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High-resolution spectroscopy of barium monofluoride: Odd isotopologues,
hyperfine structure, and isotope shifts
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Barium monofluoride (BaF) is a promising molecular species for precision tests of fundamental symmetries
and interactions. We present a combined theoretical and experimental study of BaF spectra and isotope shifts,
focusing in particular on the poorly understood odd isotopologues 137BaF and 135BaF. By comparing state-of-
the-art ab initio calculations with high-resolution fluorescence and absorption spectroscopy data, we provide
a benchmark for electronic structure theory and disentangle the hyperfine and rovibrational spectra of the five
most abundant isotopologues, from 138BaF to 134BaF. The comprehensive knowledge gained enables a King
plot analysis of the isotope shifts that reveals the odd-even staggering of the barium nuclear charge radii. It also
paths the way for improved laser cooling of rare BaF isotopologues and crucially supports future measurements
of nuclear anapole and Schiff moments.
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I. INTRODUCTION

Molecules have recently been established as powerful pre-
cision sensors for the behavior of fundamental particles and
interactions [1,2]. Their internal structure makes them highly
sensitive to the effects of a hypothetical electron electric
dipole moment [3–5], nuclear Schiff and magnetic quadrupole
moments [6,7], and the variation of fundamental constants
[8–13]. Moreover, their spectra can be sensitive to the shape
and size of the nuclear charge and magnetization distributions
[14–16], and molecules containing nuclei with unpaired nu-
clear spins can be used to probe nuclear-spin-dependent parity
violation, anapole or Schiff moments [17–19].

It is also highly desirable to further increase the sensitiv-
ity of such measurements using laser cooling [20–23], and,
recently, progress in this direction has been made for many
molecular species [24,25]. Notably, the detailed spectroscopic
information required to enable laser cooling is closely linked
to the knowledge needed to carry out precision measure-
ments for the fundamental physics goals. In turn, successful
laser cooling can dramatically enhance spectroscopic sensi-
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tivity by increasing interrogation times and reducing thermal
broadening.

The list of species that are both sensitive to fundamen-
tal physical effects of interest and suitable for laser cooling
includes barium monofluoride (BaF), where high-resolution
spectroscopy [26] has enabled the realization of optical cy-
cling [27,28], low noise detection [26], Sisyphus laser cooling
[29,30], and magneto-optical trapping of the most abundant
isotopologue 138BaF [31], as well as laser cooling of the
rarer isotopologues 136BaF [32] and 137BaF [33]. BaF is
distinguished by the existence of a total of five isotopologues
with abundance greater than 1%, which show significant
enhancements for searches for the electron electric dipole
moment [23,34] and parity violation [17,35]. The barium
nuclei in certain unstable isotopologues are also expected to
exhibit significant octupole deformations [36], which may
enhance sensitivity to Schiff moments arising from charge-
parity-violating hadronic physics [37]. These observations
collectively establish BaF as a compelling platform for explor-
ing a wide range of fundamental phenomena via spectroscopy.

However, while the most abundant, even isotopologues
of BaF have previously been studied extensively [26,38–41],
precise knowledge about the odd—or fermionic—
isotopologues of BaF, and in particular their hyperfine
structure, has remained scarce [42,43], rendering the
interpretation of spectra and assignments of lines of all
isotopologues, including even ones with low abundance,
challenging. This missing knowledge has, for example,
limited achievable laser cooling forces for 137BaF [30,33] and
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leaves the transition frequencies of short-lived isotopologues
poorly constrained and uncertain.

Here we systematically study the chain of stable BaF iso-
topologues from 134BaF to 138BaF using both fluorescence
and absorption spectroscopy. We support our experimental
results obtained in two independent and complementary ex-
perimental setups with state-of-the-art ab initio calculations of
the excited-state hyperfine structure of the odd isotopologues,
allowing us to benchmark such calculations and to reliably
assign a large number of transitions. This enables us to sys-
tematically explore the isotope shifts in the BaF molecule with
high precision using a King plot analysis. Our observations
reveal the odd-even staggering of the nuclear charge radius
of the barium atom, as we move from isotopes with odd
numbers of neutrons to isotopes with even numbers of neu-
trons. Moreover, the extracted information provides important
spectroscopic input for laser cooling and efficient detection
of the odd isotopologues of barium monofluoride [44], which
will be important ingredients for precision studies of nuclear
spin-dependent parity violation and Schiff moments [35,45].

II. LEVEL STRUCTURE OF THE BAF MOLECULE

The level structure of even isotopologues of BaF, which
feature only the nuclear spin of the fluorine atom I (F ) = 1/2,
is similar to that of other alkaline-earth monofluorides used
in laser cooling experiments [24] and has been described in
detail in previous work [26,42].

In contrast to this, the odd isotopologues, including both
135BaF and 137BaF, which will be studied in detail in this
paper, feature two nuclear spins and thus exhibit a complex
hyperfine structure. A summary of the level structure of the
lowest rotational levels in the X 2�+ state and the A2�1/2 state
is given in Fig. 1. The full Hamiltonian and matrix elements
describing these states are summarized in Appendices B
and C.

In short, in both 137BaF and 135BaF, the angular mo-
mentum structure of the odd isotopologues is shaped by the
nuclear spin I (Ba) = 3/2 of the respective barium nuclei. The
ground state X2�+ is described by Hund’s case (bβS ) [42],
where the electron spin S strongly couples with the barium
nuclear spin I(Ba) instead of the rotational angular momentum
N, reflected in the molecular constants bF � N × γ . Here bF

and γ describe the Fermi contact interaction and the coupling
strength between electron spin and rotation, respectively, and
N is the rotational quantum number associated with N. This
coupling leads to an intermediate angular momentum G =
S + I(Ba) creating two well-separated manifolds for each rota-
tional level, characterized by the quantum numbers G = 1 and
G = 2. These G manifolds are split by energies comparable
to rotations and interact with these rotations N to produce
another intermediate angular momentum F1 = N + G. The
fluorine nuclear spin contributes a second, weaker hyper-
fine interaction. This weak coupling between F1 and I(F)

is described by the total angular momentum F = F1 + I(F).
These interactions collectively produce a dense hyperfine
level structure, as shown in Fig. 1.

The excited state A2�1/2 is described by Hund’s case (aβJ )
[42]. Here the levels of the rotational ladder, originating from
the total angular momentum J without nuclear spins, split

FIG. 1. Level structure of the X2�+(ν ) → A2�1/2(ν ′) transition
in the odd isotopologues of BaF. Here N denotes the rotational, J
the total angular momentum without nuclear spins, and G, F1, and
F additional intermediate and hyperfine angular momentum quan-
tum numbers described in the text. Solid arrows indicate transitions
probed by fluorescence spectroscopy, which resolves the full hyper-
fine structure, as shown in Fig. 2. Dashed arrows indicate transitions
investigated via absorption spectroscopy, as shown in Fig. 3, with
the dash-dotted arrows summarizing any higher transitions probed.
Absorption spectroscopy is performed for transitions between differ-
ent vibrational quantum numbers ν and ν ′, which are of important
interest as vibrational repumpers in laser cooling. Dots indicate sub-
structures not shown, energy spacings are not to scale, and colors
are used for visual clarity. A version of this figure containing all
energy spacings extracted in this work can be found in Fig. 9 in
Appendix D.

into � doublets JP with opposite well-defined parity P = ±.
These states couple to I(Ba), forming an intermediate angular
momentum F1. Subsequently, F1 interacts with I(F), resulting
in the total angular momentum F = F1 + I(F). The magnetic
hyperfine interaction for the A2�1/2 state is expressed with
the spectroscopic constants d and h1/2 = a − bF /2 − c/3,
where d corresponds to an off-diagonal correction dominated
by the � doubling, and a and c describe the magnetic dipole
coupling of the nuclear magnetic moment to spin and or-
bital momentum of the electron. Additionally, the electrostatic
hyperfine interaction between the nuclear quadrupole mo-
ment and the electric field gradient is reflected in the electric
quadrupole parameter eq0Q. Although hyperfine splitting due
to I(F) is relatively weak in the excited state, it has recently
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been shown to be resolved in the even isotopologues [26,46],
while the hyperfine structure due to I(Ba) remains largely un-
explored, in particular for excited states.

III. FLUORESCENCE SPECTROSCOPY

To explore this hyperfine structure, we perform laser-
induced fluorescence spectroscopy on a cryogenic buffer
gas-cooled molecular beam [27,47–49] of BaF. We use a
neon buffer gas at a temperature of 15 K. Following laser
ablation of a Ba metal target in the buffer gas cell, BaF
molecules are formed via chemical reaction with a small
admixture of SF6 to the buffer gas. The source is operated
at a repetition rate of 10 Hz and produces beams with a mean
forward velocity of 180 m/s. Expansion of the buffer gas at the
source exit cools the molecules to a rotational temperature of
approximately 4 K.

Spectroscopy is carried out approximately 60 cm down-
stream from the source, where a frequency-tunable laser beam
with a wavelength of around 860 nm—stabilized via a transfer
cavity lock referenced to a stabilized HeNe laser [50,51]—
intersects the molecular beam orthogonally. We calibrate the
nonlinearity of the piezo scan of the transfer cavity using a
second laser beam, offset by a known radio-frequency interval
relative to the primary beam using an acousto-optic modula-
tor. This yields an uncertainty in the relative laser frequency,
within a single frequency scan, of 0.3 MHz. The frequency
separation between different scans is known to ±100 MHz,
from a commercial wavemeter. Molecular fluorescence at the
same wavelength as the excitation light is collected in a pho-
tomultiplier using mirrors and a light pipe [52,53], and the
resulting signals are recorded using standard photon-counting
methods.

From prior studies [42,43,54] and the absorption spec-
troscopy and theory calculations reported below, the elec-
tronic and rotational energies, isotope shifts, and ground-state
hyperfine structure were sufficiently well known to determine
the ground-state quantum numbers N and G, and excited state
quantum numbers J ′P, for each of the transitions observed.
Specifically, our analysis covered several groups of transi-
tions within the X (N = 0) → A(J ′P = 1/2−), X (N = 0) →
A(J ′P = 3/2−), and X (N = 1) → A(J ′P = 1/2+) manifolds.
Example results are summarized in Fig. 2. Each spectrum
spanned a laser frequency range of 350–400 MHz, which was
scanned in steps of 1 MHz. During this procedure the laser
frequency was alternately ramped up or down to average
over effects of drift or hysteresis. Each of the transitions
observed was carefully assigned and fitted, as detailed in
Appendix D. We note that in an earlier paper that analyzed
the rotational and hyperfine structure of the A2�1/2 state in
137BaF, and 135BaF [42], only higher-lying rotational levels
were analyzed, and the Hamiltonian employed there did not
include the quadrupole contribution, the contributions with
coefficient h1/2 for either Ba or F, or the contributions with
coefficient d for F. In our analysis of the hyperfine structure,
the values of d (F ) and h(F )

1/2 were fixed to those determined in

a recent study of the structure of the A2�1/2 levels in 138BaF
[46], and the corresponding values d (Ba) and h(Ba)

1/2 were de-

termined for the two different odd isotopologues 135BaF and
137BaF. The values and associated uncertainties determined

for the parameters describing the A2�1/2 hyperfine structure
are summarized in Table I.

Since the fits were performed independently for the two
isotopologues, it is useful to check the consistency of the ex-
tracted molecular parameters against the expected scaling of
the intrinsic nuclear parameters, specifically the nuclear mag-
netic moments (for d and h1/2) and nuclear electric quadrupole
moments (for eq0Q). Both types of moments are known for
both isotopes from prior atomic spectroscopic measurements
[55,56]. Table II presents this comparison, showing excellent
agreement.

IV. AB INITIO CALCULATIONS OF THE ODD
ISOTOPOLOGUE HYPERFINE STRUCTURE

Our measurements provide precise experimental data that
can serve as a benchmark for ab initio electronic structure
calculations of the molecular hyperfine structure. Accu-
rate calculations of this kind require a careful treatment of
relativistic and electron-correlation effects, which are also
essential for accurately modeling a wide range of molecular
properties for precision measurements [57–60].

In particular, the hyperfine structure constants of the ex-
cited A2�1/2 state of any odd BaF isotoplogues have not
been addressed previously. We thus calculate the parallel
and perpendicular components A‖ and A⊥ of the hyper-
fine interaction tensor for the A2�1/2 excited state of
137BaF, using the relativistic four-component Dirac-Coulomb
Hamiltonian combined with the Fock-space coupled cluster
method and the finite-field approach. Theoretical predictions
of the quadrupole constant require a separate and very differ-
ent computational investigation and will be presented in future
work. The calculated hyperfine interaction tensor is related to
the molecular constants by A‖ = 2 h1/2 and A⊥ = d [46].

In our calculations, we use the DIRAC19 package [61,62].
We correlate all electrons and extrapolate our results to
the complete basis set limit, using the dyall.vnz basis sets
[63–65]. We evaluate the effect of the basis set and electron
correlation and estimate the uncertainty on our final values
of ∼5% for the A2�1/2 excited state. More details of our
calculations and uncertainty estimations, including results for
the A2�3/2 state, are summarized in Ref. [66].

Our final results are presented in Table I and show excellent
agreement with the experimental data. In most of our previous
studies, we found that the method used to estimate uncertain-
ties in the calculated molecular parameters tended to produce
error bars that were too conservative, that is, the agreement
between theoretical predictions and experimental results was
consistently better than anticipated [67,68]. This is not the
case in the present work, where the experimental value lies
within the theoretical uncertainty for h1/2, and slightly outside
it (by 0.29 σ ) for d . In both cases, the theoretical values are
lower than the experimental ones. A similar pattern—where
the calculated values and associated uncertainties slightly un-
derestimated the experimental results—was also observed in
our previous study of the 19F hyperfine structure contributions
in the excited states of 138BaF.

Several effects could be responsible for this pattern. The
present study does not account for the Breit interaction or
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FIG. 2. Fluorescence spectroscopy. Experimental (gray points) and modeled (black curve) spectra spanning all measured transitions arising
from different N and G levels in the 137BaF and 135BaF X2�+ ground states, and JP levels in the A2�1/2 states. Each experimental data point
in a spectrum scan is typically averaged over 10 repetitions, each taken at a different spots on the ablation target to minimize drifts in molecular
signal. With ≈100 µW of incident laser light, signal strengths of 100–1400 counts/pulse are observed, on a background of about 280/pulse
from scattered laser light. Backgrounds from scattered laser light are determined from signals outside the time window of the molecular pulse
and subtracted. The insets show zoomed-in example scans of the X (N = 1, G = 2) → A(J p = 1/2+) and X (N = 0, G = 2) → A(J p = 3/2−)
transitions, the former being one of the transitions relevant for laser cooling [33]. These plots also show two types of simulated spectra. The
first is a “stick plot,” showing narrow lines with heights set by the square of the associated transition dipole matrix element. The second is a
complete model of the expected spectrum that uses the optical Bloch equations to determine the height and power-broadened width of each line
(see Appendix D for details). In the simulated spectra, relative line heights are scaled by the natural abundance of the respective isotopologue,
and line positions and dipole matrix elements are set by the final parameters determined in this work. Hyperfine Hamiltonian parameters
were determined, for each isotope separately, from splittings between pairs of lines within each continuous spectrum. Separations between
the hyperfine centers of gravity for the two isotopes within each continuous spectrum, as well as separations between the disconnected black
traces, were varied to minimize the overall goodness of fit. The resulting separations were consistent, within uncertainties, with expectations
based on nonhyperfine parameters extracted from the absorption spectroscopy reported in Fig. 3.

QED effects. However, these contributions were found to be
negligible for the ground-state hyperfine parameters of 137BaF
[68] and are expected to be even smaller in the excited states.

TABLE I. Values of the magnetic hyperfine and electric
quadrupole parameters extracted in the current study, all expressed
in megahertz (MHz).

137BaF 137BaF 135BaF
Parameter Theory Experiment Experiment

d (Ba) 239.1 ± 11.8 254.3 ± 0.5 227.7 ± 1.2
h(Ba)

1/2 199.5 ± 10.2 206.6 ± 0.3 185.9 ± 0.8
eq0Q(Ba) – −89.0 ± 0.7 −56.0 ± 3.1

Additional sources of uncertainty likely stem from the limited
model space in the Fock-space coupled-cluster approach and
the incompleteness of the employed basis sets. The latter

TABLE II. Comparison of ratios of extracted magnetic dipole
(electric quadrupole) hyperfine parameters with the ratios of nuclear
magnetic dipole (electric quadrupole) moments of the two isotopes
135Ba and 137Ba [55,56].

Ref. [55] This work Ref. [56] This work

μ(137)

μ(135)

d (137)

d (135)

h(137)

h(135)

Q(137)

Q(135)

eq0Q(137)

eq0Q(135)

1.118(5) 1.12(1) 1.11(1) 1.53(4) 1.59(11)
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FIG. 3. Example of absorption spectroscopy of BaF. The lines shown belong to the X (ν = 0) → A(ν ′ = 0) transition, which is the main
cooling transition for laser cooling. Experimental data are shown in the top half of the plot, a prediction based on the constants determined
in this work in the bottom half. Labels denote the respective ground-state angular momenta G and N involved in the transitions. Example
transitions for N = 1, 2, 3, . . . and G = 1, 2 are indicated in Fig. 1. Individual predicted lines for 137BaF through 134BaF are shown in blue,
orange, green, and red, respectively. The envelope shown as a solid black line takes into account the Doppler broadening at 3.5 K, using the
molecular constants determined in this work. The dashed line is based on the previous best set of constants [42], which predict significantly
shifted transitions and even transitions that were not observed. This discrepancy makes accurate line assignments challenging, underscoring
the importance of our fluorescence spectroscopy and theoretical results for reliable assignments. For clarity, the amplitude of the data in
every x-axis subsegment has been individually normalized. Residual differences in amplitude between experiment and prediction are due to
collisional and optical pumping effects inside the buffer gas source, which will be discussed in future work.

has been shown to be particularly significant in calculations
involving excited states [46]. A more detailed discussion of
these missing contributions is provided in Ref. [66].

Overall, our results demonstrate that state-of-the-art rela-
tivistic electronic structure methods can yield accurate and
reliable predictions of hyperfine structure parameters in ex-
cited states of small heavy molecules, a domain that had
previously remained largely unexplored computationally.

V. ABSORPTION SPECTROSCOPY

After addressing the previously missing information on the
hyperfine structure of 137BaF and 135BaF, we now explore
the combined absorption spectra of all isotopologues from
134BaF to 138BaF to gain a deeper understanding of the iso-
tope shifts in their rovibrational level structure.

To do so, we use a complementary experimental setup, pre-
viously used for the spectroscopic analysis [26,27] and laser
cooling [29,32] of the most abundant isotopologues 138BaF
and 136BaF. In short, in this setup we create the molecules
using laser ablation of a solid BaF2 precursor in a cryogenic
helium buffer gas source at a temperature of T = 3.5 K and
subsequently record the in-cell absorption. The probing light
is derived from a tunable diode laser, and the intensity of
the probing beam is stabilized to around 300 µW using an
electro-optical amplitude modulator to increase the sensitivity
to small changes in absorption. Scanning the laser over a
range of 20 + GHz for various transitions produces spectra
containing lines from all naturally occurring isotopologes.
The typical linewidths observed are around 70 MHz, as given
by Doppler, collisional, and residual power broadening in
the buffer gas cell. During frequency scans, the probe laser
frequency is referenced to wavelength meters that are reg-
ularly validated against atomic absorption lines in the same
wavelength range. With this, the uncertainty in the absolute
frequency calibration is on the order of 50 MHz [26,69].

The high signal-to-noise ratio inside the buffer gas cell
allows us to study a large variety of transitions connecting dif-
ferent vibrational levels. Example spectra for the X2�+(ν =
0) to A2�1/2(ν ′ = 0) transition, where ν and ν ′ denote the
vibrational quantum numbers of the states, are shown in
Fig. 3. Building on the precise knowledge of the hyperfine
structure obtained in the previous sections, along with the
well-established transitions of the more abundant even iso-
topologues [26], we are able to identify transitions of 134BaF,
despite its low natural abundance of only 2.4 %. Moreover, us-
ing the hyperfine constants determined above, as well as mass
scalings where required, we also find excellent agreement for
the transition manifolds of the odd isotopologues 135BaF, and
137BaF.

We use this dataset, as well as similar datasets for transi-
tions between all possible combinations of ν = 0, 1 and ν ′ =
0, 1 to determine the respective absolute energy offsets Tν ′,ν =
T ′

ν − Tν of the vibrational states for the various isotopologues.
We note that the corresponding transitions are highly relevant
in the context of laser cooling, as they are used as repumpers
for vibrational leaks. Using the relation Tν = Te + ωe(ν +
1/2) − ωeχe(ν + 1/2)2 + ωeye(ν + 1/2)3, we fit the values
of Te, ω′

e and ωe, and summarize the resulting molecular
constants for 137BaF, 135BaF, and 134BaF in Table III.

VI. KING PLOT ANALYSIS

In atoms, frequency shifts such as the ones observed are
well known to depend both on the center-of-mass changes
when transitioning from one isotope to another—the so-called
mass shift—and on the overlap of the electronic wave function
with the changing nucleus—the so-called field shift. These
shifts can be calculated using electronic structure methods.
However, such calculations can be challenging, especially for
mass shifts and systems with many open-shell electrons.
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TABLE III. Molecular constants in units of cm−1 for 137Ba 19F,
135Ba 19F and 134Ba 19F. For unknown values, mass scalings were
applied [85,86].

Parameter 137Ba 19F 135Ba 19F 134Ba 19F

X2�+

ωe 469.6128(17)e 470.0381(17)e 470.2545(17)e

ωeχe 1.8362b 1.8396c 1.8413b

103 ωeye 3.0666b 3.0749c 3.0792b

103 Be 216.7210a 217.1126a 217.3130b

107 De 1.8462a 1.8529a 1.8563b

103 αe 1.1651a 1.1683a 1.1699b

103 γ 2.7014a 2.7063a 2.7088b

103 bF (F) 2.1965a 2.1965a 2.1965b

103 c (F) 0.2437a 0.2437a 0.2436b

103 bF (Ba) 77.6681a 69.4887a

103 c (Ba) 2.5083a 2.2441a

103 eq0Q (Ba) −4.7927a −3.1156a

A2�

Te 11 962.0587(25)e 11 962.0604(25)e 11 962.0578(25)e

ωe 438.1472(17)e 438.5442(17)e 438.7464(17)e

ωeχe 1.8731b 1.8765c 1.8782b

103 Be 212.4585b 212.8423c 213.0388b

107 De 2.0035b 2.0108c 2.0145b

103 αe 1.1255b 1.1286c 1.1301b

Ae 632.5369b 632.5369c 632.5369b

αA −0.5105b −0.5109c −0.5112b

103 AD 0.0310b 0.0311c 0.0311b

p + 2q −0.2578b −0.2582c −0.2585b

103 a (F) 0.8856b 0.8856c 0.8856b

103 bF (F) −0.0667b −0.0667c −0.0667b

103 c (F) −0.1771b −0.1771c −0.1771b

103 d (F) 0.1194b 0.1194c 0.1194b

103 h1/2 (Ba) 6.8948(133)d 6.1976(200)d

103 d (Ba) 8.4825(167)d 7.5953(367)d

103 eq0Q (Ba) −2.9721(467)d −1.8680(901)d

aReference [43].
bValue obtained from scaling the value for 138Ba 19F [26].
cValue obtained from scaling the value for 137Ba 19F.
dValue obtained from fluorescence spectroscopy fit.
eValue obtained from absorption spectroscopy fit.

A well established tool to circumvent this problem for
atomic isotope shifts are King plots, where the shifts of two
transitions are compared relative to each other, which removes
the need for precise knowledge of the nuclear charge radius,
and for accurate theoretical predictions of the field and the
mass shifts [71]. This results, to first order, in a linear plot,
where the slope and the vertical intercept are directly related
to the mass and field shift parameters. We note briefly that de-
viations from this linearity at much higher levels of precision
have recently gained interest as probes of physics beyond the
standard model [72–74].

As in atoms, it has recently been shown that isotope shifts
in molecules can also be expressed as the sum of a field shift
and a mass shift [14]. Several observations of field shifts in
molecular spectra have also been previously reported [75–77].
Building on this, our experimental results enable a compre-
hensive analysis of isotope shifts in BaF molecules, offering
two key benefits.

First, the linearity of a King plot provides an additional,
robust way to validate line assignments in the observed
rovibrational spectra, since an incorrect assignment would
immediately stand out in the King plot. This is particularly
useful for the analysis of molecular beams containing many
different, potentially rare or short-lived isotopologues.

Second, the argument can be turned around and the King
plot can be used to extract information about the nuclear
charge radius, and thus about nuclear structure. Similar high-
precision atomic spectroscopy of isotope shifts has long
been a key tool for studying nuclear structure using laser
spectroscopy, providing important benchmarks for nuclear
theory. As we demonstrate in the following, similar infor-
mation can be obtained from molecular spectroscopy, which
is particularly attractive for short-lived nuclei created in on-
line facilities, where the formation of molecules, rather than
atoms, is often unavoidable [14,78,79].

The results of our analysis are summarized in Fig. 4. For
the King plots, we compare isotope shifts of transitions be-
tween different molecular vibrational levels with each other,
as encoded by the respective offsets Tν,ν ′ . This results in a
King plot derived entirely from molecular data, where, unlike
in most atomic systems, lasers with vastly different wave-
lengths are not necessarily required. In addition, we compare
the transitions individually with known barium atomic spec-
troscopy, as previously established in [14]. The linearity of the
results validates our assignments of the molecular transitions
for all isotopologues [70]. Moreover, using the knowledge of
existing mass and field shift constants, we also extract the rel-
ative change in the nuclear charge radius of the barium nuclei
[70]. In this process, we probe nuclei containing 56 protons,
and a varying number of neutrons from 78 for 134BaF, to 82
for 138BaF.

The resulting nuclear charge radii typically scale as A1/3

with the total number of nucleons A in simple nuclear mod-
els [80]. However, in addition to this well-known increase
in size for an increasing number of nucleons, we observe
that isotopes with an odd number of neutrons are reduced
in size compared to even neutron isotopes. In other words,
the addition of an extra neutron can, counterintuitively, make
the nucleus smaller rather than larger. This odd-even stag-
gering effect arises from nontrivial many-body effects in
the nucleus, which form a formidable challenge for nuclear
ab initio calculations [81–83]. Our example results highlight
that high-resolution molecular spectroscopy, combined with
King plot analysis, can provide access to nuclear charge
radii, offering a promising approach in cases where molecular
spectra are more accessible or experimentally favorable than
atomic spectra [77]. Considering recent progress in molecular
spectroscopy, for example, with regard to molecular clocks
[13,84], it is conceivable that molecules could thus contribute
significantly to future measurements of nuclear charge radii
and nuclear structure in general.

VII. CONCLUSION

We have presented a comprehensive investigation of the
energy level structure of most stable isotopologues of the BaF
molecule.
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FIG. 4. King plot analysis and odd-even staggering of the barium
nuclear charge radius. (a) Isotope shifts of BaF’s (from top to bottom)
T01 (green), T11 (orange) and T10 (blue) constants relative to the T00

constant. (b) Isotope shifts of T00 (red), as well as the transitions
above, compared to the 553.6 nm transition in atomic barium [70].
Lines in (a) and (b) have been vertically offset for visual clarity, with
their offset values indicated. (c) Relative change in nuclear charge
radius δ〈r2〉, as determined by combining our data with previously
known mass and field shift values [14]. Data points are averaged over
all molecular transitions studied in (a) and (b), and are in excellent
agreement with atomic reference data (solid line). Error bars of
the atomic data (shaded area) are derived from uncertainties in the
atomic isotope, mass and field shifts [70], and the inset highlights
the agreement at the 1%–2% level.

Our detailed comparison of ab initio calculations of the
excited state hyperfine structure with experiments provides an
important benchmark for the former in a so far little explored
regime. This, in turn, strengthens similar calculations that
directly support the extraction of standard model parameters
from experiments [60].

Moreover, the spectroscopic results presented here are an
important step towards achieving or improving laser cooling
and cycling detection for odd, and by extrapolation, short-
lived isotopologues of BaF. While the rovibronic transitions
studied provide the necessary frequencies for repumping vi-
brational losses, the analysis of the excited-state hyperfine
structure provides input for the optimization of the cool-
ing forces through engineering of laser sidebands [29,87].
Knowledge about this hyperfine structure also allows us to
estimate the expected degree of hyperfine mixing in the ex-
cited state, which is known to disrupt rotational selection rules
in molecules such as YbOH [88]. In the even isotopologues
of BaF, the states J = 1/2+, F = 1 and J = 3/2+, F = 1
are mixed via a lambda-doubling-type hyperfine interaction,
specifically the d (F ) term. In contrast, the odd isotopologues
exhibit a greater number of mixed levels due to increased
hyperfine interactions from the d (Ba) term, resulting in a
more significant and problematic loss mechanism. Although
our results indicate slightly less favorable branching ratios
than previously assumed [42,44], they show that 137BaF, and
135BaF, can scatter at least on the order of 2000 photons, be-
fore branching into the typically unaddressed N = 3 rotational
level occurs. This loss rate is comparable to the one known
to occur in BaF through the intermediate electronic 
 state,
which, in contrast, leads to decays to rotational levels N = 0
and N = 2 with opposite parity. Losses to all these rotational
levels have recently been addressed in the realization of a
magneto-optical trap for 138BaF [31]. We therefore antici-
pate that similar repumping schemes can be used to realize
a magneto-optical trap for odd BaF isotopologues without a
significant increase in experimental complexity.

Finally, the precise knowledge of the isotope shifts along a
chain of isotopologues provides input to a King plot analysis
that reveals the odd-even staggering of the nuclear charge
radius of the barium atom. The precision of this approach
could be significantly improved in the future using improved
molecular spectroscopy techniques [89] or molecular clocks
[13,84] to make it competitive with atomic spectroscopy,
where many open questions remain [90]. As a similar level of
spectroscopic resolution has already been demonstrated with
radioactive molecular species, this opens up new approaches
for the study of short-lived nuclei, including their higher-order
nuclear moments, which provide important enhancements in
sensitivity for precision measurements of fundamental nuclear
properties [37].
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APPENDIX A: KING PLOT ANALYSIS PROCEDURE

We summarize here the procedure used to extract from the
King plot analysis [14,91].

1. King plots for atoms

In atomic systems, frequency shifts between the same tran-
sitions of two isotopes A and A′ are well understood to arise
from two primary effects: the mass shift, which originates
from changes in the center-of-mass motion, and the field shift,
which results from variations in the nucleus’ electromagnetic
field seen by core-penetrating electrons. While the former is
proportional to the relative difference

1

M̃A′,A
= MA′ − MA

MA′MA
(A1)

of the atomic masses MA′ and MA, the latter contribution
depends on the nuclear charge radius δ〈r2〉A,A′

. Taken together,
the isotope shift of a certain transition i can be expressed
as a sum of both contributions with the F and K being the
field-shift and mass-shift factors, respectively:

δνA,A′
i = Fi δ〈r2〉A,A′ + Ki

1

M̃A′,A
. (A2)

By comparing the shifts of two different transitions i and j,
a King plot analysis allows for calculating the nuclear charge
radius [71] when combining and rearranging the equation to

M̃A′,A δνA,A′
i = Fi

Fj
M̃A′,A δνA,A′

j +
(

Ki − Fi

Fj
Kj

)
. (A3)

To first order, the resulting plot is linear, with the slope and
intercept directly linked to the mass and field shift parameters.

2. Nuclear charge radius from molecular transitions

Recent work has extended this concept to molecular sys-
tems, demonstrating that isotope shifts in molecules can also
be described as the sum of mass and field shifts in Eq. (A2)
[14]. This insight enables a comprehensive analysis of the
isotope shifts observed in BaF, based on our experimental
results.

By plotting the isotope shifts of the isotopologues 134BaF,
135BaF, 136BaF, and 137BaF against the transition T00 of
138BaF as a reference for the molecular transitions T01, T11,
and T10, reveals the expected linear behavior in Eq. (A3) for
purely molecular king plots in Fig. 4(a). Next, all aforemen-
tioned transitions Tv,v′ are compared with atomic data for the
553.6 nm transition known from barium spectroscopy [70], as
described in [14]. The data points in Fig. 4(b) also showing
a perfectly linear behavior confirm our extracted molecular
constants for all isotopologues.

In addition, utilizing established field and mass shift
constants, F553.6 nm = (−4.48 ± 0.26) GHz

fm2 and M553.6 nm =
(1207 ± 186) GHz, along with the slope and y axis offsets
according to Eq. (A3), the relative change in the nuclear
charge radius of the barium nuclei with respect to 138BaF
can be determined [70]. Here the error bars of the atomic data
(shaded area) are determined from respective uncertainties in
the atomic isotope, mass and field shifts. This analysis allows
for the exploration of a nuclei containing 56 protons, and
a varying number of neutrons from 78 in 134BaF to 82 in
138BaF.

APPENDIX B: DESCRIPTION OF THE MOLECULAR
HYPERFINE INTERACTION

In the following, we present the effective Hamiltonian em-
ployed to describe the rotational and hyperfine structure of
the odd isotopologues of BaF. We start by introducing the
appropriate basis states for the individual electronic levels to
be studied.

1. Basis states

a. X 2�+ state

The X 2�+ states of 137BaF and 135BaF are best described
in the Hund’s case (b) basis. Here the effective rotational
angular momentum N is given by N = R + L, where R is
the pure rotational angular momentum and L is the electron
orbital angular momentum. In subcase (bβS) the magnetic
dipole hyperfine interaction with the Ba nucleus couples the
electron spin S strongly with the nuclear spin I(Ba) to form
the intermediate angular momentum G = S + I(Ba) [42]. Then
G couples with N to form F1 = G + N. This quantity finally
couples with the 19F nuclear spin, I(F), to produce the total
angular momentum F = F1 + I(F). We write the basis states
for X 2�+ as

|η�; S, I (Ba), G, N, F1, I (F), F, mF ; P〉 ,

where η represents all nonangular momentum quantum num-
bers; � = 0 is the projection of L on the internuclear axis;
S = 1/2, G, N, F1, F are the quantum numbers associated
with G, N, F1, and F respectively, and mF is the projection of
F on the laboratory Z axis. These states have parity quantum
number P = (−1)N .

b. A2�1/2 state

The Hund’s case (a) basis is a good representation for the
sublevels of the A2�1/2 states [42] in BaF. Here S and L cou-
ple with R to produce the total angular momentum excluding
nuclear spins, J = L + S + R. Next, I(Ba) couples with J to
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produce an intermediate angular momentum, F1 = J + I(Ba).
The coupling of F1 with I(F) generates the total angular mo-
mentum, F = F1 + I(F). We describe the A2�1/2 states using a
basis with quantum numbers � = ±1, � = ±1/2, (the signed
projections of L and S on the intermolecular axis, respec-
tively), plus � ≡ � + � = ±1/2, F1, F , and mF . Finally, we
write the basis states with signed values of � as

|ψ〉� = |η�, S, �, J,�; J, I (Ba), F1, I (F), F, mF 〉 . (B1)

The energy and parity eigenstates, |ψ〉P, can be written as a
superposition of the signed-� basis states:

|ψ〉P = 1√
2

(|�, S, �,�; J, I (Ba), F1, I (F), F, mF 〉

+ (−1)pP |−�, S,−�,−�; J, I (Ba), F1, I (F), F, mF 〉),

(B2)

where p = J − S and P = ±1 is the parity of the state. For the
�1/2 states, � = ±1, � = ∓1/2, and � = � + � = ±1/2.

2. Effective hyperfine/rotation Hamiltonians

Effective Hamiltonians describing hyperfine and rotational
motion in a single vibronic level of 2�+ and 2�1/2 states with
two nuclear spins have been summarized in Ref. [92]. The
effective Hamiltonian for the X 2�+ state is given by

H2�+ = BN2 − DN4 + γ N · S

+ b(Ba)I(Ba) · S + c(Ba)

(
I (Ba)
z Sz − 1

3
I(Ba) · S

)

+ eq0Q(Ba) 3I (Ba)
z − I(Ba) · I(Ba)

4I (Ba)(2I (Ba) − 1)

+ b(F)I(F) · S + c(F)

(
I (F)
z Sz − 1

3
I(F) · S

)
. (B3)

Here B and D parametrize the rotational and the centrifugal
distortion corrections energies, and γ describes the strength
of the electron spin coupling with molecular rotation. The
terms with coefficients b = bF − c/3 and c, indexed by the
nucleus in the superscript, represent the Fermi contact inter-
action and the electron spin-nuclear spin dipolar interaction,
respectively. The subscript z refers to the direction along the
internuclear axis in the molecule-fixed frame. The nuclear
quadrupole moment of the Ba nucleus, Q(Ba), couples to the
electric field gradient caused by the valence electron, eq0,
which contributes an electric quadrupole term parametrized

by eq0Q(Ba). The values of these parameters were already
established with high accuracy via microwave spectroscopy
[43,54], and we treat them as fixed in our analysis.

We write the 2�1/2 state Hamiltonian as

H2�1/2
= 1

2 AD{LzSz, R} + BR2 − DR4

+ 1
2 (p + 2q)(e−2iφJ+S+ + H.c.) + HHF

�1/2
. (B4)

Here AD characterizes the centrifugal distortion of the spin-
orbit interaction; {} denotes the anticommutator; p + 2q
characterizes the �-doubling; the subscripts ± correspond
to spin raising and lowering operators, respectively, in the
molecule’s body fixed frame, H.c. denotes the Hermitian con-
jugate of the preceding expression. and HHF

�1/2
describes the

hyperfine interaction. Values of the parameters AD, B, D, and
p + 2q have been measured by Steimle et al. [42] and also
by absorption spectroscopy in the current work. We fix these
parameters to the values determined in the current work for
our analysis of the hyperfine structure. Following the form of
the Hamiltonian used in Ref. [46] for the magnetic hyperfine
terms and Ref. [92] for the quadrupole term, we write the
hyperfine Hamiltonian as

HHF
�1/2

= H (F)
h1/2

+ H (F)
d + H (Ba)

h1/2
+ H (Ba)

d + H (Ba)
Q

= h(F)
1/2I (F)

z + 1

2
d (F)[e2iφI (F)

− S− + e−2iφI (F)
+ S+]

+ h(Ba)
1/2 I (Ba)

z + 1

2
d (Ba)[e2iφI (Ba)

− S− + e−2iφI (Ba)
+ S+]

+ eq0Q(Ba) 3I (Ba)
z − I(Ba) · I(Ba)

4I (Ba)(2I (Ba) − 1)
. (B5)

The magnetic hyperfine coefficient h1/2 can be expressed in
terms of the Frosch and Foley a, b, and c parameters [93] as

h1/2 = a − 1

2
(b + c) = a − bF

2
− c

3
. (B6)

Note that both parameters h(Ba)
1/2 and d (Ba) are proportional to

the nuclear magnetic moment of the relevant isotope, μ(Ba),
while the quadrupole term eq0Q(Ba) is proportional to their
electric quadrupole moments Q(Ba).

APPENDIX C: MATRIX ELEMENTS OF THE HYPERFINE
HAMILTONIAN FOR THE A2�1/2 STATE

We provide here expressions for the matrix elements of the magnetic hyperfine and nuclear electric quadrupole interaction
terms in the Hund’s case (a) basis.

a. Matrix elements of H (Ba)
h1/2

〈η�, S, �, J,�; J, I1, F1, I2, F, mF

∣∣ H (Ba)
h1/2

∣∣η�′, S, �′, J ′,�′; J ′, I1, F ′
1 , I2, F ′, m′

F 〉

= h(Ba)
1/2 �δ�,�′ (−1)J−�

(
J 1 J ′

−� 0 �′

)
[JJ ′]1/2δmF ,m′

F
δF,F ′δF1,F ′

1
(−1)J ′+F1+I1{I1}1/2

{
I1 J ′ F1

J I1 1

}
(C1)
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b. Matrix elements of H (F)
h1/2

〈η�, S, �, J,�; J, I1, F1, I2, F, mF

∣∣ H (F)
h1/2

∣∣η�′, S, �′, J ′,�′; J ′, I1, F ′
1 , I2, F ′, m′

F 〉

= h(F)
1/2�δ�,�′ (−1)J−�

(
J 1 J ′

−� 0 �′

)
[JJ ′]1/2

× δmF ,m′
F
δF,F ′δF1,F ′

1
(−1)2F ′

1+F+I2+J+I1+1[F1F ′
1 ]1/2

{
I2 F ′

1 F
F1 I2 1

}{
J ′ F ′

1 I1

F1 J 1

}
{I2}1/2 (C2)

c. Matrix elements of H (Ba)
d

〈η�, S, �, J,�; J, I1, F1, I2, F, mF

∣∣ H (Ba)
d

∣∣η�′, S, �′, J ′,�′; J ′, I1, F ′
1 , I2, F ′, m′

F 〉

=
[
δ�,�′+2

(
S 1 S

−� −1 �′

)(
J 1 J ′

−� 1 �′

)
+ δ�,�′−2

(
S 1 S

−� 1 �′

)(
J 1 J ′

−� −1 �′

)]

× d (Ba)(−1)S−�+J−�[JJ ′]1/2{S}1/2δmF ,m′
F
δF,F ′δF1,F ′

1
(−1)J ′+F1+I1

{
I1 J ′ F1

J I1 1

}
{I1}1/2 (C3)

d. Matrix elements of H (F)
d

〈η�, S, �, J,�; J, I1, F1, I2, F, mF

∣∣ H (F)
d

∣∣η�′, S, �′, J ′,�′; J ′, I1, F ′
1 , I2, F ′, m′

F 〉

=
[
δ�,�′+2

(
S 1 S

−� −1 �′

)(
J 1 J ′

−� 1 �′

)
+ δ�,�′−2

(
S 1 S

−� 1 �′

)(
J 1 J ′

−� −1 �′

)]

× d (F)(−1)S−�+J−�[JJ ′]1/2{S}1/2δmF ,m′
F
δF,F ′ (−1)2F ′

1+F+I2+J+I1+1[F1F ′
1 ]1/2

{
I2 F ′

1 F
F1 I2 1

}{
J ′ F ′

1 I1

F1 J 1

}
{I2}1/2 (C4)

e. Matrix element of HQ

〈η�, S, �, J,�; J, I1, F1, I2, F, mF | HQ |η�′, S, �′, J ′,�′; J ′, I1, F ′
1 , I2, F ′, m′

F 〉

= eq0Q(Ba)

4
δ�,�′ (−1)J−�

(
J 2 J ′

−� 0 �′

)
[JJ ′]1/2δmF ,m′

F
δF,F ′δF1,F ′

1
(−1)J ′+F1+I1

{
I1 J F1

J ′ I1 2

}(
I1 2 I1

−I1 0 I1

)−1

(C5)

Here we have used the following short hand notations as in Ref. [94]:

{A} = A(A + 1)(2A + 1),

[AB] = (2A + 1)(2B + 1).

From these expressions, it can be seen that the magnetic
hyperfine interaction mixes different J states with the selec-
tion rule 
J = ±1. Since we find mixing matrix elements as
large as ∼100 MHz (based on the parameters extracted in the
current work), and with the separation between consecutive J
levels of ∼10 GHz, we expect a mixing of order 1% between
nearby J states. The quadrupole Hamiltonian, on the other
hand, mixes J states with the selection rule 
J = ±2. For our
final analysis, we diagonalize the Hamiltonian for the A2�1/2

state by including all basis states with values of J from 1/2 to
7/2, and both parities.

This hyperfine mixing between the states J ′ = 1/2+ and
J ′ = 3/2+ of A2�1/2 also has important consequences for
laser cooling, which relies on selection rules to limit rotational
branching. Whereas the pure state J ′ = 1/2+ only branches
into levels of the rotational level N = 1 of the ground state
X2�+, the state J ′ = 3/2+ decays with similar probabilities
into N = 1 and N = 3. The small mixing of these two J ′ states
therefore creates a leakage of approximately 0.05 % into N =
3 that allows the scattering of approximately 2000 photons.
We note that this value is of the same order of magnitude as

the branching ratio into the intermediate A′
 state previously
studied in the bosonic isotopologues [27,95].

To recover these molecules, neighboring rotational states
are typically mixed by applying microwave radiation [96].
As the number of ground states involved in the optical cycle
increases significantly, the maximum scattering rate is sub-
stantially reduced. To address this, an alternative approach is
to drive optical transitions, specifically, the X2�+(N = 3) to
A2�1/2(J ′ = 3/2+) transition in this case [31,97].

APPENDIX D: NUMERICAL MODELING
OF THE SPECTRA

Transition dipole matrix elements were computed by
diagonalizing the hyperfine and rotational Hamiltoni-
ans, transforming X state kets into the Hund’s case
(a) basis, and applying standard formulas for line strengths
between case (a) states. This information was sufficient to
produce the “stick plots” in Figs. 5–8.

To reproduce the measured spectra and to make estimates
of systematics, we model the light-atom interaction with the
optical Bloch equations (OBEs) [98,99]. This approach is
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FIG. 5. Experimental (gray dots) and modeled (black curve)
spectra for the X |N = 0, G = 2, F1, F 〉 → A |J ′P = 1/2−, F ′

1 , F ′〉
transitions in 135BaF and 137BaF (with individual modeled spec-
tra and quantum numbers |F1, F 〉 → |F ′

1 , F ′〉 labeled in green and
blue, respectively). Also shown is the X |N = 1, G = 1, F1, F 〉 →
A |J ′P = 1/2+, F ′

1 , F ′〉 transition in 137BaF (with quantum numbers
in blue), which overlaps partially with this frequency range. Among
the transitions labeled in the diagram, only the ones in bold were used
in the quantitative analysis. A stick plot depicting all transitions, with
strength proportional to the square of the transition dipole matrix
elements, is overlaid on the full modeled spectrum generated using
simulations based on the optical Bloch equations. Note that for the
simulated spectra shown here (and in all figures), the center of mass
of each isotopologue and rotation state was adjusted to maximize
overlap with the data. The resulting adjustments were well within
the range of uncertainties for the rotational and isotope splittings
determined via absorption spectroscopy.

required to account for saturation and (partial) optical cycling
effects, which affect the relative line strengths and widths. For
this, absolute line strengths were computed using the known
spontaneous decay rate � = 2π × 2.7 MHz of the A2�1/2

state [100]. We numerically integrate the OBEs taking into
account the Gaussian shape of the laser beam and associated
spatial and temporal distribution of intensity experienced by
the ensemble of molecules in the beam. The effect of the lab-
oratory magnetic field was included to account for remixing
of dark states on transitions that could accommodate some
optical cycling. We also account for Doppler broadening from
the transverse velocity distribution of the molecular ensemble,
computed from the known collimation geometry and mean
forward velocity of the beam.

Note that similar modeling for the absorption spectroscopy
data taken inside a buffer gas cell is challenging. The high rate
of collisions inside the buffer gas cell means that the coher-
ences revealed by the OBEs (and associated optical pumping,
optical cycling, saturation of signals with laser power, etc.)
will be strongly altered. The corresponding complex interplay
of collisions and laser light will be investigated in future work.

1. Line assignments

In the following, we outline how we use the knowledge of
the spectra to reliably assign individual lines in the recorded
fluorescence spectroscopy data.

FIG. 6. Spectra for the X |N = 1, G = 2, F1, F 〉 →
A |J ′P = 1/2+, F ′

1 , F ′〉 transitions in 135/137BaF. All notations
are as in Fig. 5.

2. X (N = 0, G = 2) → A(J′P = 1/2−) spectrum

The spectrum for the transition X (N = 0, G = 2) →
A(J ′P = 1/2−) is shown in Fig. 5. This spectrum is relatively
simple, with a small number of sublevels. Moreover, the
J ′ = 1/2 excited states experience no first-order shift from the
quadrupole hyperfine interaction, H (Ba)

Q . Since the magnetic
hyperfine interaction is small compared to the rotational en-
ergy splitting, the spectrum can be approximately described
using an effective Hamiltonian that operates only on levels
with the same value of J ′P. This effective Hamiltonian can be
written as

H eff
J ′=1/2 =

[
h(Ba)

1/2 − d (Ba) · P(−1)p · 1

2
(2J + 1)

]
I(Ba) · J

2J (J + 1)

+
[

h(F)
1/2 − d (F) · P(−1)p · 1

2
(2J + 1)

]
I(F) · J

2J (J + 1)
.

(D1)

Hence, to first approximation the hyperfine splittings in the
J ′P = 1/2− state depend only on the parameters h(Ba)

1/2 + d (Ba)

and h(F)
1/2 + d (F). Moreover, h(F)

1/2 and d (F) are known from prior

data on 138BaF [46] and give only small (� 10 MHz) split-
tings.

Lines in the high-frequency region (≈350–650 MHz in
Fig. 5) clearly originated from the X (N = 0, G = 2) sub-
levels. From their relative position and amplitude, the higher-
(lower-)frequency cluster of four lines here were assigned
to 137BaF (135BaF). The smaller (nearly overlapped) doublet
splittings corresponded to expected splittings from the known
values of h(F)

1/2 and d (F) [46], and the average of the larger
doublet splittings corresponded to the known 19F hyperfine
splittings in the X 2�+ state. All of these high-frequency lines
were assigned to transitions to the maximum value of F ′

1 = 2
in the excited state with J ′ = 1/2. Next, the largest-amplitude
lines in the low-frequency region of this spectrum (the two
unresolved doublets near 0 frequency in Fig. 5) were assigned
to 137BaF and to transitions to excited states with F ′ = 1.
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FIG. 7. Spectra for the X (N = 0, G = 2) → A(J ′P = 3/2−)
transitions in 135/137BaF. All notations are as in Fig. 5.

Then peaks were fit to each of the lines assigned to 137BaF
to find a preliminary location of the line centers.

Next, pairs of large and relatively isolated lines were
identified that originated from a common X state sub-

FIG. 8. Spectra for the X (N = 0, G = 1) → A(J ′P = 3/2−)
transition. All notations are as in Fig. 5. For this transition, the
spectral lines of 137BaF presented in (a) are well separated from the
corresponding 135BaF features shown in (b).

FIG. 9. Energy levels in the lower hyperfine-rotational levels
of the X 2�+ and A2�1/2 states, for the isotopologues 137BaF
(blue) 135BaF (green). The hyperfine splittings within the A2�1/2

states are based on the parameters estimated in the current
work. The two isotopologues have similar structure of the en-
ergy splittings, except for the |X, N =1, G=1, F1 =1, F =1/2〉 and
|X, N =1, G=1, F1 =2, F = 3/2〉 states, where the order of these
levels is reversed in the case of 135BaF.

level, but terminated in different excited state sublevels.
In Fig. 5 these lines, labeled in bold, corresponded to
the transitions X |F1 = 2, F = 2.5〉 → A |F1 = 2, F = 2.5〉
and → A |F1 = 1, F = 1.5〉; and X |F1 = 2, F = 1.5〉 →
A |F1 = 2, F = 1.5〉 and → A |F1 = 1, F = 0.5〉. By fitting
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TABLE IV. List of all transition pairs contributing to extraction of hyperfine Hamiltonian parameters in 135BaF. In all cases, a common
initial state connects to two different excited states. Here 
 is splitting between the two excited states; σst is the purely statistical uncertainty
in 
, after rescaling to account for the global value of χ 2

ν ; σf is the uncertainty in each line position associated with unresolved overlapping
lines and σ


f is the associated uncertainty in 
, obtained by adding contributions for each line in quadrature; σZ is the uncertainty in each
line position associated with Zeeman shifts in the uncalibrated laboratory magnetic field and σ


Z is the associated uncertainty in 
, obtained
by adding contributions for each line linearly (since they are correlated); σtot is the total uncertainty in 
 for each transition pair, obtained by
adding σst , σ


Z , and σ

Z in quadrature; σ wt

tot is the total uncertainty in 
 from a weighted average over all transition pairs that probed the same
pair of excited states; and 
wt is the weighted average value of 
, used in the final global fit for hyperfine parameters.

Transitions in 135BaF 
 σst σf σ

f σZ σ


Z σtot σ wt
tot 
wt

X |N, G, F1, F 〉 → A |J ′P, F ′
1 , F ′〉 (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz)

|0, 2, 2, 2.5〉 → |3/2−, 3, 3.5〉 98.62 1.55 0.42 0.47 0.76 1.48 2.19 2.19 98.62
|0, 2, 2, 2.5〉 → |3/2−, 2, 2.5〉 0.22 0.72
|0, 2, 2, 1.5〉 → |3/2−, 3, 2.5〉 97.13 1.42 – 0.74 0.70 1.34 2.09 2.09 97.13
|0, 2, 2, 1.5〉 → |3/2−, 2, 1.5〉 0.74 0.65
|0, 2, 2, 2.5〉 → |3/2−, 2, 2.5〉 83.61 1.54 0.22 0.22 0.72 1.39 2.08 1.50 84.89
|0, 2, 2, 2.5〉 → |3/2−, 1, 1.5〉 – 0.67
|0, 1, 1, 1.5〉 → |3/2−, 2, 2.5〉 86.30 1.90 0.52 0.71 0.41 0.78 2.17
|0, 1, 1, 1.5〉 → |3/2−, 1, 1.5〉 0.48 0.37
|0, 2, 2, 1.5〉 → |3/2−, 2, 1.5〉 88.12 1.51 0.74 0.96 0.65 1.24 2.17 1.57 88.29
|0, 2, 2, 1.5〉 → |3/2−, 1, 0.5〉 0.61 0.59
|0, 1, 1, 0.5〉 → |3/2−, 2, 1.5〉 88.49 2.11 – 0.7 0.29 0.53 2.29
|0, 1, 1, 0.5〉 → |3/2−, 1, 0.5〉 0.70 0.24
|0, 1, 1, 0.5〉 → |3/2−, 1, 0.5〉 50.25 0.84 0.7 0.7 0.24 0.46 1.18 1.18 50.25
|0, 1, 1, 0.5〉 → |3/2−, 0, 0.5〉 – 0.22
|0, 1, 1, 1.5〉 → |3/2−, 1, 1.5〉 49.48 1.41 0.48 0.48 0.37 0.69 1.64 1.64 49.48
|0, 1, 1, 1.5〉 → |3/2−, 0, 0.5〉 – 0.33
|0, 2, 2, 2.5〉 → |1/2−, 2, 2.5〉 560.22 5.01 – – 1.33 2.6 5.64 5.64 560.22
|0, 2, 2, 2.5〉 → |1/2−, 1, 1.5〉 – 1.28
|0, 2, 2, 1.5〉 → |1/2−, 2, 1.5〉 537.94 3.82 – – 1.27 2.47 4.55 4.55 537.94
|0, 2, 2, 1.5〉 → |1/2−, 1, 0.5〉 – 1.20

to H eff
J ′=1/2, these splittings yielded a preliminary value of

h(Ba)
1/2 + d (Ba) for 137BaF, accurate to a few MHz.

From the expected scaling of h(Ba)
1/2 + d (Ba) with the nuclear

magnetic moment μ(Ba), we could then estimate the splittings
of the 135BaF lines for transitions to excited states with F ′ =
1. In the spectrum of Fig. 5 these clearly overlapped with
another set of lines, which were later assigned to transitions
X (N = 1, G = 1) → A(J ′P = 1/2+). However, two pairs of
sufficiently large and isolated lines were identified to enable
preliminary estimates of h(Ba)

1/2 + d (Ba) for 135BaF (independent

of the values from 137BaF) from this spectrum as well.

3. X (N = 1, G = 2) → A(J′P = 1/2+) spectrum

The X (N = 1, G = 2) → A(J ′P = 1/2+) transitions with
lines identified by their quantum numbers are shown in Fig. 6.
The largest lines on the high-frequency side of the spec-
trum were tentatively assigned to transitions in 137BaF with
the strongest transition dipole matrix elements. Line posi-
tions and further line assignments for both isotopologues then
proceeded as described above. This analysis was used to de-
termine a preliminary value of h(Ba)

1/2 − d (Ba) for 137BaF. (Lines
in this spectrum were only used for estimation of hyperfine
parameters in 137BaF, not in 135BaF.) With the preliminary
value of h(Ba)

1/2 − d (Ba), it was possible to estimate the posi-
tions of the X (N = 1, G = 1) → A(J ′P = 1/2+) transitions
for 137BaF and assign the “extra” lines in Fig. 5 to them.

4. X (N = 0, G = 2, 1) → A(J′P = 3/2−) spectra

The spectrum of X (N = 0, G = 2) → A(J ′P = 3/2−)
transitions is shown in Fig. 7 for both isotopologues. The
X (N = 0, G = 1) → A(J ′P = 3/2−) spectra for 137BaF and
135BaF are shown in Figs. 8(a) and 8(b), respectively. These
measurements, together with the preliminary evaluations of
h(Ba)

1/2 and d (Ba), made it possible to determine the values of
eq0Q(Ba) for the two isotopologues.

5. Global analysis of the hyperfine structure
and uncertainty budget

After all lines were assigned and preliminary fits per-
formed to find values of hyperfine Hamiltonian parameters, a
final global fit to all line pairs used in the preliminary analysis
of each spectrum scan was performed, including the effect of
Hamiltonian matrix elements off-diagonal in J ′.

For each fitted level splitting, a statistical uncertainty (typ-
ically 1–4 MHz) was assigned from the standard error in
the mean between nominally identical spectrum scans. The
reduced chi-squared value of this global fit was χ2

ν = 1.7 (2.1)
for 137BaF (135BaF). The final statistical uncertainties for each
splitting were assigned by multiplying the raw uncertainty by
the corresponding value of

√
χ2

ν for each isotopologue. An
systematic uncertainty of up to 0.7 MHz was added to some
lines to account for the effect of unresolved overlaps with
smaller nearby lines. An additional systematic uncertainty,
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TABLE V. List of all transition pairs contributing to extraction of hyperfine Hamiltonian parameters in 137BaF. All notations are the same
as in Table IV.

Transition in 137BaF 
 σst σf σ

f σZ σ


Z σtot σ wt
tot 
wt

X |N, G, F1, F 〉 → A |J ′P, F ′
1 , F ′〉 (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz)

|0, 2, 2, 2.5〉 → |3/2−, 3, 3.5〉 101.59 1.11 0.44 0.51 0.76 1.48 1.92 1.92 101.59
|0, 2, 2, 2.5〉 → |3/2−, 2, 2.5〉 0.25 0.72
|0, 2, 2, 1.5〉 → |3/2−, 3, 2.5〉 104.67 1.07 – 0.5 0.70 1.34 1.78 1.78 104.67
|0, 2, 2, 1.5〉 → |3/2−, 2, 1.5〉 0.5 0.65
|0, 2, 2, 2.5〉 → |3/2−, 2, 2.5〉 102.17 0.93 0.25 0.25 0.72 1.39 1.69 1.14 101.60
|0, 2, 2, 2.5〉 → |3/2−, 1, 1.5〉 – 0.67
|0, 1, 1, 1.5〉 → |3/2−, 2, 2.5〉 101.13 1.15 0.48 0.66 0.41 0.78 1.54
|0, 1, 1, 1.5〉 → |3/2−, 1, 1.5〉 0.45 0.37
|0, 2, 2, 1.5〉 → |3/2−, 2, 1.5〉 103.34 0.88 0.5 0.66 0.65 1.24 1.66 1.02 103.68
|0, 2, 2, 1.5〉 → |3/2−, 1, 0.5〉 0.43 0.59
|0, 1, 1, 0.5〉 → |3/2−, 2, 1.5〉 103.89 0.97 – 0.67 0.29 0.52 1.29
|0, 1, 1, 0.5〉 → |3/2−, 1, 0.5〉 0.67 0.23
|0, 1, 1, 0.5〉 → |3/2−, 1, 0.5〉 61.57 0.66 0.67 0.67 0.23 0.44 1.04 1.04 61.57
|0, 1, 1, 0.5〉 → |3/2−, 0, 0.5〉 – 0.21
|0, 1, 1, 1.5〉 → |3/2−, 1, 1.5〉 60.97 0.41 0.45 0.45 0.37 0.69 0.91 0.91 60.97
|0, 1, 1, 1.5〉 → |3/2−, 0, 0.5〉 – 0.32
|0, 2, 2, 2.5〉 → |1/2−, 2, 2.5〉 625.38 4.76 – – 1.46 2.86 5.55 5.55 625.38
|0, 2, 2, 2.5〉 → |1/2−, 1, 1.5〉 – 1.41
|0, 2, 2, 1.5〉 → |1/2−, 2, 1.5〉 602.78 4.19 – – 1.39 2.72 4.99 4.99 602.78
|0, 2, 2, 1.5〉 → |1/2−, 1, 0.5〉 – 1.33
|1, 2, 3, 2.5〉 → |1/2+, 2, 1.5〉 74.41 2.24 – – 0.72 1.38 2.63 1.50 74.25
|1, 2, 3, 2.5〉 → |1/2+, 1, 1.5〉 – 0.66
|1, 1, 2, 1.5〉 → |1/2+, 2, 1.5〉 74.18 1.16 0.45 1.32 0.28 0.51 1.83
|1, 1, 2, 1.5〉 → |1/2+, 1, 1.5〉 1.24 0.23
|1, 2, 2, 2.5〉 → |1/2+, 2, 2.5〉 61.8 1.40 – – 0.62 1.16 1.82 1.24 62.35
|1, 2, 2, 2.5〉 → |1/2+, 1, 1.5〉 – 0.54
|1, 1, 2, 2.5〉 → |1/2+, 2, 2.5〉 62.83 1.47 – 0.25 0.44 0.80 1.69
|1, 1, 2, 2.5〉 → |1/2+, 1, 1.5〉 0.25 0.36
|1, 2, 1, 1.5〉 → |1/2+, 2, 2.5〉 68.48 1.32 – – 0.52 0.95 1.63 1.63 68.48
|1, 2, 1, 1.5〉 → |1/2+, 1, 0.5〉 – 0.43

in the range 0.4–2.8 MHz, was assigned to each line due to
possible Zeeman shifts from the laboratory magnetic field
(roughly earth’s field).

Figure 9 shows the final assigned energies of all states used
in the analysis of hyperfine splittings, complementing Fig. 1.

All transition pairs used to determine the parameters of
the hyperfine Hamiltonian are shown in Tables IV and V,
for 135BaF and 137BaF, respectively. These tables show the
quantum numbers for each line, the value of the splitting
between excited states in the transition pair, and the statistical
uncertainty (after correction for χ2

ν > 1) of each splitting.
We also account for two sources of systematic errors.

The first arises from apparent line shifts due to unresolved
overlapping spectral lines. To account for this, we fit the OBE-
modeled spectra using the same procedure as for the real data,
then calculate the difference between the fitted level splitting
and the splitting known directly from the Hamiltonian eigen-
values. Note that some lines are sufficiently isolated so that
this results in no error. For lines with substantial overlap, the
resulting errors are in the range 0.2–0.7 MHz.

The second source of possible systematic error arises from
Zeeman shifts due to the nonzero magnetic field in the lab-
oratory used for the fluorescence measurements, which was
measured to be about 0.45 G (0.17 G) perpendicular (parallel)

to the linear polarization of the laser beam. Using known mag-
netic g factors of the X 2� [18] and A2�1/2 [42] states and the
diagonalized hyperfine/rotation Hamiltonian, we calculated
Zeeman shifts in the energy of each state used in the analy-
sis. We conservatively assume that the error in the observed
state energy could be as large as half the maximum splitting
between mF sublevels in the state. The total systematic error
in the measurement of the position of each of the transitions is
assigned by linearly adding errors from Zeeman shifts in the
ground and excited states.

APPENDIX E: ANALYSIS OF THE ABSORPTION
SPECTROSCOPY DATA

The analysis of absorption spectroscopy data has been dis-
cussed in detail in previous work [26,27]. Here we follow the
same procedures, with adaptations as needed for the detection
of low-abundance isotopologues.

1. Data acquisition

As molecular formation is based on a pulsed ablation pro-
cess, a continuous scan of the probe laser—as common in
room-temperature vapor cell experiments—is not possible,
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and thus an incremental frequency scan is used. For each fre-
quency step, a time-resolved absorption trace is recorded, the
signal is integrated over specific time intervals, and averaged
over typically four repetitions to reduce signal fluctuations
[27]. By combining these data and applying a moving av-
erage filter for smoothing, we obtain distinct spectra across
multiple time intervals, with later times corresponding to well-
thermalized molecules. We then choose the latest time interval
for which the signal-to-noise ratio of the decaying absorp-
tion signal still allows for detecting all smaller pronounced
peaks, which are later associated with lower-abundance iso-
topologues.

For frequency ranges that span more than a few GHz, a sin-
gle scan is not feasible due to the limited time window during
which the dewar-style cryostat employed for the absorption
spectroscopy measurements can maintain cold temperatures,
the restricted mode-hop-free tuning range of the laser, and
signal degradation caused by prolonged ablation at a fixed tar-
get position. To overcome these limitations, successive scans
were performed over smaller, slightly overlapping frequency
ranges. These segments are later stitched together, account-
ing for variations in the molecular signal arising from target
degradation.

The laser frequency is recorded using a wavemeter whose
frequency is regularly validated against cesium and rubidium
vapor lines, the BaF cooling transition [29], and a frequency-

stabilized HeNe laser [26], achieving an absolute accuracy of
better than 50 MHz, smaller than the uncertainty arising from
the inherent molecular dynamics in the buffer gas cell.

2. Fitting molecular constants

The determination of the rovibrational constants begins
with fixing the well-established constants of the bosonic iso-
topologues 138BaF and 136BaF with a simple structure and
clearly pronounced transition lines [26]. In the next step,
these constants are scaled for the less abundant isotopologues
( 137BaF, 135BaF, and 134BaF) and combined with the hy-
perfine constants of the excited state A2�1/2 extracted from
fluorescence spectroscopy.

Typically, 10 to 20 prominent peaks in the measured
spectra can be unambiguously matched to those from the
theoretical model. For each isotopologue and each vibra-
tional transition X2�+(ν) → A2�1/2(ν ′), we then determine
an individual energy offset Tν ′,ν = T ′

ν − Tν by minimizing
the least-squared error between the peak positions between
these experimental and theoretical transitions. Finally, ap-
plying these offsets in the relation Tν = Te + ωe(ν + 1/2) −
ωeχe(ν + 1/2)2 + ωeye(ν + 1/2)3, the vibrational constants
ωe, ω

′
e and T ′

e are extracted using least-square fits, while the
remaining constants are fixed from isotope scalings, as sum-
marized in Table III.
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