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The rotational constant parametrizes the relative spacing between a molecule’s rotational energy
levels. It depends on the molecule’s classical moments of inertia, which, in all studies, are expressed
by treating the constituent nuclei as point masses separated by the bond length. We point out that
treating the finite nuclear size leads to a correction to the rotational constant at the Hz level, which
is resolvable with recently developed ultra-high-resolution molecular spectrometers. Nuclear-model-
independent measurements of nuclear matter radii can thus be envisioned in the future using such
apparatuses, advancing beyond the existing hadronic scattering experiments and further developing
the intersection of nuclear and molecular physics. In the present time, it appears that the computa-
tional ability of ab initio quantum chemistry might be the limiting factor to the technical readiness
of the approach. To test the premises of the proposed method, we call for benchmark experiments
using HD+ that are feasible with state-of-the-art experiment and theory.

INTRODUCTION

Molecules are composed of two or more atoms joined
by chemical bonds that couple the motion of the con-
stituent nuclei. Even diatomic molecules, which have the
simplest geometry, possess vibrational and rotational de-
grees of freedom. As a result, their spectra exhibit a
vibrational structure for each electronic level, and a rota-
tional structure within each vibrational sub-level of each
electronic level.

The rotational spectra of diatomic molecules have been
extensively studied for more than a century [1], and it
is well-understood that the spacing between successive
lines in a rotational spectrum is intimately linked to the
moments of inertia of the molecule. Invariably, the point-
nucleus approximation is used to express the molecular
moments of inertia and thus to extract the rotational
constants [1–4]. This approximation is certainly justi-
fied due to the large difference in scale between nuclear
radii (∼10−15 m) and the internuclear distance in a typ-
ical diatomic molecule (∼10−10 m). Corrections due to
treating the finite nuclear size can thus be expected to
be extremely small, and so far considered negligible.

In the last few years, however, advances in microwave
and infrared spectrometers with an unprecedented res-
olution [5] and absolute accuracy [6] have been con-
structed, being capable of determining transition energies
and thus rotational constants with sub-Hz precision and
kHz accuracy. Moreover, trap-based laser spectroscopy
of light molecular ions has also demonstrated the con-
trol of statistical and systematic errors at the sub-kHz
level [7, 8]. Therefore, it is necessary to revisit the point-
nucleus approximation in the molecular moment of iner-
tia and consider the correction due to the full treatment
of the finite nuclear size.

In light of these recent technical developments, here
we point out that the emergent technology in molecu-
lar spectroscopy is sensitive to the matter radii of the

constituent nuclei. We firstly provide the expression for
the rotational constant in diatomic molecules where the
constituent nuclei are treated as spheres of finite size.
Given the resulting expression, we discuss how mea-
surements of nuclear matter radii can be performed via
ultra-high-resolution rotational spectroscopy of diatomic
molecules with state-of-the-art and next-generation spec-
troscopic techniques. Compared to the existing and
established experimental methods for measurements of
the nuclear matter radius, the proposed approach of-
fers a nuclear-model-independent determination of nu-
clear matter radii, with potentially higher precision and
significantly smaller isotope-dependent systematic uncer-
tainties.

MOLECULAR ROTATIONS

Depending on the size of the diatomic molecule, pure
rotational spectra, which are composed of transitions
between rotational levels within the same electronic-
vibrational state, are observed between the microwave
and millimeter-wave regions of the electromagnetic spec-
trum. The rotational lines of a diatomic molecule, char-
acterized by the rotational quantum number J , follow a
characteristic, diverging pattern at the first order, which
is given by the expression [1–3]:

E(J) = BvJ(J + 1) (1)

where Bv is called the rotational constant and it gen-
erally shows a dependence on the vibrational quantum
number v. A schematic example of the effect of changes
in the rotational constant on the spacing of rotational
lines is shown in Fig. 1. The values of the rotational con-
stant for different values of v are related to an equilibrium
rotational constant Be through the expression [2]:
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FIG. 1. Top: Conceptual comparison between a point-nucleus
(left) and a finite-nucleus (right) representation of a diatomic
molecule. Bottom: Schematic effect of a change in the ro-
tational constant on the relative spacing of three successive
rotational lines.

Bv = Be − αe

(
v +

1

2

)
(2)

where αe is a constant that depends on the parameters of
the Morse potential in the vibrational term of the molec-
ular Hamiltonian [2], and Be has the expression:

Be =
h

8π2cIe
(3)

In Eq. 3, Ie is the equilibrium moment of inertia. That
is, the moment of inertia of the molecule assuming that
the constituent nuclei are placed at a fixed distance from
each other that is equal to the equilibrium bond length
re.
In the point-nucleus approximation, the two nuclear

masses MA and MB have an infinitely small radius and
are separated by a distance re. Therefore, the point-
nucleus moment of inertia is expressed as Ipe = µr2e where
µ is the reduced molecular mass µ = MAMB

MA+MB
and thus

Bp
e =

h

8π2c

1

µr2e
(4)

is the rotational constant for the point-nucleus case.
To arrive at the molecular moment of inertia when

treating the nuclei as spheres of radius RA and RB , re-
spectively, the parallel axis theorem can be used. Con-
sider nucleus A as placed at a distance dA from the cen-
ter of mass of the molecule and nucleus B as placed
at a distance dB . Due to the symmetry of a diatomic
molecule, the molecular center of mass will lie along the
internuclear axis, and by definition of the bond length,
re = dA + dB .
The moment of inertia of a solid sphere about any axis

going through its center is:

Isphere =
2

5
MR2 (5)

where M is the sphere’s mass and R its radius. From the
parallel axis theorem, the moment of inertia of a solid
sphere about an axis at a distance d from its center is:

I = Isphere +Md2 (6)

For two nuclei rotating about the same axis in the same
direction, the total moment of inertia of the molecule is
equal to the sum of the moments of inertia of the nuclei.
Therefore, using Eqs. 5 and 6, the moment of inertia of
the diatomic molecule is:

Ise =
2

5
MAR

2
A +MAd

2
A +

2

5
MBR

2
B +MBd

2
B

⇔ Ise =
2

5

(
MAR

2
A +MBR

2
B

)
+MAd

2
A +MBd

2
B (7)

The last two terms are equivalent to the point-nucleus
moment of inertia Ipe . This can be seen by considering the
molecule’s center of mass as defining the zero coordinate
of the internuclear axis. The locations of nuclei A and B
are thus:

dA = − MBre
MA +MB

(8)

dB =
MAre

MA +MB
(9)

Therefore:

MAd
2
A +MBd

2
B =

MAM
2
Br

2
e

(MA +MB)2
+

MBM
2
Ar

2
e

(MA +MB)2

=
MAMBMB +MBMAMA

(MA +MB)2
r2e

=
MAMB(MA +MB)

(MA +MB)2
r2e =

MAMB

MA +MB
r2e

And thus:

MAd
2
A +MBd

2
B = µr2e (10)

Eq. 7 is therefore equal to:

Ise =
2

5

(
MAR

2
A +MBR

2
B

)
+ Ipe (11)

At the point-nucleus limit, where RA = RB = 0, Ise =
Ipe , as expected. The equilibrium rotational constant for
a diatomic molecule can thus be expressed as:

Be =
h

8π2c

1
2
5 (MAR2

A +MBR2
B) + µr2e

(12)
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NUCLEAR MATTER RADII

As per Eq. 11, the moment of inertia of a diatomic
molecule when treating the finite nuclear size has a cor-
rection that depends on the constituent nuclear masses
and radii. Fig. 2 shows how the correction scales as a
function of the equilibrium bond length re for three di-
atomic molecules of different mass. Evidently, the cor-
rection to the rotational constant, quantified as the dif-
ference between the point-nucleus and the finite-nucleus
rotational constants Bp

e and Bs
e , is in the order of a few

tens of Hz for both the lightest possible molecule (H2)
and the actinide molecule ThF+.

With sub-kHz resolution, the state of the art in molec-
ular spectroscopy is already capable of determining the
rotational constants of diatomic molecules with a Hz- or
sub-Hz-level uncertainty, and further improvements can
be expected in the future. Therefore, it is worthwhile
considering how such a precision can be utilized to mea-
sure nuclear matter radii.

The size of a nucleus is most often discussed in terms of
two observables; the mean-squared nuclear charge radius
⟨r2⟩ch, which is determined solely by the proton distribu-
tion, and the mean-squared nuclear matter radius ⟨r2⟩m,
which is determined by both the proton and the neutron
distributions.

The charge radius can be measured through a vari-
ety of complementary experimental techniques. Muonic-
atom X-ray spectroscopy [9] and electron scattering
experiments [10, 11] have provided measurements of
the absolute nuclear charge radii of stable isotopes for
decades [12]. Laser spectroscopy, on the other hand, pro-
vides high-precision measurements of the relative change
in root-mean-squared (rms) nuclear charge radius be-
tween isotope pairs in a nuclear-model-independent man-
ner, through the isotope shift [13]. By combining abso-
lute measurements in stable isotopes and relative mea-
surements in radioactive isotopes, the charge radii of a
great amount of nuclei far from nuclear stability have
been measured [14]. The study of nuclear charge radii
has thus become a cornerstone of modern nuclear struc-
ture research, being pursued to investigate the emergence
of new magic numbers [15, 16], the disappearance and
inversion of odd-even staggering [17, 18], signatures of
rare nuclear effects [19], and more. Recently, muonic-
atom and electron-scattering experiments on radioactive
isotopes were demonstrated for the first time [20, 21],
opening a new pathway towards absolute charge radius
determination in unstable nuclei.

Measurements of the nuclear matter radius [22, 23],
on the other hand, are significantly more challenging.
Since the pioneering experiments by Rutherford and his
group [24], charged-particle scattering experiments have
undergone continuous development and to this day are
the most widespread approach to measuring the dis-

FIG. 2. Calculation of correction (in Hz) to the rotational
constant due to treating the finite size of the nuclei as opposed
to the point-nucleus approximation. The nuclear matter radii
used to calculate the corrections were approximated as equal
to the charge radii and taken from Ref. [12]. Nuclear masses
were taken from the 2020 Atomic Mass Evaluation [35] and
equilibrium bond lengths were taken from the NIST Chem-
istry WebBook.

tribution of nuclear matter [25], together with matter-
antimatter annihilation approaches [26]. Extracting the
nuclear matter radius from hadronic scattering requires
modeling of the underlying hadron dynamics, knowledge
of which remains incomplete. Therefore, nuclear mat-
ter radii from hadronic scattering have large systematic
uncertainties that are isotope-dependent and mostly un-
controlled [27]. So far, only the PREX-2 [28] experiment
has come close to extracting the nuclear matter radius
at the 1% level in statistical and systematic uncertain-
ties, based on the determination of the neutral weak form
factor from elastic electron scattering, thus avoiding the
uncontrolled systematics of hadronic models.

As a result, while knowledge of the nuclear matter ra-
dius and the neutron distribution is highly important in
nuclear physics, for instance to explore the formation
of neutron skins [28], the equation of state in neutron
stars [29, 30], the structure of nuclear halos [31, 32],
and the limits of the nuclear landscape [33, 34], their
experimental study requires large-scale and costly reac-
tion spectrometers at specialized facilities. Accessing the
nuclear matter radius via ultra-high-resolution rotational
spectroscopy of diatomic molecules thus offers an alter-
native experimental tool of great value, with a reduced
cost, potential for lower statistical uncertainties, and con-
trolled, isotope-independent systematic uncertainties.

The moment of inertia in Eq. 11 defines an equilibrium
rotational constant Be (Eq. 12) for a diatomic molecule
comprised of realistic, finite-size nuclei. The equilib-
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rium rotational constant, however, is not directly mea-
surable in the laboratory. Instead, the vibrational-state-
dependent constants Bv are measured, which are related
to Be via Eq. 2.

The constant αe in Eq. 2 is related to the parameters of
the internuclear potential used in the molecular Hamilto-
nian. For the most commonly used Morse potential, αe

depends on the three Morse potential parameters α, D,
and re as [2]:

αe =
3h2ωe

16π2µr2eD

(
1

αre
− 1

α2r2e

)
(13)

where ωe = α
2πc

√
2D
µ is the harmonic frequency of the

electronic state.
Consider a diatomic molecule with atoms A and B

for which the atomic masses of both nuclei are known
with high precision and accuracy (a precision of 10−9

atomic mass units or better [35]), and the nuclear matter
radius for atom B has been measured in a scattering
experiment. Combining Eqs. 2, 12, and 13, it is seen
that for each value of v, an equation with RA, α, D, and
re as unknown is constructed.

Therefore, a value for RA can be extracted if Bv is
measured for enough different values of v. For the Morse
potential and alternative functions [36], which are de-
scribed by three parameters, Bv would have to be mea-
sured for at least v = 0 − 3. With four values of Bv,
a set of four equations and four unknowns is formed.
Adding further measurements of Bv for higher values of
v will help reduce the uncertainty in the extracted pa-
rameters by constraining the linear form of Eq. 2. While
spectroscopy of excited vibrational states is not typi-
cal for cryogenic buffer-gas-cooled spectrometers, vibra-
tional relaxation through buffer-gas collisions is signifi-
cantly more inefficient than rotational and translational
cooling [37], which makes such spectrometers compatible
with the proposed approach. For ion trap experiments,
excited vibrational states can be studied via optical or
infrared excitations of overtone vibrational transitions.

A significant aspect of the approach proposed here is its
versatility, as practically no electronic-state requirements
are imposed on the system or technique chosen for the
measurement of the rotational constant. As a result, the
measurements can be performed in either neutral or ionic
systems, in the ground or metastable states.

HIGHER-ORDER CORRECTIONS

Beyond the correction due to the finite nuclear size con-
sidered here, other corrections to the molecular rotational
constant are to be expected at the level of precision that
is necessary to extract the nuclear matter radius, such as
quantum electrodynamics (QED) corrections. Hyperfine
effects and the influence of the nuclear charge radius on

the bond length may also need to considered at this level
of precision.
The presently described method proposes extracting

the nuclear matter radius by determining Be with very
high precision, and then using the relation between the
moment of inertia and Be to extract the matter radius.
The extraction of Be can be done by measuring Bv for
several vibrational states of the electronic ground state,
and then performing a fit as per Eq. 2. In a fit of Bv ver-
sus

(
v + 1

2

)
, the y-intercept gives Be and the slope is re-

lated to the parameters of the vibrational potential used
in the molecular Hamiltonian. One of these parameters
is the equilibrium bond length re, knowledge of which is
also necessary to use Eq. 12 and extract the nuclear mat-
ter radii. Depending on the vibrational potential used
in the Hamiltonian, re could be extracted from the fit’s
slope.
So far it has been considered that if Bv is measured for

a sufficient number of vibrational states with high pre-
cision, then Be and re could be extracted and provide
the nuclear matter radius of interest without the need
to calculate any properties of the molecule with ab initio
quantum chemistry. However, at the level of precision
discussed here, there are several points that need consid-
eration.
Most importantly, it is not clear to what degree the

relation between Be and Bv in Eq. 2 is exact at this level
– in fact, it is certainly not fully linear. The descrip-
tion of this relation might depend to some extent on the
potential energy function used, and it is known that the
most commonly used Morse potential energy function for
diatomic molecules has limited accuracy, leading to the
development of more elaborate potential energy functions
(see Refs. [36, 38, 39] and references therein). However,
none of these potentials have been held to the test of
ultra-high-precision spectroscopy so far.
Therefore, the validity of Eq. 2 at the precision re-

quired by this method remains to be confirmed. It is ex-
pected that additional terms will need to be considered
in Eq. 2 at higher order of

(
v + 1

2

)
. These corrections

would make Eq. 2 non-linear, but would not affect the
extraction of Be through the y-intercept of a fit between
Bv and

(
v + 1

2

)
; the higher-order terms do not need to be

understood at an analytical, first-principles level to ex-
tract Be from the y-intercept. Nevertheless, these terms
will impact the ability to extract re, and theoretical and
experimental investigations into the applicability of Eq. 2
at very high precision are still necessary.
Most likely, extracting the nuclear matter radius from

Be will require at least partly input from ab initio cal-
culations; for instance, via a highly precise calculation of
re. In this case, further corrections need to be consid-
ered, such as the influence of the nuclear charge radii on
re, as well as radiative and relativistic corrections.
Especially for the correction due to the finite nuclear

charge radius, there are indications that the correction
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can be at the kHz level or higher. Within the Dunham
parametrization of the rovibrational energy levels of di-
atomic molecules [40], the rotational constant B is ex-
pressed as the k, l = 0, 1 Dunham parameter Y01. While
early studies considered that the Dunham parameters
need only be scaled by the reduced molecular mass upon
isotopic substitution of the constituent nuclei [1, 40], it
has long been noticed that this relation is incomplete and
instead the nuclear mass and nuclear charge radius need
to be taken into account in an explicit manner [41, 42].
Recently, we showed that the nuclear radius and mass
corrections to the Dunham expansion can be viewed as
the molecular equivalent of the more familiar atomic field
and mass shifts and utilized directly in a King plot with
atomic data [43].

Despite the extensive evidence of the validity of the
nuclear mass and field corrections to the Dunham pa-
rameters, however, they are not routinely considered in
the expression of the molecular rotational constant in
spectroscopic studies. Instead, their influence is typi-
cally ”absorbed” into an effective equilibrium bond dis-
tance that is extracted from the measured spectra us-
ing the definition in Eq. 4. With current and planned
advances in the accuracy and precision of state-of-the-
art spectroscopic equipment, these corrections need to be
taken into consideration in a systematic and consistent
manner. Especially for the accurate extraction of nuclear
matter radii, as proposed here, an accurate value for the
equilibrium bond length re needs to be determined, and
these corrections must therefore be fully treated. Further
corrections beyond the nuclear mass and field shifts also
need to be explored.

To assess the magnitude of these corrections to re, ab
initio molecular theory has to be employed. However,
the correction to the rotational constant due to the mat-
ter radius decreases for heavier molecules (Fig. 2), and
typically so does the computational precision of quantum
chemistry as well. Meanwhile, higher-order corrections to
the bond length might increase in significance for heav-
ier molecules, such as the correction due to the nuclear
charge radius and QED effects.

While QED corrections to electronic transition en-
ergies have been calculated for heavy molecules, even
up to the theoretical superheavy molecule E(120)F [44],
the computational accuracy and precision remain limited
considering the requirements of our proposed method.
Progress in ab initio relativistic calculations relevant to
multi-electron systems is ongoing, but the computational
precision and accuracy are still many orders of magnitude
from the level required by the method presented here.

As a result, only light molecules appear accessible by
the currently proposed method in the present time. This
does not eliminate the near-term nuclear-physics impact
of the proposed method, since the accurate and precise
determination of the nuclear matter radius in light nuclei
can be used as a benchmark of a large number of emerg-

ing ab initio nuclear theory techniques [45, 46], whose ap-
plicability is often limited to light nuclei. This research
potential also includes direct benchmarks of large-scale
lattice quantum chromodynamics calculations using the
structure of light nuclei [47–49].

PROPOSED CASES

HD+

Extracting the nuclear matter radius via the method
proposed here introduces a systematic uncertainty de-
pending on the values used for the matter radii of the
other nuclei in the molecule. As a result, diatomic
molecules are highly preferable. Specifically, monohy-
drides are ideal, since the nuclear matter and charge radii
of 1H are identical, and progress is ongoing towards re-
solving the proton radius puzzle [50].
The hydrogen compounds remain the subject of sev-

eral high-precision experimental and theoretical stud-
ies [7, 8, 51–62]. HD+, in particular, possessing only
one electron, is an ideal probe to test the quantum-
mechanical description of a three-body system at the
part-per-trillion level [7, 8, 60], without electron corre-
lation effects. As a result, it also provides an excellent
system to investigate the magnitude of the higher-order
corrections required for the reliable extraction of nuclear
matter radii. As per Fig. 2, the finite-radius correction in
H2 is expected to be in the order of 102 Hz, owing to the
short bond length of the system, and so the nuclear mat-
ter radius should be accessible with the precision already
demonstrated with optical spectroscopy.
Major breakthroughs have been achieved in the last

decade on the vibrational-rotational structure of HD+ [8,
51, 53, 60–62], including high-precision investigations of
the potential energy surface in the hydrogen compounds.
The dissociation energy of molecular hydrogen was the
first observable for which QED effects were explicitly cal-
culated in a molecule [63]. More recently, the theoretical
value for the dissociation energy of H2 [64] was success-
fully benchmarked by a highly precise measurement that
achieved an uncertainty of less than 5 kHz [65].
For several of the higher-order corrections mentioned

in the previous section, results have already been re-
ported for HD+. In their recent work on the precision
spectroscopy of HD+ [7], Alighanbari et al. provided an
uncertainty breakdown for the ab initio calculation of
a rotational transition frequency in HD+ that included
QED and finite-size corrections and reached a theoretical
uncertainty of 18 Hz. These ab initio calculations were
successfully benchmarked for several hyperfine compo-
nents of the rotational transition, confirming the validity
of the presented theoretical results at the ∼101-Hz level.
Importantly, the relativistic and finite-charge-radii cor-

rections to the rotational transition frequency in HD+
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were calculated to be the most dominant, having a rel-
ative contribution of 10−5 to the total transition fre-
quency [7]. For a larger system, containing a heavier
nucleus with a larger charge and charge radius, both cor-
rections would be expected to increase in absolute and
relative magnitude even further, and thus their accurate
calculation is critical.

Corrections of even higher order than those considered
by Alighanbari et al. [7], that is, going beyond three-loop
radiative corrections, can be expected to contribute less
than 100 Hz to the rotational transition frequency, while
the finite-matter-radius correction to the rotational con-
stant is estimated to be a few hundred Hz (see Fig. 2). As
the quantity of interest for our method is the rotational
constant Be, rather than individual rotational transition
frequencies, the theoretical uncertainty of interest can be
expected to be even better than the 18 Hz reported in
Ref. [7]. The reason is that corrections that shift indi-
vidual rotational transitions the same way will be signif-
icantly suppressed when determining the rotational con-
stant, as the latter is determined from the relative dif-
ference between rotational transitions (see for example
Refs. [66, 67], where order-of-magnitude higher precision
is achieved for the rotational constant compared to the
individual transition frequencies for light molecules).

Refs. [7, 8, 62] also demonstrate the control of system-
atic shifts in the spectroscopy of rotational and rovibra-
tional lines to the sub-kHz level. These shifts are likely
to also be suppressed when translated into a rotational-
constant uncertainty, allowing the matter radius to be
extracted without the further need for an order of mag-
nitude improvement in the control of systematics. How-
ever, this has to be investigated directly. It is also im-
portant to note that systematic shifts were controlled to
this level in ion trap experiments, and a similar level of
control remains to be demonstrated in the more univer-
sally applicable cryogenic buffer-gas cell approaches of
Refs. [5, 6].

Overall, with statistical and systematic uncertainties
already under control at the required level, both in ex-
periment and theory, a campaign could be pursued with
HD+ to measure multiple overtone rovibrational transi-
tions to different upper vibrational states, and determine
Bv for a range of v (for instance, such measurements were
performed in Ref. [68] for neutral HD, but at a much
lower precision than required for this method). These
measurements can then be used to test the linearity of
Bv as a function of

(
v + 1

2

)
at the Hz level, and test the

validity of Eq. 2. As a next step, the consistency of Eq. 12
can be tested with this molecule to extract the matter ra-
dius of the deuteron and compare it to the literature value
from reaction experiments and nucleon-nucleon potential
calculations [69].

Calcium radii

Once the premises of the proposed method are tested
with the spectroscopy of HD+, a measurement of the nu-
clear matter radii of 40,48Ca could also be pursued. The
calcium isotopic chain (Z = 20) is of central interest in
nuclear structure research, as it has a magic proton num-
ber and two stable isotopes with a magic neutron number
(at N = 20, 28), thus being doubly magic. The nuclear
ground states of the doubly magic 40,48Ca are more en-
ergetically stable compared to nuclei in their vicinity, as
seen through their binding energy, two-neutron separa-
tion energy, and transition energy and cross-section to
their first excited states [70]. These observations have
been acknowledged since the early development of the
nuclear shell model and they form a staple of nuclear
physics knowledge to this day.
Despite an excess of 8 neutrons, the nuclear charge

radius of 48Ca is astonishingly similar to that of 40Ca [15].
This is surprising and indicates either a deviation from
the constancy of nucleon density within the nucleus as
observed throughout the nuclear chart [70], or much more
likely the formation of a thick neutron skin in 48Ca.
To explore these conclusions, knowledge of the nuclear

matter radii is necessary, which have been measured with
proton elastic scattering [71–73] and collisions with a car-
bon target [74]. While different studies point to the for-
mation of a considerably thicker neutron skin in 48Ca
compared to 40Ca, there is noticeable statistical scatter
between the different values reported for the rms nuclear
matter radii of 40,48Ca that originates from the differ-
ent nuclear-model assumptions employed in each anal-
ysis. On the other hand, the measured electric dipole
polarizability of 48Ca implies a small neutron skin [75].
Lastly, Tanaka et al. [74] reported an abrupt and promi-
nent increase in the rms nuclear matter radius beyond
N = 28, which requires an independent validation.
To extract the matter radius of calcium nuclei using

the current method, calcium monohydride (CaH) would
be the most reasonable choice due to the precise knowl-
edge of the proton radius. CaH, which is the lightest
possible calcium molecule, is significantly heavier than
the hydrogen compounds discussed above. As a result, it
cannot be reasonably expected that the theoretical pre-
cision achieved for HD+ can also be achieved for CaH in
the present time. We thus also call for the development
of precision calculations of this and other light calcium
molecules, to assess the readiness level of applying the
currently proposed method to CaH and other calcium
molecules for the extraction of nuclear matter radii.

CONCLUSION

By including the finite nuclear size in the expression
of the equilibrium rotational constant, we point out that
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ultra-high-resolution molecular spectroscopy techniques
are already sensitive to the influence of nuclear matter
radii on the rotational structure of diatomic molecules.
With further improvements in calculations of the molec-
ular bond length, ultra-high-resolution molecular spec-
troscopy can offer an alternative route to measuring nu-
clear matter radii, at a much reduced cost and with lower
systematic uncertainties as compared to hadronic scat-
tering experiments.

The main limitation of the proposed method appears
to be the precision and accuracy of ab initio molecu-
lar calculations that might be required to determine the
equilibrium bond length re, which is involved in the ex-
pression that relates the nuclear matter radii and the
equilibrium rotational constant Be. The necessary preci-
sion and accuracy of such calculations has been demon-
strated in the case of HD+, and achieving similar perfor-
mance in calculations of heavier systems is necessary.

To test the validity of our proposal at the required level
of precision, we propose that high-precision spectroscopy
of HD+ is pursued. Measurements and ab initio calcu-
lations at the part-per-trillion level have already been
achieved for this molecule, and existing experimental se-
tups can be used to test the premises of our proposed
method. We also propose the spectroscopy of CaH to
determine the nuclear matter radii of 40,48Ca as a case of
high nuclear physics importance [74, 75].
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[16] A. Koszorús, X. F. Yang, W. G. Jiang, S. J. Novario,
S. W. Bai, J. Billowes, C. L. Binnersley, M. L. Bis-
sell, T. E. Cocolios, B. S. Cooper, R. P. de Groote,
A. Ekström, K. T. Flanagan, C. Forssén, S. Franchoo,
R. F. G. Ruiz, F. P. Gustafsson, G. Hagen, G. R. Jansen,
A. Kanellakopoulos, M. Kortelainen, W. Nazarewicz,
G. Neyens, T. Papenbrock, P.-G. Reinhard, C. M. Rick-
etts, B. K. Sahoo, A. R. Vernon, and S. G. Wilkins,
Charge radii of exotic potassium isotopes challenge nu-
clear theory and the magic character of N = 32, Nature
Physics 10.1038/s41567-020-01136-5 (2021).

[17] R. P. de Groote, J. Billowes, C. L. Binnersley, M. L.
Bissell, T. E. Cocolios, T. Day Goodacre, G. J. Farooq-
Smith, D. V. Fedorov, K. T. Flanagan, S. Franchoo, R. F.
Garcia Ruiz, W. Gins, J. D. Holt, Koszorús, K. M. Lynch,
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