
Accurate Charge Radius Measurement of 14C Confronts Ab Initio Theory

Kristian König ,1,2,* Patrick Müller ,1 Tobias Gesser ,1 Emily Burbach ,1 Stefano Gandolfi ,3 Matthias Heinz ,4,5

Phillip Imgram ,1 Alessandro Lovato ,6,7,8,9 Pieter Maris ,10 Takayuki Miyagi ,11 Wilfried Nörtershäuser ,1,2

Robert Roth ,1,2 Achim Schwenk ,1,12,13 and Julien Spahn 1

1Institut für Kernphysik, Technische Universität Darmstadt, 64289 Darmstadt, Germany
2Helmholtz Research Academy Hesse for FAIR, GSI Darmstadt, 64291 Darmstadt, Germany

3Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
4National Center for Computational Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA

5Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
6Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

7Computational Science Division, Argonne National Laboratory, Argonne, Illinois 60439, USA
8INFN-TIFPA Trento Institute of Fundamental Physics and Applications, I-38123 Povo, Trento, Italy

9Instituto de Física Corpuscular (IFIC), Consejo Superior de Investigaciones Científicas (CSIC)
and Universidad de Valencia, E-46980 Paterna, Valencia, Spain

10Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011, USA
11Center for Computational Sciences, University of Tsukuba, 1-1-1 Tennodai, Tsukuba 305-8577, Japan

12ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany
13Max-Planck-Institut für Kernphysik, 69117 Heidelberg, Germany

(Received 11 March 2026; revised 16 June 2026; accepted 17 August 2026; published 30 October 2026)

Located at the neutron shell closure N ¼ 8, the long-lived radioactive isotope 14C plays a critical role in
geochronology and nuclear structure studies. Despite its widespread use, the nuclear charge radius of 14C
has remained less precisely known than that of its stable counterpart 12C. Here, we report a high-precision
determination of the 14C charge radius using collinear laser spectroscopy at the COALA setup at TU
Darmstadt, improving upon the precision of previous muonic measurements by a factor of 5 and revealing a
1.9σ discrepancy of combined uncertainty, indicating a likely underestimated uncertainty in the muonic
determination. This measurement challenges state-of-the-art ab initio nuclear theory calculations, including
auxiliary field diffusion Monte Carlo, the valence-space in-medium similarity renormalization group, and
the no-core shell model, augmented by neural-network techniques. With 12C and 14C now forming one of
the most precisely characterized even-even isotope pairs, these results also enable improved QED tests.

DOI: 10.1103/f5s7-1t7w

Introduction—Located at the N ¼ 8 neutron shell clo-
sure, 14C is the lightest neutron-rich radioactive carbon
isotope. Its long lifetime of 5700 years makes it ideal for
geological and archaeological age dating [1], and macro-
scopic samples become available, e.g., from neutron
capture at nuclear reactors. This enables precision mea-
surements of its fundamental nuclear properties like its
mass, precisely measured with RF mass spectrometry [2],
and its charge radius, investigated by elastic electron
scattering [3] and muonic atom x-ray spectroscopy [4].
The extracted charge radii are significantly less precise than
for the stable 12C [5,6] but still considerably more precise

than for the more neutron-rich isotopes extracted from
charge-changing cross section measurements [7–9].
The carbon isotopic chain is rich in structure: proposed are

halo effects in 15;16;19;22C [8,10–13] and antihalo character-
istics in 16C [14], along with signatures of magicity at the
N ¼ 16 subshell closure [15]. The intrinsic structure of
carbon isotopes is also of wide interest due to the tendency to
form α clusters. In 12C, the 0þ2 Hoyle state [16,17] is essential
in the 3α-nucleosynthesis process in stars and supernovae
[18,19]. In heavier isotopes, e.g., in 14C, the additional
neutrons can be treated as additional clusters [20] and form
linear [21,22] or even triangular configurations [23].
Here, we present a fivefold improvement in the ground-

state charge radius of 14C obtained from collinear laser
spectroscopy performed at the Collinear Apparatus for Laser
spectroscopy and Applied physics (COALA) at TU
Darmstadt [24]. The COALA setup has been used for a
range of high-precision laser spectroscopy studies in stable
isotopes, e.g., in Baþ and Caþ [25,26], allowed for an
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all-optical determination of the 12C charge radius [27] and a
more precise determination of the 13C charge radius [28]. We
have now adapted the apparatus to handle moderately
radioactive samples and used it to measure the 14C charge
radius. Now 12;14C is the second most precisely known pair
of nuclear charge radii after 4;6He [29,30]. This allows, e.g.,
for precise QED tests from g-factor measurements [31] or
tests of state-of-the-art nuclear ab initio theories [32], for
which we performed new calculations using the no-core
shell model (NCSM) [33] combined with artificial neural
networks [34,35], auxiliary field diffusion Monte Carlo
(AFDMC) [36–38], and the valence-space in-medium
similarity renormalization group (VS-IMSRG) [39,40].
Improving our knowledge of the charge radius is crucial
for studies of mirror partners, including 14C–14O, which are
used to provide information about the size of the neutron skin
[41,42], the nuclear-matter equation of state [43,44], and the
mass-radius relation of neutron stars [45]. The successful
demonstration of spectroscopy in the radioactive 14C paves
the way for further measurements of short-lived carbon
isotopes at accelerator facilities like ISOLDE as well as for
the investigation of other long-lived nuclei at COALA.
Experiment—In first order, differential mean-square

nuclear charge radii δhr2ciA;A0 ¼ hr2ciA − hr2ciA0
can be

determined from the isotope shift δνA;A
0
, measured as the

difference in transition frequency of two isotopes with mass
numbers A and A0,

δνA;A
0 ¼ νA − νA

0 ≈ δνM þ Fδhr2ciA;A0
; ð1Þ

if the mass-shift contribution δνM and the field-shift
parameter F are known. However, neither carbon atoms
nor ions have laser-accessible transitions from the ground
state. Populating a metastable neutral state, e.g., via
electron transfer in a charge-exchange cell [46], is in
principle possible, but accurate atomic calculations for
δνM and F are lacking. In particular, mass-shift calculations
including electron correlations are notoriously difficult and
have so far been achieved only for up to five-electron
systems using NRQED [47]. For these reasons, we per-
formed spectroscopy from the ortho-helium-like 1s2s 3S1
level (2 411 292.8 cm−1) in C4þ, which has a lifetime of
21 ms and is efficiently populated inside an electron beam
ion source (EBIS) [48]. From there, the 1s2p 3PJ fine-
structure triplet is accessible at a wavelength of about
227 nm. The produced ions are electrostatically accelerated
out of the EBIS, which effectively compresses the large
velocity distribution from the hot EBIS plasma [49], and
the fast beam is transported within a few 10 μs to the
detection region. The COALA setup at TU Darmstadt
employed for these measurements is described in detail in
[24,48] and here we give only a short overview.
To produce a 14C4þ beam, an EBIS-A (DREEBIT

GmbH) was operated with an electron beam current of
80 mA and at a gas pressure of 6 × 10−8 mbar of CO2 gas,

which was composed of 50% 14C and 50% 12C. The central
trap electrode was floated at 12.5 kV, resulting in a beam
energy of 50 keV. The EBIS was operated in the continuous
beam mode, i.e., with a low trap exit electrode voltage that
allows the ions to leak out in longitudinal direction, and
tuned to generate a large fraction of C4þ ions. A beam
current of 0.8 nA of 14C4þ ions was achieved at an exit trap
potential of about 200 V above the central electrode poten-
tial [48]. A 60° electrostatic bender guided the ion beam
into the central COALA beamline, which has laser access
from collinear and anticollinear direction. Ion optical
steering and focusing elements were used to superpose
the ion and laser beams. The beam overlap was checked at
two diagnostic stations that are placed at a 2.6-m distance
and equipped with movable iris diaphragms, Faraday cups,
and phosphor screens. The laser-ion interaction takes place
in a fluorescence detection region, which houses a mirror-
based and a lens-based light collection system to guide the
fluorescence light to photomultipliers [50]. The fluores-
cence detection region is installed between the diagnostic
stations and can be floated on an additional potential. For
the present measurements a voltage of about −200 V was
applied, and the laser frequencies were adjusted such that
the Doppler-shifted resonance condition is only met in the
fluorescence detection region. Instead of varying the laser
frequency to scan across the resonance, this potential is
scanned by 10 V, which corresponds to a frequency
variation of 1.5 GHz in the ions’ rest frame.
Laser spectroscopy was performed in parallel and anti-

parallel geometry quasisimultaneously with a collinear
and anticollinear laser beam, respectively. Two identical
continuous-wave laser systems based on Sirah Matisse
Ti:Sapphire lasers operated at ≈ 910 nm were used. Both
were pumped with 20 W 532-nm light from a frequency-
doubled Nd∶YVO4 laser (Millennia eV, Spectra Physics)
and frequency locked to a GPS-referenced frequency comb
(Menlo Systems FC1500-250-WG). Each laser’s output
was frequency quadrupled with two cavity-based frequency
doublers (Wavetrain 2, Spectra Physics). About 1 mW of
the produced UV laser power for each direction was
transported to the interaction region, where both beam
diameters were adjusted to be about 1.4 mm. The rest-
frame frequencies ν0 of all three fine-structure transitions
were determined from collinear (c) and anticollinear
(a) spectroscopy by taking the geometric mean and cor-
recting for differences in the applied scan potentials and the
photon recoils as described in [48]. Spectroscopy was
performed in a-c-c-a order to minimize the impact of
voltage drifts. The central EBIS electrode potential was
actively stabilized to a precision voltage divider [51], but
the electron beam current and, hence, the effective potential
inside the trap, showed slow long-term drifts [48]. Typical
spectra of the three fine-structure transitions are depicted
in Fig. 1, and the results are listed in Table I. In total,
113 ac pairs were measured for the 1s2s 3S1 → 1s2p 3P2
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transition, yielding a statistical uncertainty of ΔνP2
¼

0.53 MHz. This was determined as the standard deviation
of the mean, which was slightly larger than the uncertainty
of the weighted mean (0.42 MHz). For the 1s2s 3S1 →
1s2p 3P1 transition 50 pairs (ΔνP1

¼ 1.4 MHz), and the
1s2s 3S1 → 1s2p 3P0 transition 60 pairs (ΔνP0

¼ 1.9 MHz)
were measured.
A total systematic frequency uncertainty of 1.7 MHz was

estimated in our previous work [48], dominated by a
potentially imperfect alignment of the two laser beams
in combination with the ion beam divergence, which can
lead to an interaction with different velocity classes for both
directions. The systematic uncertainty is added in quad-
rature to the statistical uncertainty, yielding a combined 1σ
uncertainty of less than 3 MHz. The fine-structure triplet’s
center-of-gravity transition frequency was determined
according to

νS→P ¼ 1

9
ðνP0

þ 3νP1
þ 5νP2

Þ
¼ 1 318 076 618.4ð13Þ MHz

with a total uncertainty of 1.3 MHz. Compared with
the result of 12C [27], this yields an isotope shift of
95 878.9 (17) MHz. The splitting isotope shift of
12;13;14C was evaluated and compared with NRQED
calculations capable of kHz-level accuracy. Excellent
agreement was found, validating the experimental
results [52].
Employing Eq. (1) with F ¼ −211.5ð1Þ MHz=fm2 and

δνM ¼ 95 884.9ð5Þ MHz [53] based on NRQED calcula-
tions up to the order mα 6 [54] yields

δhr2ci14;12 ¼ 0.028ð8Þ fm2;

δR14;12
c ¼ 0.0056ð17Þ fm;

with the root-mean-square charge radius R14
c ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðR12
c Þ2 þ δhr2ci14;12

p
. To determine R14

c , the reference
radius R12

c ¼ 2.4829ð19Þ fm from muonic spectroscopy
[6] is employed, which is considered to be the most
accurate result since it has been obtained with a crystal
spectrometer. This yields R14

c ¼ 2.4885ð25Þ fm.
In Fig. 2(a), the root-mean-square charge radii of

12;13;14C are plotted together with other experimental results
from muonic spectroscopy and electron scattering as well
as with theoretical predictions. Figures 2(b) and 2(c) show
the differential mean-square charge radii δhr2ci13;12 and
δhr2ci14;12. The electron scattering results are the following:
12C is taken as the weighted average of the values reported
in [5,55–57]. For 13C, δhr2ci13;12el from Ref. [58] is combined
with Rc;elð12CÞ defined above as this yields a more precise
result for Rc;elð13CÞ than the absolute value reported in [58].
For 14C, absolute and relative values are taken from [3] as
the combination affects neither the absolute value nor its
uncertainty. While δhr2ci13;12el is in excellent agreement with
the present data, δhr2ci14;12el is larger but also shows a
considerable uncertainty.
The muonic spectroscopy measurements of 12C and 13C,

depicted with the full symbol in Fig. 2(a), were precisely
obtained with a crystal spectrometer and performed con-
secutively [6,59]. For 14C, only one muonic measurement
was performed using a Ge detector for x-ray detection [4]. In
this campaign 12;13Cwere also measured. Since their reported
values for the relative charge radii are significantly more
precise, R12

c;μ obtained by the crystal spectrometer is taken as
the reference value. The combined R13;14

c;μ are plotted as open
symbols. While the muonic measurement of δhr2ci13;12 with
the crystal spectrometer (full circles) [59] agrees with our
findings, the Ge-detector-based result (open circles) [4]
deviates by nearly 3σ. A similar tension of 1.9σ is observed
for δhr2ci14;12. We conclude that the uncertainties of Ref. [4]
are underestimated, particularly since our results are
backed by the excellent agreement with NRQED calculations
[52]. The accurate determination of Rcð14CÞ with proper
uncertainty estimation is critical because this radius was

FIG. 1. Example spectra of the 1s2s 3S1 → 1s2p 3PJ transitions
in 14C4þ. The x axis shows the frequency in the ion rest frame
relative to the extracted centroids at approximately 227 nm. The
spectra are normalized to the background and their intensity
reflects the relative strengths of the transitions. The measurement
time was adjusted in the experiment to achieve a similar signal-to-
noise ratio. The data was fitted with a Gaussian, yielding a
linewidth of σ ≈ 100 MHz.

TABLE I. Experimentally determined transition frequencies in
14C4þ. The given total uncertainty consists of the individual
statistical uncertainties < 2 MHz and a 1.7-MHz systematic
uncertainty.

Transition Frequency (MHz)

1s2s 3S1 → 1s2p 3P0 1 316 148 065.8 (27)
1s2s 3S1 → 1s2p 3P1 1 315 773 045.2 (23)
1s2s 3S1 → 1s2p 3P2 1 319 844 472.9 (18)
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established to serve as a reference for the 14O mirror
partner [61].
Theory—We present ab initio computations of the

carbon radii based on two- and three-nucleon interactions
from chiral effective field theory (EFT) [62,63] using
complementary many-body methods. One of the methods
is the NCSM, which is based on a direct diagonalization of
the Hamiltonian in an A-body model space, spanned by
harmonic oscillator (HO) single-particle states with oscil-
lator length aHO and truncated with respect to the total
number of HO excitation quanta Nmax. For the NCSM
calculations we employ a family of chiral Hamiltonians up
to next-to-next-to-next-to-leading order (N3LO) in the
chiral expansion using the nonlocal two-nucleon potentials
by Entem-Machleidt-Nosyk (EMN) [64] with a 500 MeV
cutoff and three-nucleon interactions with consistent chiral
order, regulator, and cutoff [65]. The Hamiltonians and all
other operators are consistently transformed using the
similarity renormalization group [66] with flow parameter
α ¼ 0.08 fm4 to improve convergence. Our calculations
were performed with the code MFDn [67,68]. The NCSM
calculations exhibit convergence with increasing Nmax
toward an aHO-independent value representing the exact
result. However, for mid-p-shell nuclei, like carbon, the
computational limitations on model-space dimensions and
Nmax do not allow for fully converged energies or radii. We
have therefore developed a universal machine learning
approach based on artificial neural networks (ANN) to
provide converged predictions from nonconverged NCSM
sequences [34,69,70]. The ANNs are trained on calcula-
tions with A ≤ 4, where converged results are available,
using sequences of four consecutiveNmax (withNmax ≤ 20)

for three aHO values as input. A set of 1000 independently
trained ANNs is used, together with the sampling of all
available evaluation data, to generate a distribution of
predictions that enables a statistical quantification of
many-body uncertainties. Details on the training and
evaluation process can be found in [34,35]. Figure 3 shows
the probability distributions predicted by the ANNs for the
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FIG. 2. Root-mean-square charge radii Rc and differential mean-square charge radii δhr2ci of 12;13;14C. Experimental findings from
collinear laser spectroscopy (this Letter and [28], relative to R12

c;μ), electron scattering, and muonic spectroscopy are plotted as data points
with error bars that depict the full uncertainty. The full circles of the muonic spectroscopy correspond to measurements with a crystal
spectrometer [6,59] and the open circles to a measurement campaign with a Ge detector [4]. Theoretical results from VS-IMSRG,
NCSM, and AFDMC calculations (this Letter), as well as nuclear lattice calculations [60] are presented. In (a), they are depicted as bars
representing the full uncertainty estimated by order-by-order calculations (NCSM, AFDMC) or the spread between different interactions
(VS-IMSRG). The latter show a similar trend but yield different absolute charge radii. In (b) and (c), only the numerical uncertainty is
depicted for VS-IMSRG and AFDMC calculations for each Hamiltonian considered, while NCSM and nuclear lattice calculations are
given with their full uncertainty.

FIG. 3. NCSM predictions made by ANNs for the charge radii
of 12;13;14C with non-local EMN Hamiltonians with cutoff
Λ ¼ 500 MeV. These are compared to experimental data from
collinear laser spectroscopy (CLS) referenced against the muonic
measurement of 12C. For each isotope, the first column shows the
predicted ANN probability distributions up to N3LO, and the
second column combines the N3LO distribution with EFT
truncation uncertainties from a Bayesian analysis.
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charge radii of 12;13;14C using interactions from NLO to
N3LO based on NCSM results up to Nmax ¼ 8. The results
depend considerably on the chiral order. At N3LO the radii
are larger than at lower orders and show a continuous
decrease with increasing neutron number. Interestingly, for
N2LO a different radius pattern emerges: the radius
decreases from 12C to 13C, but then increases from 13C
to 14C. We quantify the EFT truncation uncertainties using
a Bayesian approach based on order-by-order convergence
[71]. Combining EFT and many-body uncertainties [35]
leads to the distributions shown in the right-hand column of
Fig. 3 for each isotope.
Furthermore, we compute the charge radii of 12–14C

using the ab initio VS-IMSRG [40,72] using the
VS-IMSRG(2) approximation and a p-shell valence space
(see End Matter and Ref. [28] for details). We investigate
the Hamiltonian sensitivity of our predictions by consid-
ering five Hamiltonians from chiral EFT that differ in their
construction and fit to data [73–75] and also quantify
model-space uncertainties. In Fig. 2(a), the bands indicate
the spread of predictions of the five Hamiltonians, while in
Figs. 2(b) and 2(c) the error bars for each Hamiltonian
indicate the model-space uncertainty. We find that our
calculations consistently predict a decreasing trend in
charge radii. Within the range of Hamiltonians, we find
that our predictions are compatible with data for 12C and
13C, but not 14C.
We also calculate the charge radii of 12–14C using the

AFDMC method, which employs imaginary-time propa-
gation techniques to obtain the ground state starting from a
variational ansatz (see EndMatter and Ref. [38] for details).
Importantly, AFDMC does not rely on an HO basis
expansion, and the variational ansatz already encodes the
correct asymptotic behavior of the wave function. Our
calculations take as input local chiral EFT Hamiltonians at
N2LO [76–78] with the harder cutoff R0 ¼ 1.0 fm. In
Fig. 2(a), the isospin-dependent three-body contact inter-
action (Eτ) is shown, and the uncertainty band combines the
Monte Carlo statistical error with the uncertainty associated
with the order-by-order convergence of chiral EFT, which
is about 0.18 fm [79]. As depicted in Figs. 2(b) and 2(c),
where only the Monte Carlo statistical error is shown, Eτ

yields a very good agreement with experiment. On the other
hand, the central three-body contact interaction (E1) yields
a charge radius of 12C that is significantly larger than those
of 13;14C, while still exhibiting an increase from 13C to 14C.
Discussion—Our measured differential charge radius

δhr2ci14;12 reduces the uncertainty by a factor of 30 compared
to electron scattering and by a factor of 5 compared to the
best muonic result. Moreover, the deviation from the only
muonic measurement of δhr2ci14;12 from Ref. [4] suggests its
uncertainty may be systematically underestimated, similar to
the deviation observed for 13C when compared to other
muonic or laser spectroscopy measurements [50,59]. This

has direct consequences for the analysis of the 14C–14O
mirror pair, potentially accessible with highest experimental
precision, impacting the extraction of the neutron skin
thickness and constraints for the nuclear equation of state
[80]. The improved precision clarifies the charge-radius
trend in 12;13;14C. Unlike lighter nuclei, which are often
dominated by cluster-related effects, the carbon isotopic
chain provides a clear example of a transition toward the
behavior typical of medium-mass and heavier nuclei: The
heavier even-even isotope 14C exhibits a slightly larger
charge radius than 12C, and odd-even staggering is observed,
with the odd-N isotope 13C having a smaller charge radius
than its even-N neighbors. Nuclear lattice [81] and anti-
symmetrized molecular dynamics theory calculations
[82,83] support weak clustering in the ground state and
attribute the trend to a solid proton core.
Comparison with state-of-the-art ab initio calculations for

12–14C reveals limitations of the present theoretical descrip-
tion. The absolute radii show a large spread across methods,
mainly driven by the choice of the nuclear interaction.
Currently employed chiral interactions do not provide a very
precise description of charge radii in these isotopes.
Focusing on the isotopic pattern from 12C to 13;14C, most
methods and interactions reproduce the decrease from 12C to
13C in qualitative agreement with experiment, but generally
overestimate its magnitude [28,50]. Similarly, most predict a
14C radius smaller than both 12C and 13C. Only the isospin-
dependent AFDMC Eτ results reproduce the experimental
trend. Contrarily, the central E1 interaction drastically over-
estimates the 12C charge radius but agrees for δhr2ci14;13.
Furthermore, the N2LO interaction used in the NCSM
calculations correctly predicts an increasing charge radius
from 13C to 14C, which is puzzling as the N3LO interaction
from the same family, which should, in principle, provide a
more accurate description, again predicts a monotonically
decreasing trend. We note that the NNLOsat Hamiltonian
employed in our VS-IMSRG calculations is optimized to the
charge radius of 14C based on single-reference coupled-
cluster calculations [74]. Nevertheless, our VS-IMSRG
results do not agree with experiment. Calculations for
NNLOsat using the single-reference IMSRG predict a
0.1 fm larger charge radius, compatible with experiment.
The sizable difference between valence-space and single-
reference IMSRG predictions indicates significant many-
body uncertainties and highlights the challenge of describing
the carbon isotopes with ab initio methods.
The deviating isotopic trend may originate from an

overestimation of shell effects in 14C: extending VS-
IMSRG and AFDMC calculations to more neutron-rich
isotopes produces a significant increase of the charge radius
to 15;16C and a kink at N ¼ 8 (see Ref. [85] for additional
data). Alternatively, the discrepancy may be due to an
underestimation of clustering correlations. Nuclear lattice
calculations, which naturally incorporate clustering degrees
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of freedom, predict an overall increasing trend along the
carbon isotopic chain [60], in contrast to VS-IMSRG and
NCSM results. We conclude that currently employed chiral
interactions are not yet accurate enough to describe subtle
structural effects in charge radii at a level comparable to
experimental precision. A possible way forward is to
optimize nuclear Hamiltonians to charge radii in this mass
region. Previous efforts optimized Hamiltonians to charge
radii of carbon and oxygen isotopes using approximate
many-body methods [65,74,86,87]. The new 12;14C radii
can be included in future optimizations, which should
account for method uncertainties to avoid overfitting. One
attractive option would be a global optimization based on
NCSM calculations, enabled by recently developed emu-
lators and extrapolation techniques [34,88,89]. Carbon
isotopes are well suited for this purpose, as they are the
lightest systems in which NCSM calculations fail to
reproduce experimental radius trends while exhibiting a
rich interplay of shell and cluster effects.
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End Matter

VS-IMSRG calculations—The valence-space in-medium
similarity renormalization group solves the many-body
Schrödinger equation starting from a given intrinsic
nuclear Hamiltonian with two- and three-nucleon
interactions [39,40]. It computes a unitary transformation
of the Hamiltonian to decouple a core and valence space
from the full Hilbert space. The remaining valence space
problem is then solved via exact diagonalization. In this
Letter, the unitary transformation U ¼ eΩ is truncated at
the normal-ordered two-body level, the VS-IMSRG(2)
approximation. We expand our calculations in a basis of
13 major HO shells with the oscillator frequency ℏω ¼
16 MeV and start from a Hartree-Fock reference state.
Charge radii are evaluated from the intrinsic point-proton
radius squared operator R2

p including spin-orbit and
Darwin-Foldy corrections [90–92] and corrections due to

the proton and neutron charge radii squared, r2p ¼
0.7071 fm2 and r2n ¼ −0.115 fm2 [93]. For 12–14C, we
employ a p-shell valence space, which ends at 14C with
N ¼ 8. We explored trends beyond 14C with additional
calculations using a proton p-shell, neutron sd-shell
valence space. We found that from 14C to 16C, the charge
radii consistently increase for all Hamiltonians considered.
This yields a pronounced “kink” at 14C, which can be
associated with the N ¼ 8 magic number.

AFDMC calculations—The Hamiltonians employed in
this Letter include consistent two- and three-body
potentials derived at N2LO in the chiral EFT expansion
that are local in coordinate space [76–78]. These
interactions have been extensively validated in AFDMC
calculations of ground-state energies, radii, and magnetic
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moments of nuclei with up to A ≃ 20 nucleons [79,94].
For the charge radius of 12C, the chiral-EFT truncation
error has been estimated in Ref. [79] to be 0.18 fm. We
assume the same uncertainty for 13C and 14C, as it is
expected to be similar for neighboring isotopes
computed at the same chiral order and with the same
regulator.
The AFDMC method [36–38] employs imaginary-time

projection to extract the ground state of the nuclear
Hamiltonian starting from a suitably chosen variational
wave function with nonvanishing overlap with the exact
ground state

jΨ0i ¼ lim
τ→∞

e−ðH−EVÞτjΨVi: ðB1Þ

In the above equation, EV is an energy offset introduced to
control the normalization of the propagated wave function
and is typically chosen close to the exact ground-state
energy E0.
The variational wave function is written as the product of

a correlation operator and an antisymmetric mean-field
state [79],

jΨVi ¼ ðFc þ F2b þ F3bÞjΦiJπMTz
: ðB2Þ

Here, Fc accounts for spin- and isospin-independent two-
and three-body correlations. To keep the computational
cost polynomial in the number of nucleons A, the operators
F2b and F3b include linearized spin- and isospin-dependent
two- and three-body correlations, as described in Ref. [95].
The long-range component jΦi is taken to be a shell-

model-like state with good total angular momentum J, its
projection M, parity π, and isospin projection Tz. It is
modeled as a linear combination of Slater determinants,

jΦiJπMTz
¼

X

n

cn
X

K

CJM
nKAðϕðnÞ

α1 � � �ϕðnÞ
αA ÞK; ðB3Þ

where A enforces antisymmetrization, and K denotes
the set of single-particle angular-momentum projections
entering determinant n. The coefficients CJM

nK are Clebsch-
Gordan coefficients that couple those single-particle angu-
lar momenta to good total J and projection M. The
coefficients cn are variational parameters multiplying
different components with the same quantum numbers.

The single-particle orbitals ϕðnÞ
α are obtained by solving the

single-particle Schrödinger equation in a Woods-Saxon
potential.
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