF 4 oRF/2). (D)

The ZPVE-corrected dissociation energy Dy was obtained
from the electronic dissociation energy D, and the vibrational
frequency of RaF (wRF) using

Dy =D, — oX*/2. 2)

The various higher-order corrections are added to the adi-
abatic CBS-DC-CCSD(T) IP and the final theoretical value
was determined to be 4.981(7) eV, as shown in Table I. Using
the same computational method, the dissociation energy Dy of
RaF was calculated to be 5.54(5) eV.

The uncertainty on the calculated IP and Dy was evaluated
through further computational investigation using similar pro-
cedures that were previously employed for various properties
of both atoms and molecules [38—41]. The details of the

TABLE I. Experimental and calculated IP and D, of RaF.

Method IP (eV) Dy (eV)
CBS-DC-CCSD 4.932¢ 5.427
CBS-DC-CCSD(T) 4.983* 5.520
+Augmentation 4.983 5.534
+Core corr.+ active space 4.989 5.530
+AT 4.990 5.533
+Breit 4.988 5.531
+QED 4.981 5.540
Theoretical 4.981(7) 5.54(5)
Experimental 4.969(2)[10] 5.61(24)°

2ZPVE correction is included.
bScaled from Ref. [14].

uncertainty treatment for both properties can be found in the
Supplemental Material [21].

Discussion. Figure 2(a) shows experimental determina-
tions of the IP of the group II monofluorides from CaF to
RaF compared with theoretical calculations using the same
method as for RaF described previously [42]. Experimental
IP values measured using electron-impact [43—-45] and laser
spectroscopy methods [5,46] are shown as yellow diamonds
and turquoise circles, respectively, with theoretical calcula-
tions shown as dark blue squares. The error bars for the
laser measurements and theoretical predictions are smaller
than the markers. Figure 2(b) shows the deviation, in units of
standard deviations, between the theoretical predictions (dark
blue squares) and experimental values (gray line). Where they

gg -(a) |§} Exp. (E) @ Exp. (L) @ Theoryr
% 56 om This
~ 55 L work
a 52| i
4.8} % %o- ]
g 4.4} L I L L =
DA 2 :(b) T i T T :
°T of S
8 C T CaF SrF BaF RaF
— C o
S 4.08|© q4 v ¢ o i
)
a 4.96} T
o Exp. V +Aug. @ +Breit
© 4.94| A\ CCSD & +CC/ASH +QED |
= A CCSD(T) @ +AT
4.92

FIG. 2. (a) Comparison of predicted theoretical and measured
values for the IP of group II monofluorides. Electron-impact [Exp.
(ED)] [43-45] and laser [Exp. ()] measurements [5,46] are denoted
in the legend. The error bars for the laser measurements and the-
oretical predictions are smaller than the markers. (b) Deviation, in
standard deviations, between the theoretical predictions (dark blue
squares) and experimental values (gray line). (¢) Comparison of
experimental (Exp.) and theoretical values for the IP of *°RaF for in-
creasing computational sophistication (left to right). An uncertainty
is shown only for the most accurate theoretical value. The thin dark
gray band and thick light gray band correspond to the statistical and
systematic uncertainties on the experimental value for the RaF IP.
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exist, the experimental values used in the comparison are from
laser spectroscopy methods using Rydberg states or ionization
threshold measurements, owing to their higher precision. In
SrF, where no laser measurements exist, an electron-impact
measurement is used for comparison. Excellent agreement
within 1 standard deviation is obtained for CaF, BaF, and RaF,
whereas SrF agrees within 2 standard deviations. Figure 2(a)
highlights the ability to determine the IP of RaF at a compara-
ble or better precision than experiments on the homologues,
despite the technical challenges imposed by its short-lived
nature.

The IP of the group II monofluorides decreases progres-
sively with increasing proton number, before increasing again
in RaF. This increase in valence electron binding energy can
be attributed to relativistic effects, which are significantly
more pronounced in the heavier RaF. These effects result from
the relativistic increase of the electron mass driven by the
high velocity that bound electrons experience in atoms and
molecules containing heavy elements [47]. This in turn spa-
tially contracts orbitals with low angular momentum, which
increases their binding energies [48,49]. The relativistic treat-
ment required for correctly describing RaF is fully achieved
in this study, yielding good agreement between theory and
experiment as in the case of its homologues.

Figure 2(c) shows how the calculated IP for RaF evolves
with an increasing level of computational sophistication. An
agreement within 1 standard deviation is found between ex-
periment and CCSD(T) theory that incorporates a complete
basis set-extrapolation correction, nonperturbative triple exci-
tations, and Breit and QED corrections. The QED correction
surpasses all others in magnitude at the CCSD(T) level for the
IP. However for Dy, its magnitude is comparable to the basis
set augmentation correction. This behavior is consistent with
previous findings in atomic theory, where QED effects were
shown to be of the same order as other post-CCSD(T) contri-
butions [50]. This highlights the importance of accounting for
them when undertaking precise calculations of the structure of
atoms and molecules containing heavy elements and assists in
attaining a theoretical uncertainty of just 7 meV for the IP of
RaF.

Benchmarking the predictive power of molecular theory
is crucial for the study of radioactive molecules, which is a
prominent future avenue for precision tests of the standard
model [11]. As most of the short-lived radioactive molecules
of interest can only be made in small quantities at specialized
facilities, none of their chemical properties are known experi-
mentally even though knowledge of their chemical behavior is
necessary to guide, or even enable altogether, their production
and study [51,52]. Therefore, while the calculated IP of RaF
is accurate even for predictions of lower sophistication in
Fig. 2(c), the ability to reduce the theoretical uncertainty by
including higher-order contributions, up to the QED level, is
important to aid experiments attempting to perform the first
spectroscopy of previously unexplored systems.

The previously calculated values of the ZPVE-corrected
dissociation energy, Dy, for RaF vary between 3.954 and
5.502 eV [8,20,53] with no corresponding uncertainties re-
ported. Using the same computational method as for the IP,
which achieves a more extensive and rigorous treatment of

higher-order contributions compared to previous studies, an
improved calculation of the RaF Dy equal to 5.54(5) eV is
presented. This is in agreement with the RaF Dy extracted
from Morse potential fits in Ref. [14], provided that they are
scaled by 1.55(6). Dissociation energy determinations from
Morse potential fits use linear extrapolations that significantly
underestimate the true dissociation energy in molecules where
ionic bonding is important [54,55]. By taking the extrapolated
Dy values for CaF [56], SrF [57], and BaF [58], and com-
paring them to the true measured dissociation energies [59],
the aforementioned scaling factor is obtained, which results
in an RaF Dy of 5.61(24) eV (using the X 2% value from
Ref. [14]). The resulting value and uncertainty of the com-
puted Dy, corroborated by the agreement between experiment
and theory for the IP, confirms that RaF joins BaF in the class
of diatomic molecules for which Dy > IP.

Conclusion. The ionization potential of RaF was mea-
sured with the CRIS experiment at CERN-ISOLDE to
be 4.969(2)[10] eV, through consistent observations of the
ionization thresholds starting from two different excited elec-
tronic states. The IP was found to lie below the estimated
dissociation energy, offering the possibility of accessing and
utilizing Rydberg states in RaF, without loss due to pre-
dissociation. The stability of its Rydberg states opens up
opportunities for employing Stark deceleration using their
extremely large dipole moments (on the order of hundreds
to thousands of debye). This technique could significantly
improve molecular beam collimation or decelerate RaF
molecules from 200 to under 10 m/s within 1 ms [17,18].
Such deceleration would enable subsequent laser cooling and
trapping, setting the stage for high-precision measurements
investigating the violation of fundamental symmetries in the
hadronic sector with unprecedented sensitivity.

Acknowledgments. The authors thank Michael Morse for
his insights. This work was supported by the Office of Nu-
clear Physics, U.S. Department of Energy, under Grants No.
DE-SC0021176 and No. DE-SC0021179, the MISTI Global
Seed Funds, Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation)—Projektnummer 328961117—
SFB 1319 ELCH, STFC Grants No. ST/P004423/1 and
No. ST/V001116/1, ERC Consolidator Grant No. 648381
(FNPMLS), Belgian Excellence of Science (EOS) Project
No. 40007501, KU Leuven C1 Project No. C14/22/104,
FWO Project No. GO81422N, International Research In-
frastructures (IRI) Project No. I001323N, the European
Union Grant Agreement 654002 (ENSAR2), LISA: Euro-
pean Union’s H2020 Framework Programme under Grant
No. 861198, the Swedish Research Council (2016-03650
and 2020-03505), the National Key R&D Program of China
(Grant No. 2022YFA1604800) (to X.F.Y.) and the Na-
tional Natural Science Foundation of China (Grant No.
12027809), the Dutch Research Council (NWO) Projects
No. VI.C.212.016 and No. Vi.Vidi.192.088, the Slovak Re-
search and Development Agency Projects No. APVV-20-0098
and No. APVV-20-0127, JSPS Overseas Challenge Program
for Young Researchers, Grant No. 201880193, JST Moon-
shot R&D Grant No. JPMIMS2269, and NSF RII Track-4
(Grant No. 2327247). We thank the Center for Information
Technology at the University of Groningen for their support

L012012-5



S. G. WILKINS et al.

PHYSICAL REVIEW RESEARCH 8, L012012 (2026)

and for providing access to the Peregrine and Hébrék high-
performance computing cluster.

Data availability. The data that support the findings of this
article are openly available [60]; embargo periods may apply.

[1] S. Ross, An MQDT primer, AIP Conf. Proc. 225, 73 (2008).

[2] T. F. Gallagher, Rydberg atoms, Rep. Prog. Phys. 51, 143
(1988).

[3] M. Saffman, T. G. Walker, and K. Mg@glmer, Quantum informa-
tion with Rydberg atoms, Rev. Mod. Phys. 82, 2313 (2010).

[4] U. D. Jentschura, P. J. Mohr, and J. N. Tan, Fundamental con-
stants and tests of theory in Rydberg states of one-electron ions,
J. Phys. B 43, 074002 (2010).

[5] Z. J. Jakubek, Rydberg spectroscopy of barium monofluoride,
Ph.D. thesis, Massachusetts Institute of Technology, 1995.

[6] Z. J. Jakubek, N. A. Harris, R. W. Field, J. A. Gardner, and E.
Murad, Ionization potentials of CaF and BaF, J. Chem. Phys.
100, 622 (1994).

[7]1 Y. Zhou, D. D. Grimes, T. J. Barnum, D. Patterson, S. L. Coy,
E. Klein, J. S. Muenter, and R. W. Field, Direct detection of
Rydberg-Rydberg millimeter-wave transitions in a buffer gas
cooled molecular beam, Chem. Phys. Lett. 640, 124 (2015).

[8] T. A. Isaev, S. Hoekstra, and R. Berger, Laser-cooled RaF as
a promising candidate to measure molecular parity violation,
Phys. Rev. A 82, 052521 (2010).

[9] T. A. Isaev and R. Berger, Lasercooled radium monofluoride: A
molecular all-in-one probe for new physics, arXiv:1302.5682.

[10] S. G. Wilkins, S. M. Udrescu, M. Athanasakis-Kaklamanakis,
R. F. G. Ruiz, M. Au, . Belosevi¢, R. Berger, M. L. Bissell,
A. A. Breier, A. J. Brinson, et al., Observation of the distribu-
tion of nuclear magnetization in a molecule, Science 390, 386
(2025).

[11] G. Arrowsmith-Kron, M. Athanasakis-Kaklamanakis, M. Au, J.
Ballof, R. Berger, A. Borschevsky, A. A. Breier, F. Buchinger,
D. Budker, L. Caldwell, et al., Opportunities for fundamental
physics research with radioactive molecules, Rep. Prog. Phys.
87, 084301 (2024).

[12] N. Auerbach, V. V. Flambaum, and V. Spevak, Collective 7-
and P-Odd Electromagnetic Moments in Nuclei with Octupole
Deformations, Phys. Rev. Lett. 76, 4316 (1996).

[13] S. M. Udrescu, S. G. Wilkins, A. A. Breier, M. Athanasakis-
Kaklamanakis, R. F. G. Ruiz, M. Au, 1. Belosevi¢, R. Berger,
M. L. Bissell, C. L. Binnersley, et al., Precision spectroscopy
and laser-cooling scheme of a radium-containing molecule, Nat.
Phys. 20, 202 (2024).

[14] R. F. Garcia Ruiz, R. Berger, J. Billowes, C. L. Binnersley,
M. L. Bissell, A. A. Breier, A. J. Brinson, K. Chrysalidis,
T. E. Cocolios, B. S. Cooper, et al, Spectroscopy of
short-lived radioactive molecules, Nature (London) 581, 396
(2020).

[15] M. Athanasakis-Kaklamanakis, S. G. Wilkins, P. Lassegues, L.
Lalanne, J. R. Reilly, O. Ahmad, M. Au, S. W. Bai, J. Berbalk,
C. Bernerd, et al., Radiative lifetime of the A%IT, /2 state in RaF
with relevance to laser cooling, Phys. Rev. A 110, L010802
(2024).

[16] M. Athanasakis-Kaklamanakis, S. G. Wilkins, L. V. Skripnikov,
A. Koszorus, A. A. Breier, O. Ahmad, M. Au, S. W. Bai, L.
Belosevié, J. Berbalk, et al., Electron correlation and relativis-

tic effects in the excited states of radium monofluoride, Nat.
Commun. 16, 2139 (2025).

[17] S. D. Hogan, P. Allmendinger, H. SaBmannshausen, H.
Schmutz, and F. Merkt, Surface-electrode Rydberg-Stark decel-
erator, Phys. Rev. Lett. 108, 063008 (2012).

[18] S. D. Hogan, Rydberg-Stark deceleration of atoms and
molecules, EPJ Tech. Instrum. 3, 2 (2016).

[19] M. Au, M. Athanasakis-Kaklamanakis, L. Nies, J. Ballof, R.
Berger, K. Chrysalidis, P. Fischer, R. Heinke, J. Johnson, U.
Koster, et al., In-source and in-trap formation of molecular ions
in the actinide mass range at CERN-ISOLDE, Nucl. Instrum.
Methods Phys. Res., Sect. B 541, 375 (2023).

[20] T. A. Isaev, S. Hoekstra, L. Willmann, and R. Berger, lon
neutralisation mass-spectrometry route to radium monofluoride
(RaF), arXiv:1310.1511.

[21] See Supplemental Material at https://link.aps.org/supplemental/
10.1103/fvsy-v1q6 for details on data processing, analysis,
and theoretical uncertainty estimation, which includes Refs.
[13,14,22,25-27,29,39,42,50,61-70].

[22] S. Rothe, A. N. Andreyev, S. Antalic, A. Borschevsky, L.
Capponi, T. E. Cocolios, H. D. Witte, E. Eliav, D. V. Fedorov,
V. N. Fedosseev, et al., Measurement of the first ionization
potential of astatine by laser ionization spectroscopy, Nat.
Commun. 4, 1835 (2013).

[23] K. G. Dyall, Relativistic double-zeta, triple-zeta, and quadruple-
zeta basis sets for the light elements H-Ar, Theor. Chem. Acc.
135, 128 (2016).

[24] K. G. Dyall, Relativistic double-zeta, triple-zeta, and quadruple-
zeta basis sets for the 4s, Ss, 6s, and 7s elements, J. Phys. Chem.
A 113, 12638 (2009).

[25] R.J. Bartlett and M. Musial, Coupled-cluster theory in quantum
chemistry, Rev. Mod. Phys. 79, 291 (2007).

[26] K. Raghavachari, G. W. Trucks, J. A. Pople, and M. Head-
Gordon, A fifth-order perturbation comparison of electron
correlation theories, Chem. Phys. Lett. 157, 479 (1989).

[27] L. Visscher, T. J. Lee, and K. G. Dyall, Formulation and imple-
mentation of a relativistic unrestricted coupled-cluster method
including noniterative connected triples, J. Chem. Phys. 105,
8769 (1996).

[28] D. Feller, Application of systematic sequences of wave func-
tions to the water dimer, J. Chem. Phys. 96, 6104 (1992).

[29] T. Helgaker, W. Klopper, H. Koch, and J. Noga, Basis-set con-
vergence of correlated calculations on water, J. Chem. Phys.
106, 9639 (1997).

[30] S. Boys and F. Bernardi, The calculation of small molecular
interactions by the differences of separate total energies. Some
procedures with reduced errors, Mol. Phys. 19, 553 (1970).

[31] M. Kallay, P. R. Nagy, D. Mester, Z. Rolik, G. Samu, J.
Csontos, J. Cséka, P. B. Szab6, L. Gyevi-Nagy, B. Hégely,
et al., The MRCC program system: Accurate quantum chem-
istry from water to proteins, J. Chem. Phys. 152, 074107 (2020).

[32] M. Kallay, P. R. Nagy, D. Mester, Z. Rolik, G. Samu, J.
Csontos, J. Cséka, P. B. Szab6, L. Gyevi-Nagy, B. Hégely,

L012012-6


https://doi.org/10.1063/1.40550
https://doi.org/10.1088/0034-4885/51/2/001
https://doi.org/10.1103/RevModPhys.82.2313
https://doi.org/10.1088/0953-4075/43/7/074002
https://doi.org/10.1063/1.466923
https://doi.org/10.1016/j.cplett.2015.10.010
https://doi.org/10.1103/PhysRevA.82.052521
https://arxiv.org/abs/1302.5682
https://doi.org/10.1126/science.adm7717
https://doi.org/10.1088/1361-6633/ad1e39
https://doi.org/10.1103/PhysRevLett.76.4316
https://doi.org/10.1038/s41567-023-02296-w
https://doi.org/10.1038/s41586-020-2299-4
https://doi.org/10.1103/PhysRevA.110.L010802
https://doi.org/10.1038/s41467-025-55977-w
https://doi.org/10.1103/PhysRevLett.108.063008
https://doi.org/10.1140/epjti/s40485-015-0028-4
https://doi.org/10.1016/j.nimb.2023.05.015
https://arxiv.org/abs/1310.1511
https://link.aps.org/supplemental/10.1103/fvsy-v1q6
https://doi.org/10.1038/ncomms2819
https://doi.org/10.1007/s00214-016-1884-y
https://doi.org/10.1021/jp905057q
https://doi.org/10.1103/RevModPhys.79.291
https://doi.org/10.1016/S0009-2614(89)87395-6
https://doi.org/10.1063/1.472655
https://doi.org/10.1063/1.462652
https://doi.org/10.1063/1.473863
https://doi.org/10.1080/00268977000101561
https://doi.org/10.1063/1.5142048

IONIZATION POTENTIAL OF RADIUM MONOFLUORIDE

PHYSICAL REVIEW RESEARCH 8, L012012 (2026)

et al., MRCC, a quantum chemical program suite (2026), https:
//lwww.mrcc.hu.

[33] A. Sunaga, M. Salman, and T. Saue, 4-component relativistic
Hamiltonian with effective QED potentials for molecular cal-
culations, J. Chem. Phys. 157, 164101 (2022).

[34] T. Saue, R. Bast, A. S. P. Gomes, H. J. Aa. Jensen, L. Visscher,
I. A. Aucar, R. D. Remigio, K. G. Dyall, E. Eliav, E. Fasshauer,
T. Fleig, et al., The DIRAC code for relativistic molecular
calculations, J. Chem. Phys. 152, 204104 (2020).

[35] E. A. Uehling, Polarization effects in the positron theory, Phys.
Rev. 48, 55 (1935).

[36] V. V. Flambaum and J. S. M. Ginges, Radiative potential and
calculations of QED radiative corrections to energy levels and
electromagnetic amplitudes in many-electron atoms, Phys. Rev.
A 72, 052115 (2005).

[37] TRAFS-3C code (Tel-Aviv Relativistic Atomic Fock-Space
coupled cluster code), written by E. Eliav, U. Kaldor, and Y.
Ishikawa (1990-2013), with contributions by A. Landau.

[38] Y. Hao, M. Ilias, E. Eliav, P. Schwerdtfeger, V. V. Flambaum,
and A. Borschevsky, Nuclear anapole moment interaction in
BaF from relativistic coupled-cluster theory, Phys. Rev. A 98,
032510 (2018).

[39] Y. Guo, L. F. Pasteka, E. Eliav, and A. Borschevsky, lonization
potentials and electron affinity of oganesson with relativis-
tic coupled cluster method, Adv. Quantum Chem. 83, 107
(2021).

[40] P. A. Haase, E. Eliav, M. Ilia§, and A. Borschevsky, Hyperfine
structure constants on the relativistic coupled cluster level with
associated uncertainties, J. Phys. Chem. A 124, 3157 (2020).

[41] D. Leimbach, J. Karls, Y. Guo, R. Ahmed, J. Ballof, L.
Bengtsson, F. B. Pamies, A. Borschevsky, K. Chrysalidis, E.
Eliav, et al., The electron affinity of astatine, Nat. Commun. 11,
3824 (2020).

[42] A. A. Kyuberis, L. F. Pasteka, E. Eliav, H. A. Perrett, A.
Sunaga, S. M. Udrescu, S. G. Wilkins, R. F. Garcia Ruiz, and
A. Borschevsky, Theoretical determination of the ionization
potentials of CaF, SrF, and BaF, Phys. Rev. A 109, 022813
(2024).

[43] D. L. Hildenbrand, Dissociation energy of boron monofluo-
ride from mass-spectrometric studies, J. Chem. Phys. 43, 1400
(1965).

[44] D. L. Hildenbrand, Mass-spectrometric studies of bonding in
the group IIA fluorides, J. Chem. Phys. 48, 3657 (1968).

[45] K. H. Lau, R. D. Brittain, and D. L. Hildenbrand, High tempera-
ture thermodynamic studies of some gaseous thorium fluorides,
J. Chem. Phys. 90, 1158 (1989).

[46] J. M. Berg, J. E. Murphy, N. A. Harris, and R. W.
Field, Observation and analysis of core-penetrating Ryd-
berg states of calcium monofluoride, Phys. Rev. A 48, 3012
(1993).

[47] N. C. Pyper, Relativity and the periodic table, Philos. Trans. R.
Soc. A 378, 20190305 (2020).

[48] P. Pyykko and J. P. Desclaux, Relativity and the periodic system
of elements, Acc. Chem. Res. 12, 276 (1979).

[49] P. Pyykko, Relativistic effects in structural chemistry, Chem.
Rev. 88, 563 (1988).

[50] L. F. Pasteka, E. Eliav, A. Borschevsky, U. Kaldor, and P.
Schwerdtfeger, Relativistic coupled cluster calculations with
variational quantum electrodynamics resolve the discrepancy
between experiment and theory concerning the electron affinity

and ionization potential of gold, Phys. Rev. Lett. 118, 023002
(2017).

[51] R. Kirchner, Review of ISOL target—ion-source systems, Nucl.
Instrum. Methods Phys. Res., Sect. B 204, 179 (2003).

[52] U. Koster, O. Arndt, E. Bouquerel, V. N. Fedoseyev, H.
Franberg, A. Joinet, C. Jost, I. S. Kerkines, and R. Kirchner,
Progress in ISOL target-ion source systems, Nucl. Instrum.
Methods Phys. Res., Sect. B 266, 4229 (2008).

[53] J. G. Hill and K. A. Peterson, Gaussian basis sets for use in
correlated molecular calculations. XI. Pseudopotential-based
and all-electron relativistic basis sets for alkali metal (K-Fr) and
alkaline earth (Ca—Ra) elements, J. Chem. Phys. 147, 244106
(2017).

[54] A. G. Gaydon, The determination of dissociation energies
by the Birge-Sponer extrapolation, Proc. Phys. Soc. 58, 525
(1946).

[55] C. L. Beckel, M. Shafi, and R. Engelke, Comparison of ac-
tual and linearly extrapolated dissociation energies of diatomic
molecules, J. Mol. Spectrosc. 40, 519 (1971).

[56] F. Charron, B. Guo, K. Q. Zhang, Z. Morbi, and P. F. Bernath,
High-resolution infrared emission spectrum of CaF, J. Mol.
Spectrosc. 171, 160 (1995).

[57] P. Colarusso, B. Guo, K.-Q. Zhang, and P. Bernath, High-
resolution infrared emission spectrum of strontium monofluo-
ride, J. Mol. Spectrosc. 175, 158 (1996).

[58] A. Bernard, C. Effantin, E. Andrianavalona, J. Verges, and R. F.
Barrow, Laser-induced fluorescence of BaF: Further results for
six electronic states, J. Mol. Spectrosc. 152, 174 (1992).

[59] T. Allison, NIST-JANAF Thermochemical Tables—SRD 13,
National Institute of Standards and Technology (2013), http:
//kinetics.nist.gov/janat/.

[60] S. G. Wilkins, Dataset for “Ionization potential of radium
monofluoride”, Zenodo, 2025, https://doi.org/10.5281/zenodo.
17429247.

[61] P. Naubereit, Weiterentwicklung eines weitabstimmbaren
Titan:Saphir-Lasers und sein Einsatz zur Spektroskopie
hochliegender Resonanzen in holmium, Master’s thesis,
Johannes Gutenberg-Universitidt Mainz, 2014.

[62] M. Reponen, V. Sonnenschein, T. Sonoda, H. Tomita, M.
Oohashi, D. Matsui, and M. Wada, Towards in-jet res-
onance ionization spectroscopy: An injection-locked Tita-
nium:Sapphire laser system for the PALIS-facility, Nucl.
Instrum. Methods Phys. Res., Sect. A 908, 236 (2018).

[63] W. J. Huang, M. Wang, F. G. Kondev, G. Audi, and S. Naimi,
The AME 2020 atomic mass evaluation (I). Evaluation of input
data, and adjustment procedures, Chin. Phys. C 45, 030002
(2021).

[64] S. Rothe, An all-solid state laser system for the laser ion source
RILIS and in-source laser spectroscopy of astatine at ISOLDE,
CERN, Ph.D. thesis, Johannes Gutenberg-Universitit Mainz,
2012.

[65] C. Linton, B. Simard, H. P. Loock, S. Wallin, G. K. Rothschopf,
R. F. Gunion, M. D. Morse, and P. B. Armentrout, Rydberg and
pulsed field ionization-zero electron kinetic energy spectra of
YO, J. Chem. Phys. 111, 5017 (1999).

[66] W. A. Chupka, Factors affecting lifetimes and resolution of
Rydberg states observed in zero-electron-kinetic-energy spec-
troscopy, J. Chem. Phys. 98, 4520 (1993).

[67] D. J. Manura and D. A. Dahl, SIMION 2020 (2020), https://
simion.com/info/articles.html.

L012012-7


https://www.mrcc.hu
https://doi.org/10.1063/5.0116140
https://doi.org/10.1063/5.0004844
https://doi.org/10.1103/PhysRev.48.55
https://doi.org/10.1103/PhysRevA.72.052115
https://doi.org/10.1103/PhysRevA.98.032510
https://doi.org/10.1016/bs.aiq.2021.05.007
https://doi.org/10.1021/acs.jpca.0c00877
https://doi.org/10.1038/s41467-020-17599-2
https://doi.org/10.1103/PhysRevA.109.022813
https://doi.org/10.1063/1.1696932
https://doi.org/10.1063/1.1669666
https://doi.org/10.1063/1.456171
https://doi.org/10.1103/PhysRevA.48.3012
https://doi.org/10.1098/rsta.2019.0305
https://doi.org/10.1021/ar50140a002
https://doi.org/10.1021/cr00085a006
https://doi.org/10.1103/PhysRevLett.118.023002
https://doi.org/10.1016/S0168-583X(02)01900-6
https://doi.org/10.1016/j.nimb.2008.05.152
https://doi.org/10.1063/1.5010587
https://doi.org/10.1088/0959-5309/58/5/302
https://doi.org/10.1016/0022-2852(71)90254-2
https://doi.org/10.1006/jmsp.1995.1109
https://doi.org/10.1006/jmsp.1996.0019
https://doi.org/10.1016/0022-2852(92)90127-A
http://kinetics.nist.gov/janaf/
https://doi.org/10.5281/zenodo.17429247
https://doi.org/10.1016/j.nima.2018.08.073
https://doi.org/10.1088/1674-1137/abddb0
https://doi.org/10.1063/1.479759
https://doi.org/10.1063/1.465011
https://simion.com/info/articles.html

S. G. WILKINS et al. PHYSICAL REVIEW RESEARCH 8, L012012 (2026)

[68] J. M. Martin, Ab initio total atomization energies of small mann zeta function, J. Chem. Theory Comput. 15, 5398
molecules—Towards the basis set limit, Chem. Phys. Lett. 259, (2019).
669 (1996). [70] Y. Guo, A. Borschevsky, E. Eliav, and L. F. Pasteka, Relativistic
[69] M. Lesiuk and B. Jeziorski, Complete basis set extrap- coupled cluster calculations of the electron affinity and ioniza-
olation of electronic correlation energies using the Rie- tion potential of Nh(113), J. Phys. B 55, 155003 (2022).

L012012-8


https://doi.org/10.1016/0009-2614(96)00898-6
https://doi.org/10.1021/acs.jctc.9b00705
https://doi.org/10.1088/1361-6455/ac761f

