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2TRIUMF Nuclear Theory

§ First principles or ab initio nuclear theory
§ Input NN+3N interactions from chiral EFT
§ Solving many-nucleon Schrodinger equation

§ Quantum many-body problem
§ Ultimately connecting to nuclear astrophysics 

§ Unique to TRIUMF nuclear theory:
§ Unified approach to nuclear structure and 

reactions for light nuclei: No-Core Shell Model 
with Continuum (NCSMC)

§ Powerful valence-space method for medium 
mass nuclei: Valence-Space In-Medium 
Similarity Renormalization Group (VS-IMSRG)

§ Large-scale high-performance computation
§ Massively parallel codes
§ Summit@ORNL, Quartz@Livermore

Computing, Cedar@Compute Canada
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3Ab initio nuclear theory at TRIUMF Theory Department

§ Unified approach to nuclear structure and reactions for light nuclei: No-Core Shell 
Model with Continuum (NCSMC)

§ Applications to
§ Properties of exotic nuclei – prediction of near threshold S-wave resonance in 

6He+p → TUDA experiment
§ Nuclear reactions important for astrophysics - 7Be(p,𝛾)8B, 11C(p,𝛾)12N            

→ DRAGON experiments
§ Tests of fundamental symmetries – CKM unitarity tests (superallowed 𝛽-

decays), 𝛽-decay electron spectra, anapole moments, nuclear EDM
§ Properties of chiral three-nucleon interaction
§ Large-scale high-performance computation - massively parallel codes

§ Summit@ORNL, Quartz@Livermore Computing, Cedar & Niagara@Compute
Canada

§ Synergy with ISAC RIB experiments
§ Petr Navratil + 2 PhD students + 1.5 postdocs (+ co-op students)
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Nuclear Force Imprints Revealed on the Elastic Scattering of Protons with 10C
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How does nature hold together protons and neutrons to form the wide variety of complex nuclei in the
Universe? Describing many-nucleon systems from the fundamental theory of quantum chromodynamics
has been the greatest challenge in answering this question. The chiral effective field theory description of
the nuclear force now makes this possible but requires certain parameters that are not uniquely determined.
Defining the nuclear force needs identification of observables sensitive to the different parametrizations.
From a measurement of proton elastic scattering on 10C at TRIUMF and ab initio nuclear reaction
calculations, we show that the shape and magnitude of the measured differential cross section is strongly
sensitive to the nuclear force prescription.

DOI: 10.1103/PhysRevLett.118.262502

Understanding the strong nuclear force is of fundamental
importance to decipher nature’s way of building visible
matter in our Universe. Yet, more than a century after the
discovery of the nucleus, our knowledge of the nuclear
force is still incomplete. The formulation by Weinberg of
chiral effective field theory [1] enabled a major break-
through in arriving at a fundamental understanding of the
low-energy nuclear interactions of protons and neutrons, by
forging the missing link with quantum chromodynamics.
However, the question of how to best implement the theory
and constrain it with experimental data remains an active
topic of research, and has already led to several para-
metrizations of the nuclear force [2–6]. It is, therefore,
important to identify experimental observables that are
sensitive to different parametrizations of the chiral forces in
order to reach a definitive description of the nuclear force.
The study of many-nucleon systems enables a more
complete understanding of the nuclear force. In particular,
proton-rich and neutron-rich nuclei located at the edges of
nuclear stability (drip lines) can amplify less-constrained
features of the nuclear force, such as its dependence on the
proton-neutron asymmetry. However, there is a lack of
experimental data on the properties of these systems.

Among the properties of the drip-line nuclei, we hypoth-
esize in this work that the nucleon-nucleus scattering
differential cross section is highly sensitive to the details
of the nuclear force and, hence, can be used for con-
straining it. Indeed, it should reveal both the spectroscopic
properties of the reacting system, such as phase shifts and
their interference, as well as the effect of exotic nucleon
distributions. This confluence brings a greater selectivity in
the elastic scattering differential cross section than is
possible by independently investigating resonance ener-
gies, binding energies, or radii. The observations reported
here show that the shape and magnitude of the elastic
scattering angular distribution places stringent constraints
on the chiral interactions, while a study of resonance
energies alone could lead to incomplete and/or misleading
conclusions. The study of elastic scattering for drip-line
nuclei is, however, challenging because of the low-beam
intensities and formulation of the ab initio structure and
reaction theory.
We report the first investigation probing the nuclear force

through proton elastic scattering from 10C, located at the
proton drip line. This is an ideal system to test the effect of
the nuclear force. This is because, firstly, the very existence
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NCSMC extended to describe exotic 11Be 𝛽p emission,
supports large branching ratio due to narrow ½+ resonance 
(TRIUMF experiment by Ayyad et al., Phys. Rev. Lett. 123, 082501 (2019))

11Be → (10Be+p) + 𝛽!+ 𝜈̅" GT transition p+10Be Scattering Phase Shifts

Resonance now independently confirmed!bp = (1.3 ± 0.5) × 10−6
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Cp1/2 Cp1/2 a1 a2 S17(0)

N2LO+3Nlnl 0.384 0.691 4.36 -0.49 23.5

N3LO+3Nlnl 0.390 0.678 1.25 -4.66 23.1

N4LO+3Nlnl 0.354 0.669 1.58 -4.38 21.7

N4LO+3N⇤
lnl 0.343 0.621 1.26 -4.95 19.4

N3LO⇤+3Nlnl 0.334 0.663 0.03 -7.16 21.2

N3LO⇤+3Nloc 0.308 0.584 2.54 -3.42 16.8

TABLE I. Values for asymptotic normalization coe�cients
(ANCs) in fm�1/2, scattering lengths in fm, and zero-energy
S-factor S17 in eV·b obtained from the set of interactions used
in this work, after applying a phenomenological correction
(see text) to the 8B bound-state energy.

The calculated astrophysical S factor shown in Fig. 2
was obtained within this NCSMC-pheno approach. We
compare results obtained with N3LO⇤+3Nlnl and the
N4LO+3N⇤

lnl interactions to experimental data. The cal-
culations reproduce well the contributions due to M1/E2
transitions from the 1+ resonance (sharp peak at ⇠
0.6 MeV), and to a lesser extent from the 3+ resonance
(⇠ 2.2 MeV), to the 2+ ground state of 8B. As a re-
sult of the phenomenological corrections, the two res-
onances appear at slightly lower energies than seen in
Fig. 1. The shifts are of the order of a few tens of
keVs (check this), and the position of the 1+ resonance
is about 100 keV lower than the NNDC and TUNL eval-
uation reported value of 0.77 MeV. The calculations us-
ing the N4LO+3N⇤

lnl interaction matches well the direct
measurement data from Junghans [34] starting at the 1+

resonance in the whole displayed range, including the
3+ bump. At low energies, below the 1+ resonance,
the N4LO+3N⇤

lnl results are slightly below the Junghans
data, while the N3LO⇤+3Nlnl match them well. However,
this choice of interaction overestimates the data some-
what at higher energies.

The multiple calculations of the 7Be + p system al-
low for a more systematic look at its inherent properties
without focusing on a specific interaction. Indeed, the
use of various chiral order truncations and di↵ering reg-
ulators gives us a window to the universal properties of
the system, as described by �EFT, since neither the form
of the interaction (due to di↵erent diagrams included at
each order), nor any specific parametrization of the in-
teraction is used.

As has been previously pointed out [35, 36], a linear re-
lation exists between the S-factor at zero energy and the
sum of the squares of the ANCs (C2

p1/2
+C2

p3/2
). We ob-

serve such a relation (see Fig. 3a), with all NCSMC calcu-
lations lying along a line with slope 38.53 ± 1.45 eV·b·fm.
It is worth repeating that the interactions shown here are
fundamentally di↵erent; from the inclusion of di↵erent
�EFT diagrams, to di↵erent parametrizations and 3N-
force regulator forms, they nevertheless still exhibit this
simple pattern. The uncertainty in the points (propa-

0 0.5 1 1.5 2 2.5
Ec.m. [MeV]

0

10

20

30

40

50

60

70

80

S 17
 [e

V
 b

]

Filippone
Strieder
Hammache
Hass
Baby
Junghans
Junghans E2
Schuemann
Exp GSI-1
Davids
Kikuchi
N3LO* +3Nlnl

N4LO +3N*
lnl

7Be(p,γ)8B

0 0.1 0.2 0.3 0.4 0.5
Ec.m. [MeV]

14
15
16
17
18
19
20
21
22
23
24

S 17
 [e

V
 b

]

7Be(p,γ)8B

FIG. 2. Astrophysical S factor of the 7Be(p,�)8B radiative
capture obtained from the NCSMC-pheno approach with the
N3LO⇤+3Nlnl (blue line) and the N4LO+3N⇤

lnl (red line) in-
teractions compared to experimental data. The bottom panel
focuses on the low-energy part and shows the evaluation of
S17(0) with its uncertainty [4] (orange box).

gated to the linear regression fit parameters) corresponds
to an estimate of the chiral truncation uncertainty for
each interaction. We note that while the error bars shown
for the theoretical calculations in Fig. 3a are chiral trun-
cation estimates, they should not be treated as uncorre-
lated errors; the linear relation between the ANCs and
the S-factor is inherent in the equations being solved not
the specific interaction. Thus, any change in the interac-
tion that would shift the sum of the ANCs to a di↵erent
value would correspondingly shift the S-factor according
to the linear fit. The tight uncertainty band on the fitted
line implies that if one were able to measure ANCs ac-
curately, the resulting theoretical uncertainty would be
orders of magnitude smaller than the currently recom-
mended value. Nevertheless, ANCs are not observables,
so instead we look to correlations between the S-factor at
zero energy and some higher energy, where experimental

Ab initio calculations of radiative capture reactions important for astrophysics

Ab Initio Prediction of the 4Heðd;γÞ6Li Big Bang Radiative Capture
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The rate at which helium (4He) and deuterium (d) fuse together to produce lithium-6 (6Li) and a γ ray,
4Heðd; γÞ6Li, is a critical puzzle piece in resolving the discrepancy between big bang predictions and
astronomical observations for the primordial abundance of 6Li. The accurate determination of this radiative
capture rate requires the quantitative and predictive description of the fusion probability across the big bang
energy window (30 keV≲ E≲ 400 keV), where measurements are hindered by low counting rates. We
present first-principle (or, ab initio) predictions of the 4Heðd; γÞ6Li astrophysical S factor using validated
nucleon-nucleon and three-nucleon interactions derived within the framework of chiral effective field
theory. By employing the ab initio no-core shell model with continuum to describe 4He-d scattering
dynamics and bound 6Li product on an equal footing, we accurately and consistently determine the
contributions of the main electromagnetic transitions driving the radiative capture process. Our results
reveal an enhancement of the capture probability below 100 keV owing to previously neglected magnetic
dipole (M1) transitions and reduce by an average factor of 7 the uncertainty of the thermonuclear capture
rate between 0.002 and 2 GK.

DOI: 10.1103/PhysRevLett.129.042503

The isotopes of hydrogen, helium, and lithium present a
few minutes after the big bang seeded all nucleosynthetic
processes responsible for the creation of chemical elements
in the Universe. Although the big bang nucleosynthesis
(BBN) predictions for the abundances of hydrogen and
helium are in agreement with astrophysical observations,
they fall short in the cases of lithium isotopes: the abundance
of 7Li is overpredicted by a factor of 2–4, and the one of 6Li is
underpredicted by up to 3 orders of magnitude [1]. The
origin of these discrepancies could be traced to beyond
standard model physics or to systematic uncertainties in
inferring the primordial abundances from the composition of
metal-poor stars [2,3]. A third possibility is that part of the
discrepancy could be explained by inaccuracies in the
nuclear reaction rates that are the main inputs to the BBN
reaction network. To arrive at a complete solution of these
cosmological lithium problems, it is therefore essential to
accurately pin down the astrophysical reaction rates respon-
sible for the formation of 6;7Li at BBN energies.
The production of 6Li is dominated by the 4Heðd; γÞ6Li

radiative capture at BBN energies, from 30 keV to 400 keV,
which is poorly known. On the experimental side, there
are large discrepancies between existing datasets. Direct
measurements are hindered by the Coulomb repulsion
between the 4He and d nuclei, that strongly suppresses
the counting statistics. Consequently, there exist only two
direct measurements in the BBN energy range, at 94 and

134 keV [4]. Indirect estimates relating the capture rate
with the disintegration of 6Li in the Coulomb field of a
heavy target overcome the low statistics but suffer from
systematic uncertainties, caused by the difficulty of cleanly
separating the nuclear and electromagnetic contributions in
the breakup cross section [5–7]. Accurate theoretical
predictions are therefore needed to guide the extrapolation
of the existing direct measurements to the whole BBN
range of energies. On the theory side, most calculations
were carried out in either two-body potential models
(that neglect the internal structure of the 4He and d
reactants) [8–13] or in three-body 4Heþ pþ n models
[14–16] with an inert 4He core. In both cases, typically the
contributions owing to the electromagnetic dipole transi-
tions are approximated. In the early 2000s, Nollett et al.
[17] improved these theoretical predictions by including an
ab initio treatment of all relevant (4He, d, and 6Li) nuclei,
but their analysis still relied on a phenomenological
description of the 4He-d scattering and suffered from the
use of somewhat imprecise variational solutions for the 4He
and 6Li wave functions. None of these models provides a
fully microscopic and consistent description of the 4He and
d reactants, and of the six-body 6Li bound and 4He-d
scattering states, they therefore use phenomenological
prescriptions to evaluate the electric dipole (E1) transitions
and the magnetic dipole (M1) matrix elements are often not

PHYSICAL REVIEW LETTERS 129, 042503 (2022)
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3N force matrix elements up to a total number of single-
particle quanta for the three-body basis of E3max = 14,
and up to Nrel = 9 in the relative motion. We verified
that our results are not impacted by this truncation by
comparing results obtained with 3N contributions up to
Nrel = 7.

Results. We start by comparing our calculations
for the S-factor to existing experimental data [5–7, 9]
(Fig. 1). Overall, when only the SRG-evolved NN po-
tential is considered (dotted black line), our calculation
reproduces well the magnitude of the data but overesti-
mates the position of the peak corresponding to the 6Li
3+ resonance and underestimates the energy of the 6Li
2+ resonance. At low energies, it agrees with the LUNA
measurements (red circles) [9] and is incompatible with
the ones inferred from breakup data (blue squares) [7],
which as discussed before, have been shown to be in-
accurate [8]. When the full Hamiltonian is considered,
i.e., considering both NN and 3N forces (both chiral and
SRG-induced), the 6Li low-energy levels are overall well
reproduced, but we find a ground-state overbound by
⇠ 250 keV (see Supplemental Material). The impact of
3N forces on the S-factor is visible mainly in the posi-
tion of the 3+ and 2+ resonance peaks, which are now
in excellent agreement with the direct measurements of
Mohr et al. (green down-triangles) [5] and Robertson et
al. (black up-triangles) [6]. Additionally, it causes a small
changes in the magnitude and the slope of the S-factor at
low energy, mainly due to the modification in the bind-
ing energy of the 6Li ground-state and its ANCs in the
S (C0) and D (C2) waves (Table I) [36, 37].
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FIG. 1. Predicted S-factor for the 4He(d, �) 6Li compared
with data taken from Refs. [9] (red circles), [7] (blue square),
[5] (green down-triangles) and [6] (black up-triangles). Calcu-
lations are obtained using the SRG-evolved N3LO NN poten-
tial [31] (NN-only) with � = 2 fm�1, the NN+3Nloc [32, 34]
without (NN+3Nloc) and with the phenomenological energy
adjustment (NN+3Nloc-pheno).

Because the ground-state properties influence greatly

NN-only NCSMC NCSMC-pheno Exp. or Eval.
Eg.s. [MeV] -1.848 -1.778 -1.474 -1.4743
C0 [fm�1/2] 2.95 2.89 2.62 2.26(7)
C2 [fm�1/2] -0.0369 -0.0642 -0.0554 -0.077(18)

C2/C0 -0.013 -0.022 -0.021 -0.025(6)(10)
µ [µN ] 0.85 0.84 0.84 0.8220473(6)

TABLE I. Ground-state properties of 6Li (binding energy
Eg.s., ANCs C0, C2 and magnetic moment µ) obtained us-
ing the SRG-evolved N3LO NN potential (NN-only) with
� = 2 fm�1, the NN+3Nloc without (NCSMC) and with the
phenomenological energy adjustment (NCSMC-pheno). The
last column lists the experimental Eg.s. and µ [38], and ANCs
inferred from a phase shift analysis [39]. The first uncertainty
is purely statistical and the second is an estimate of the sys-
tematic error.

the capture at low energy [36, 37], we improve our eval-
uation by correcting the overbinding of the 6Li ground-
state. As in Refs. [24–26, 40], we shift the energy of
the NCSM 1+ ground state and 2+ resonance for the
full NCSMC to reproduce the experimental energies. As
expected, this correction (solid red line) impacts mainly
the low-energy part of the S-factor and the energy close
to the 2+ resonance. The predicted ANCs C0 and C2
are now closer to the values inferred from the low-energy
6Li-4He phase shifts in Ref. [39] (last column of Table I).
In particular, the ratio C0/C2, relevant for other reac-
tion observables such as transfer cross sections, is in ex-
cellent agreement with the previously extracted value of
Ref. [39].

The relative importance of the electromagnetic E2, E1
and M1 transitions varies with energy (Fig. 2). Simi-
larly to previous predictions [10–19], we find that the
E2 transitions dominate the non-resonant and resonant
capture. Di↵erent from those studies, we obtain larger
E2 strengths stemming from the larger value of the pre-
dicted S-wave ANC C0 (second line of Table I). More-
over, our prediction for the M1 component contradicts
the common assumption that M1 transitions are negligi-
ble over the whole energy range. Interestingly, the kink
in the M1 contribution and its enhancement at low ener-
gies are caused by interferences between the M1 matrix
elements of 6Li and d NCSM 1+ ground states. This
M1 shape can therefore not be seen in models which
do not treat consistently both short-range and scatter-
ing physics. The good agreement between our predicted
magnetic moment and the experimental one corroborates
our evaluation (last line in Table I). Finally, our calcu-
lations show that the E1 transitions have a negligible
influence on the S-factor, contrary to what it is usually
predicted. Because the isoscalar part of the E1 opera-
tor cancels, only E1 transitions from Ti = 0 scattering
states to the Tf = 1 component of the 6Li ground state
contribute at low energy [18]. In our calculations, the
Tf = 1 strength of the 6Li ground-state is mainly deter-
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Ab initio prediction for the radiative capture of protons on 7Be
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The �-decay of 8B, formed by the radiative capture of a proton on 7Be, is the source of the
majority of solar neutrinos measured on earth. Due to the the strong Coulomb repulsion of the
reactants, there has not yet been an experiment able to measure this 7Be(p, �)8B reaction rate at
astrophysically relevant energies. Therefore it is necessary to use theory to extrapolate measurements
to lower energies, resulting in a low-energy astrophysical S-factor uncertainty dominated by theory
components. We have performed a set of first-principle calculations of the 7Be(p, �)8B reaction in an
e↵ort to provide an independent prediction of the low-energy S-factor with quantified uncertainties.
We find that nuclear interactions derived from chiral e↵ective field theory quantitatively reproduce
the 8B spectrum, as well as the 7Be(p, �)8B radiative capture cross section. By truncating the
chiral expansion at various orders, we extract an estimate for the uncertainty stemming from the
missing physics in the nuclear interaction. Further analysis demonstrates underlying features in
the predicted S-factor, and allows us to combine theoretical calculations and experimental data to
produce an evaluated prediction. We expect the calculations and uncertainty quantification process
described here to set the standard for future first-principle calculations of light-ion astrophysical
reactions.

Astrophysical reactions powering low-mass stars such
as our sun have been at the center of theoretical and
experimental attention ever since nuclear reactions were
proposed as a mechanism for nucleosynthesis and energy
generation in stellar interiors [1, 2]. As a result, solar
fusion reactions are amongst the most precisely mea-
sured and thoroughly evaluated nuclear reactions; see
for example Refs. [3, 4] and references therein. Occur-
ring at the tail end of the proton-proton chain, the ra-
diative capture of a proton by a 7Be nucleus produc-
ing an 8B nucleus (or 7Be(p, �)8B reaction) is key in
determining the solar neutrino flux measured in terres-
trial observatories [5, 6]. Given its importance, it has
been measured multiple times over the years with vari-
ous techniques [7–15]. However, due to Coulomb repul-
sion between the proton and the 7Be nucleus, a direct
measurement at the astrophysically relevant energies is
still missing, and theory calculations [16, 17] are used
to extrapolate. As a result, the uncertainty in the cur-
rently recommended [4] value of the zero-energy S-factor,
S17(0) = 20.8± 0.7(expt)± 1.4(theory) eV·barn, is dom-
inated by theoretical contributions.

First-principle (or ab initio) theoretical approaches
provide an independent prediction of nuclear reaction
observables, with the interaction between nucleons being
their sole input. Consequently, the bulk of the theoretical
uncertainty of ab initio calculations will come from the
nuclear interaction employed. In this Letter we present
first-principle calculations of the 7Be+p system, includ-
ing the 7Be(p, �)8B reaction, using nucleon-nucleon (NN)
and three-nucleon (3N) interactions derived from chiral
e↵ective field theory (�EFT), with the goal of extracting
universal features of the system, and removing (in part)

the uncertainty that stems from the choice of a specific
interaction parametrization.
The no-core shell model with continuum (NCSMC),

first introduced in [18, 19], is a first-principle technique
that has been successful in delivering predictive calcula-
tions of nuclear properties of light nuclei by combining
bound and dynamic descriptions of an A-nucleon system
(see Ref. [20] for an in depth review of results). In the
NCSMC, the A-body Schrödinger equation for a total
angular momentum J and parity ⇡ is solved for both
bound and scattering boundary conditions by means of
a variational ansatz that takes the form

| J⇡

i =
X

�

c�|�AJ⇡i+
X

⌫

Z
r2dr

�J⇡

⌫ (r)

r
Â⌫ |�J⇡

⌫r i. (1)

Here, the states |�AJ⇡i are obtained from the no-core
shell model (NCSM) [21], and represent the �-th bound-
like solution to theA-body Schrödinger equation. The so-
called reaction channel basis states A⌫ |�J⇡

⌫r i correspond
to totally antisymmetric binary-cluster states where the
interacting nuclei (in this case 7Be and p) are a distance
r apart. The collective index ⌫ corresponds to all asymp-
totic quantum numbers (internal states, spins, and pari-
ties of the fragments, relative angular momentum `, and
spin s). The unknown discrete parameters c� and am-
plitudes �J⇡

⌫ (r) are then determined via the microscopic
R-matrix method [22].
In the NCSMC, the nucleon is treated as the funda-

mental degree of freedom, with all A nucleons considered
”active”. Therefore, the same NN+3N interaction deter-
mines both the intrinsic wave functions obtained in the
NCSM, as well as the reaction dynamics between the two
fragments. The use of �EFT-derived interactions is thus
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78Ni revealed as a doubly magic 
stronghold against nuclear deformation
R. Taniuchi1,2, C. Santamaria2,3, P. Doornenbal2*, A. Obertelli2,3,4, K. Yoneda2, G. Authelet3, H. Baba2, D. Calvet3, F. Château3,  
A. Corsi3, A. Delbart3, J.-M. Gheller3, A. Gillibert3, J. D. Holt5, T. Isobe2, V. Lapoux3, M. Matsushita6, J. Menéndez6,  
S. Momiyama1,2, T. Motobayashi2, M. Niikura1, F. Nowacki7, K. Ogata8,9, H. Otsu2, T. Otsuka1,2,6, C. Péron3, S. Péru10,  
A. Peyaud3, E. C. Pollacco3, A. Poves11, J.-Y. Roussé3, H. Sakurai1,2, A. Schwenk4,12,13, Y. Shiga2,14, J. Simonis4,12,15,  
S. R. Stroberg5,16, S. Takeuchi2, Y. Tsunoda6, T. Uesaka2, H. Wang2, F. Browne17, L. X. Chung18, Z. Dombradi19, S. Franchoo20,  
F. Giacoppo21, A. Gottardo20, K. Hadyńska-Klęk21, Z. Korkulu19, S. Koyama1,2, Y. Kubota2,6, J. Lee22, M. Lettmann4, C. Louchart4, 
R. Lozeva7,23, K. Matsui1,2, T. Miyazaki1,2, S. Nishimura2, L. Olivier20, S. Ota6, Z. Patel24, E. Şahin21, C. Shand24, P.-A. Söderström2, 
I. Stefan20, D. Steppenbeck6, T. Sumikama25, D. Suzuki20, Z. Vajta19, V. Werner4, J. Wu2,26 & Z. Y. Xu22

Nuclear magic numbers correspond to fully occupied energy shells of protons or neutrons inside atomic nuclei. Doubly 
magic nuclei, with magic numbers for both protons and neutrons, are spherical and extremely rare across the nuclear 
landscape. Although the sequence of magic numbers is well established for stable nuclei, experimental evidence has 
revealed modifications for nuclei with a large asymmetry between proton and neutron numbers. Here we provide a 
spectroscopic study of the doubly magic nucleus 78Ni, which contains fourteen neutrons more than the heaviest stable 
nickel isotope. We provide direct evidence of its doubly magic nature, which is also predicted by ab initio calculations 
based on chiral effective-field theory interactions and the quasi-particle random-phase approximation. Our results also 
indicate the breakdown of the neutron magic number 50 and proton magic number 28 beyond this stronghold, caused 
by a competing deformed structure. State-of-the-art phenomenological shell-model calculations reproduce this shape 
coexistence, predicting a rapid transition from spherical to deformed ground states, with 78Ni as the turning point.

Characterization of the few doubly magic nuclei, known and predicted, 
provides a benchmark for our knowledge of the fundamental forces 
that drive the evolution of shell closures with proton-to-neutron asym-
metry1,2. With reliable and globally applicable interactions, accurate 
predictions of the location of the two-neutron drip line and the limits 
of the nuclear landscape can be made3. These, in turn, are critical for 
nucleosynthesis models, which rely on nuclear structure inputs.

An initial characterization of magicity is often provided by the excita-
tion energy of the first JΠ = 2+ (J, angular momentum; Π, parity) state, 

+E(2 )1 , as illustrated in Fig. 1 in a Segrè chart (a two-dimensional  
grid in which nuclei are arranged by their proton (Z) and neutron (N) 
numbers). Magic nucleon numbers (2, 8, 20, 28, 50, 82 and 126), which 
were first correctly reproduced theoretically for stable isotopes by intro-
ducing a strong spin–orbit interaction4,5, stand out in the chart, as 
excitation from the ground state requires promoting nucleons across 
major nuclear shells, and therefore more energy, given the large energy 
gaps involved. Further experimental observables, such as nuclear bind-
ing energies, charge radii or reduced γ-ray-transition probabilities, are 
indispensable for a comprehensive characterization of a nucleus. 
However, their acquisition is experimentally challenging.

With the extension of studies to unstable, radioactive isotopes (RIs) 
with a large neutron excess—also termed ‘exotic’ nuclei—magic num-
bers emerged as a local feature. In such nuclei, nuclear shell structure 

changes, sometimes drastically, as a function of proton (neutron) num-
ber along isotonic (isotopic) chains, revealing interesting properties 
of the underlying nuclear forces. For instance, it was recognized that 
several canonical neutron magic numbers6–9, such as N = 8, 20 and 
28, disappear far from stability, while new ones have been claimed at 
N = 16 (ref. 10) and N = 32, 34 (refs 1,2,11).

Shifts of these magic numbers challenge nuclear theory, and cer-
tain cases can be explained by drifts of single-particle orbitals (SPOs) 
with varying nucleon number12. The central potential of the nucleon–
nucleon effective interaction and the tensor force contribute strongly 
to this evolution13,14. Also three-nucleon forces, which originate from 
the composite nature of nucleons, have a substantial impact15,16. So 
far, a coherent picture of the nuclear shell structure and its evolution 
towards the most neutron-rich nuclei remains elusive.

The isotope 78Ni (28 protons and 50 neutrons) is a unique case, 
included in all motivations for planned and operating next-gener-
ation RI-beam in-flight facilities, such as the Radioactive Isotope 
Beam Factory (RIBF) in Japan, the Facility for Rare Isotope Beams 
(FRIB) in the USA and the Facility for Antiproton and Ion Research 
(FAIR) in Germany. Predictions regarding the neutron drip-line 
location3 of even–even nuclei, for which the two-neutron separation 
energy becomes negative (also shown in Fig. 1), have revealed that 
78Ni is the only neutron-rich doubly magic nucleus presently lacking 
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The tin isotope 100Sn is of singular interest for nuclear struc-
ture due to its closed-shell proton and neutron configura-
tions. It is also the heaviest nucleus comprising protons and 
neutrons in equal numbers—a feature that enhances the 
contribution of the short-range proton–neutron pairing inter-
action and strongly influences its decay via the weak interac-
tion. Decay studies in the region of 100Sn have attempted to 
prove its doubly magic character1 but few have studied it from 
an ab initio theoretical perspective2,3, and none of these has 
addressed the odd-proton neighbours, which are inherently 
more difficult to describe but crucial for a complete test of 
nuclear forces. Here we present direct mass measurements 
of the exotic odd-proton nuclide 100In, the beta-decay daugh-
ter of 100Sn, and of 99In, with one proton less than 100Sn. We 
use advanced mass spectrometry techniques to measure 99In, 
which is produced at a rate of only a few ions per second, and 
to resolve the ground and isomeric states in 101In. The experi-
mental results are compared with ab initio many-body calcula-
tions. The 100-fold improvement in precision of the 100In mass 
value highlights a discrepancy in the atomic-mass values of 
100Sn deduced from recent beta-decay results4,5.

The nuclear landscape is shaped by the underlying strong, weak 
and electromagnetic forces. The most salient features are the pillars 
of enhanced differential binding energy associated with closed-shell 
configurations, the best example of which is Z = 50 (tin), featuring 
the largest number of β-stable isotopes (10) of all elements. These 
nuclides lie between the closed neutron shells N = 50 and 82, con-
ferring particular importance to the nuclides 100Sn and 132Sn. The 
neutron-rich 132Sn can be synthesized in comfortable quantities6. 
This is not so for 100Sn, forming the limit of proton stability due to 
its extreme neutron deficiency, only just staving off the Coulomb 
repulsion of the 50 protons. This rare combination of like closed 
shells causes 100Sn to have one of the strongest beta transitions and 
makes it the heaviest self-conjugate nucleus on the nuclear chart.

Nuclei in the immediate vicinity of 100Sn offer important insight 
for understanding the single-neutron and proton states in this 
region and constitute an excellent proxy for the study of 100Sn itself. 
However, experiments have so far only been feasible with in-beam 
gamma-ray spectroscopy at fragmentation facilities4,5,7–10. By direct 
determination of the nuclear binding energy, high-precision 
atomic-mass measurements provide a crucial model-independent 
probe of the structural evolution of exotic nuclei. Precision mass 
measurements are traditionally performed at isotope separation 
online (ISOL) facilities; however, the production of medium-mass, 
neutron-deficient nuclides at such facilities is prohibitively dif-
ficult, explaining the lack of accurate mass values in the region. 
Measurements performed at the FRS Ion Catcher at GSI11 and the 
Cooler-Storage experimental Ring (CSRe) in Langzhou12 (both 
high-energy, heavy-ion fragmentation facilities) recently extended 
direct mass measurements to the 101In ground and isomeric states. 
However, the 100In mass value is still constrained 63% indirectly 
through its beta-decay link to 100Cd (ref. 13).

Thus, the first experimental challenge overcome in this work was 
the production and separation of the successfully studied 99,100,101g,101mIn 
states. A detailed schematic of the necessary stages, from radioactive 
ion beam production to beam purification, preparation and mea-
surement, is shown in Fig. 1. The exotic indium isotopes were pro-
duced at the Isotope Separator On Line Device (ISOLDE) located 
at CERN. A 1.4 GeV proton beam impinged on a thick lanthanum 
carbide target, producing a swath of neutron-deficient radioac-
tive species of various chemical elements. After diffusion from the 
heated target, the indium atoms of interest were selectively ionized 
using a two-step resonance laser ionization scheme provided by the 
ISOLDE Resonant Ionization Laser Ion Source (RILIS)14. The ion 
beam was extracted from the source and accelerated to an energy of 
40 keV. The mass number (A = Z + N) of interest was selected using 
ISOLDE’s high-resolution dipole mass separator and delivered to the 
ISOLTRAP online mass spectrometer15.

Mass measurements of 99–101In challenge ab initio 
nuclear theory of the nuclide 100Sn
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Nuclear charge radii globally scale with atomic mass num-
ber A as A1∕3, and isotopes with an odd number of neutrons 
are usually slightly smaller in size than their even-neutron 
neighbours. This odd–even staggering, ubiquitous through-
out the nuclear landscape1, varies with the number of protons 
and neutrons, and poses a substantial challenge for nuclear 
theory2–4. Here, we report measurements of the charge radii 
of short-lived copper isotopes up to the very exotic 78Cu (with 
proton number Z = 29 and neutron number N = 49), produced 
at only 20 ions s–1, using the collinear resonance ionization 
spectroscopy method at the Isotope Mass Separator On-Line 
Device facility (ISOLDE) at CERN. We observe an unexpected 
reduction in the odd–even staggering for isotopes approach-
ing the N = 50 shell gap. To describe the data, we applied 
models based on nuclear density functional theory5,6 and 
A-body valence-space in-medium similarity renormalization 
group theory7,8. Through these comparisons, we demonstrate 
a relation between the global behaviour of charge radii and the 
saturation density of nuclear matter, and show that the local 
charge radii variations, which reflect the many-body polariza-
tion effects, naturally emerge from A-body calculations fitted 
to properties of A ≤ 4 nuclei.

The properties of exotic nuclei, in particular of those close 
to (doubly) magic systems far from stability, have continually 
proven pivotal in deepening our understanding of nuclear forces 
and many-body dynamics. Owing to the presence of the unpaired 
proton, odd-Z isotopes such as the copper isotopes provide cru-
cial insights into the single-particle proton structure and how 
this affects the charge radii. However, until now, experimentally 
accessing charge radii of such isotopes close to exotic doubly closed 
shells (for example 78Ni and 100Sn) has been prohibitively difficult. 
Extending the existing charge radius measurements9 beyond 75Cu 
has required nearly a decade of developments, culminating in the 
work presented here.

The first experimental challenge lies in the production of a clean 
sample of these short-lived species. We produced radioactive ions 
at the ISOLDE laboratory at CERN. This was done by impinging  
1.4-GeV protons onto a neutron converter, producing neutrons 
that in turn induced fission of 238U atoms within a thick target, thus 
minimizing other unwanted nuclear reactions in the target. Several 
purification steps were nevertheless required to remove contami-
nants. First, the copper atoms that diffused out of the target were 
element-selectively laser-ionized by the ISOLDE resonance ioniza-
tion laser ion source (RILIS) in a hot cavity. The ions were then 
accelerated to 30 keV for mass separation using the ISOLDE high 
resolution separator and prepared for high-resolution laser reso-
nance ionization spectroscopy. This required sending the ions into 
a gas-filled radio-frequency linear Paul trap, ISCOOL, where they 
were cooled for up to 10 ms. The ions were then released in a short 
bunch with a length of ~1 μs.

The hyperfine structure of the copper isotopes was measured in 
the final stage of the experiment using the collinear resonance ion-
ization spectroscopy (CRIS)10 method. First, the ions were neutral-
ized through a charge-exchange reaction with a potassium vapour. 
The non-neutralized fraction of the beam was deflected, such that 
only the neutralized atoms entered into an ultrahigh-vacuum region. 
Here, they interacted with two pulsed laser beams. The first of these 
laser systems, tuned to the optical transition at 40,114.01 cm−1,  
resonantly excited the atoms, while the second laser further excited 
these atoms to an auto-ionizing state, chosen for optimal ionization 
efficiency. Owing to the vacuum of 10−8 mbar, the collisional ioniza-
tion rate was less than 1 every 10 min for all except the stable 63,65Cu, 
creating a quasi-background-free measurement. As illustrated in 
the top panel of Fig. 1, by recording the number of ions as a func-
tion of the frequency of the first single-mode laser, the hyperfine 
structure of the copper atoms could be measured. Changes of the 
charge radius of the nucleus result in small changes in the centroids 
of these hyperfine structures for each isotope, which is typically a 
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Nuclear moments of indium isotopes reveal 
abrupt change at magic number 82

A. R. Vernon1,2,3ಞᅒ, R. F. Garcia Ruiz2,4ಞᅒ, T. Miyagi5, C. L. Binnersley1, J. Billowes1, M. L. Bissell1, 
J. Bonnard6, T. E. Cocolios3, J. Dobaczewski6,7, G. J. Farooq-Smith3, K. T. Flanagan1,8, 
G. Georgiev9, W. Gins3,10, R. P. de Groote3,10, R. Heinke4,11, J. D. Holt5,12, J. Hustings3, 
Á. Koszorús3, D. Leimbach11,13,14, K. M. Lynch4, G. Neyens3,4, S. R. Stroberg15, S. G. Wilkins1,2, 
X. F. Yang3,16 & D. T. Yordanov4,9

In spite of the high-density and strongly correlated nature of the atomic nucleus, 
experimental and theoretical evidence suggests that around particular ‘magic’ 
numbers of nucleons, nuclear properties are governed by a single unpaired nucleon1,2. 
A microscopic understanding of the extent of this behaviour and its evolution in 
neutron-rich nuclei remains an open question in nuclear physics3–5. The indium 
isotopes are considered a textbook example of this phenomenon6, in which the 
constancy of their electromagnetic properties indicated that a single unpaired proton 
hole can provide the identity of a complex many-nucleon system6,7. Here we present 
precision laser spectroscopy measurements performed to investigate the validity of 
this simple single-particle picture. Observation of an abrupt change in the dipole 
moment at N = 82 indicates that, whereas the single-particle picture indeed 
dominates at neutron magic number N = 82 (refs. 2,8), it does not for previously 
studied isotopes. To investigate the microscopic origin of these observations,  
our work provides a combined e"ort with developments in two complementary 
nuclear many-body methods: ab initio valence-space in-medium similarity 
renormalization group and density functional theory (DFT). We #nd that the inclusion 
of time-symmetry-breaking mean #elds is essential for a correct description of 
nuclear magnetic properties, which were previously poorly constrained. These 
experimental and theoretical #ndings are key to understanding how seemingly simple 
single-particle phenomena naturally emerge from complex interactions among 
protons and neutrons.

The atomic nucleus is formed by strongly interacting nucleons  
(protons, Z, and neutrons, N), packed tightly into a volume around a 
trillion times smaller than that of atoms. Hence, describing the atomic 
nuclei and predicting their properties at extreme values of mass and 
charge are the main long-standing challenges for nuclear science. 
Similar to electrons in an atom, the nucleons (protons and neutrons) 
in the atomic nucleus occupy quantum ‘shells’. Thus, nuclei with a 
single valence particle or hole around a nuclear closed shell provide 
important foundations for our understanding of the atomic nucleus. 
Their simpler structure vastly reduces the complexity of the quantum 
many-body problem, providing critical guidance for the development 
of nuclear theory.

Recent advances in our understanding of the strong interaction and 
the development of many-body methods, combined with escalation 

in computer power, have enabled theoretical descriptions of increas-
ingly complex nuclei. Isotopes around the proton closed shell Z = 50, 
are now the frontier of ab initio calculations9,10. The properties of these 
nuclei can be described by complementary many-body methods such 
as configuration interaction methods4 and nuclear DFT11. This has led to 
an increased focus on studying this region of the nuclear chart (around 
Z = 50, N = 50, 82) over the past decade2,8,12–14.

Here we present measurements of two fundamental properties 
of indium isotopes using precision laser spectroscopy: the (spec-
troscopic) magnetic dipole moment, µ, and the electric quadrupole 
moment, Q. Measurements were performed for the neutron-rich In 
(Z = 49) isotopes, reaching up to 131In, which possesses a magic number 
of N = 82 neutrons (see Methods for details). With a single-proton-hole 
configuration with respect to the well-established2,8,14 proton closed 
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Dripline Predictions to Fe Isotopes
First predictions of proton and neutron driplines from first principles

From few body data only:

Known drip lines largely predicted within uncertainties (artifacts at shell closures)
Provide ab initio predictions for neutron-rich region
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Ab initio calculations for heavy nuclei

• Challenge: Convergence with respect to the 
number of three-nucleon (3N) force matrix 
elements

• Breakthrough in storage achieved
• Opens possibilities for calculations of 132Sn, 208Pb, 

… superheavy isotopes?!?

PHYSICAL REVIEW C 105, 014302 (2022)

Converged ab initio calculations of heavy nuclei

T. Miyagi ,1,* S. R. Stroberg ,2,† P. Navrátil ,1,‡ K. Hebeler ,3,4,5,§ and J. D. Holt 1,6,‖
1TRIUMF, 4004 Wesbrook Mall, Vancouver, BC V6T 2A3, Canada
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We propose a novel storage scheme for three-nucleon (3N) interaction matrix elements relevant for the
normal-ordered two-body approximation used extensively in ab initio calculations of atomic nuclei. This scheme
reduces the required memory by approximately two orders of magnitude, which allows the generation of 3N
interaction matrix elements with the standard truncation of E3max = 28, well beyond the previous limit of 18.
We demonstrate that this is sufficient to obtain the ground-state energy of 132Sn converged to within a few MeV
with respect to the E3max truncation. In addition, we study the asymptotic convergence behavior and perform
extrapolations to the un-truncated limit. Finally, we investigate the impact of truncations made when evolving
free-space 3N interactions with the similarity renormalization group. We find that the contribution of blocks
with angular momentum Jrel > 9/2 to the ground-state energy is dominated by a basis-truncation artifact, which
vanishes in the large-space limit, so these computationally expensive components can be neglected. For the
two sets of nuclear interactions employed in this work, the resulting binding energy of 132Sn agrees with the
experimental value within theoretical uncertainties. This work enables converged ab initio calculations of heavy
nuclei.

DOI: 10.1103/PhysRevC.105.014302

I. INTRODUCTION

With recent progress in constructing two-nucleon (NN)
and three-nucleon (3N) interactions [1,2], solving the nu-
clear many-body problem [3–9], and rapid increases in
computational power, the range of applicability of ab ini-
tio calculations of atomic nuclei has exploded over the past
decade [10]. On the side of nuclear interactions, it has become
clear that a consistent treatment of NN scattering and finite nu-
clei requires the inclusion of 3N forces [11–15], where chiral
effective field theory [1,2,16] provides a path to a consistent
and systematic treatment.

On the many-body side, polynomially scaling methods,
such as coupled-cluster theory [6], self-consistent Green’s
functions [7], and in-medium similarity renormalization
group (IMSRG) [8] have been used to treat systems of up
to A ≈ 100 particles [17–19]. In all of these calculations,
the wave function is expanded on a set of basis functions—
typically the eigenstates of the harmonic oscillator—and the

*tmiyagi@triumf.ca
†stroberg@uw.edu
‡navratil@triumf.ca
§kai.hebeler@physik.tu-darmstadt.de
‖jholt@triumf.ca

NN and 3N matrix elements in that basis are needed as an
input. The number of single-particle basis states in a calcu-
lation is given by the truncation e = 2n + ! ! emax, with the
radial quantum number n and angular momentum l . Achiev-
ing convergence in both the infrared (IR) and ultraviolet (UV)
for medium-mass nuclei typically requires emax ! 12. At even
emax = 12, however, storing the full set of 3N matrix elements
would require approximately 10 TB of memory with single-
precision floating point numbers, which considerably exceeds
the available RAM per node on a typical supercomputer. It
is therefore necessary to impose some additional truncation
on the 3N matrix elements, typically taken as e1 + e2 + e3 !
E3max. Ideally, the value of E3max is increased until conver-
gence is achieved for a given observable.

The current limit of E3max " 18 is the primary bottleneck
preventing ab initio calculations from reaching much beyond
A ≈ 100 [18,20–22]. Overcoming this limit would signifi-
cantly increase the reach of ab initio theory, e.g., to searches
for physics beyond the standard model using heavy isotopes of
xenon, tellurium, cesium, or mercury [23–29]. Furthermore,
potential controlled calculations of 208Pb would provide the
best experimentally accessible link between finite nuclei and
nuclear matter, particularly in light of recently reported parity-
violating electron scattering experiments [30–32]. Ab initio
predictions would even be possible for the astrophysically rel-
evant, but experimentally challenging, N = 126 region below
208Pb [33–35].

2469-9985/2022/105(1)/014302(14) 014302-1 ©2022 American Physical Society

Ground-state energy of 132Sn with chiral NN+3N 1.8/2.0 (EM)   &   NN N3LO+3Nlnl



10

D
is

co
ve

ry
,

ac
ce

le
ra

te
d

2022-07-20

TRIUMF/ORNL/Chalmers collaboration

Machine learning: calibrate on light nuclei (green)
108 calculations spanning EFT parameter space

34 non-implausible NN+3N interactions (with uncertainties)

Validate for 48Ca (blue) + 208Pb predictions (pink)
E/A, 2+, radii, dipole polarizability

Final prediction for neutron skin with systematic uncertainty

Rskin(208Pb)= 0.15-0.19 fm

Mild tension with new PREX measurement

B. Hu, W. Jiang, T. Miyagi, Z. Sun et al., Nature Phys. (in press)

Neutron Skin of 208Pb

PREX II
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Large-Scale Efforts for Ab Initio GT Transitions
Calculate large GT matrix elements

- Light, medium, and heavy regions
- Benchmark different ab initio methods
- Wide range of NN+3N forces
- Consistent inclusion of 2BC

OGT = O
1b
�⌧ +O

2b
2BC
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topology and spin–orbit interactions may 
soon be discovered in Co3Sn2S2. Yet, one 
can also anticipate that further extension 
of the family of kagome magnets will 
continue, with new compounds bringing 
even more surprises originating from  
the peculiar band structure and  
frustration effects.
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NUCLEAR PHYSICS

Beta decay gets the ab initio treatment
One of the fundamental radioactive decay modes of nuclei is β decay. Now, nuclear theorists have used first-principles 
simulations to explain nuclear β decay properties across a range of light- to medium-mass isotopes, up to 100Sn.

Arnau Rios

The theoretical modelling of nuclei 
and their different decay modes is a 
challenging field. Take β decay, for 

example, which affects the vast majority 
of radioactive isotopes. For years, the 
most accurate theoretical calculations 
of nuclear structure, which agreed with 
experiments on masses and shell structure, 
predicted β-decay half-lives that were not in 
agreement with experiments. Practitioners 
had to introduce a correction factor, a 
‘quench’ of their calculations by about 25% 
to reproduce experimental values. The 
origin of this ‘quenching puzzle’ remained 
elusive for decades. Now, writing in Nature 
Physics, Peter Gysbers and colleagues have 
provided a solution to the puzzle based on 
first-principles simulations1.

In the past decade, the so-called  
ab initio revolution has changed the way 
that nuclear theory and, more generally, 
nuclear physics operates on a daily basis. 
New nuclear interactions, effectively 
derived from the theory of quantum 
chromodynamics, and advances in 
computational resources have allowed for a 
truly first-principles description of nuclear 
structure2. Compared with the more 
traditional phenomenological or density 
functional calculations, microscopic  
ab initio simulations allow for a consistent 
treatment of systematic errors and offer a 
significantly different level of predictive 
power as they have virtually no parameters 
and are directly informed by the 
underlying theory of the strong force.

Most early ab initio calculations were 
used to study nuclear masses. Over time, 
however, the reach of these calculations 
was extended substantially from closed- to 
open-shell isotopes3 and from masses to 
nuclear radii4, electromagnetic observables5 

and even nuclear reactions6. At present, the 
most stringent limitation of these methods 
is computational power, which limits 
the number of particles in simulations. 
Currently, ab initio calculations can be used 

to predict properties of isotopes up to mass 
number A ≈ 100.

The study of radioactive decays was 
conspicuously missing in the recent wave 
of ab initio predictions. The most common 
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isotopes9. In this region of the chart, most isotopes decay by β decay, either by emitting an electron  
(β– decay, yellow squares) or a positron (β+ decay, blue squares). Gysbers and colleagues have studied 
the isotopes marked in red, and have found a remarkable level of agreement with experimental data. The 
vertical and horizontal black lines mark the position of magic numbers, which indicate particularly stable 
nuclear configurations.
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One of the fundamental radioactive decay modes of nuclei is β decay. Now, nuclear theorists have used first-principles 
simulations to explain nuclear β decay properties across a range of light- to medium-mass isotopes, up to 100Sn.
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The dominant decay mode of atomic nuclei is beta decay 
(β-decay), a process that changes a neutron into a proton (and 
vice versa). This decay offers a window to physics beyond the 
standard model, and is at the heart of microphysical processes 
in stellar explosions and element synthesis in the Universe1–3. 
However, observed β-decay rates in nuclei have been found to 
be systematically smaller than for free neutrons: this 50-year-
old puzzle about the apparent quenching of the fundamental 
coupling constant by a factor of about 0.75 (ref. 4) is without a 
first-principles theoretical explanation. Here, we demonstrate 
that this quenching arises to a large extent from the coupling 
of the weak force to two nucleons as well as from strong corre-
lations in the nucleus. We present state-of-the-art computa-
tions of β-decays from light- and medium-mass nuclei to 100Sn 
by combining effective field theories of the strong and weak 
forces5 with powerful quantum many-body techniques6–8. Our 
results are consistent with experimental data and have impli-
cations for heavy element synthesis in neutron star mergers9–11 
and predictions for the neutrino-less double-β-decay3, where 
an analogous quenching puzzle is a source of uncertainty in 
extracting the neutrino mass scale12.

Gamow–Teller transitions are a form of β-decay in which the 
spins of the β-neutrino pair emitted during the nuclear decay are 
aligned. Remarkably, calculated Gamow–Teller strengths appear 
to reproduce most of the experimental data if the fundamental 
constant gA ≈ 1.27 characterizing the coupling of the weak inter-
action to a nucleon is quenched by a factor of q ≈ 0.75 (refs. 13–16). 
Missing nuclear correlations (that is, a lack of complexity in nuclear 
wavefunctions due to the limitations of nuclear models) as well as 
neglected contributions from meson-exchange currents (that is, 
coupling of the weak force to two nucleons) have been proposed as 
possible causes of the quenching phenomenon4. However, a solution 
has so far remained elusive. To address the quenching puzzle, we 
carry out a comprehensive study of Gamow–Teller decays through 
many-body computations of nuclei based on effective field theo-
ries (EFTs) of quantum chromodynamics5,17, including an unprec-
edented amount of correlations in the nuclear wavefunctions. The 
EFT approach offers the prospect of accuracy, by encoding the 
excluded high-energy physics through coefficients adjusted to the 

data, and precision, from the systematically improvable EFT expan-
sion. Moreover, EFT enables a consistent description of the cou-
pling of weak interactions to two nucleons via two-body currents 
(2BCs). In the EFT approach, 2BCs enter as subleading corrections 
to the one-body standard Gamow–Teller operator στ+ (with Pauli 
spin and isospin matrices σ and τ, respectively); they are smaller but 
significant corrections to weak transitions as three-nucleon forces 
are smaller but significant corrections to the nuclear interaction5,17.

In this work we focus on strong Gamow–Teller transitions, 
where the effects of quenching should dominate over cancellations 
due to fine details (as occur in the famous case of the 14C decay 
used for radiocarbon dating18,19). An excellent example is the super-
allowed β-decay of the doubly magic 100Sn nucleus (Fig. 1), which 
exhibits the strongest Gamow–Teller strength so far measured in all 
atomic nuclei20. A first-principles description of this exotic decay, 
in such a heavy nucleus, presents a significant computational chal-
lenge. However, its equal ‘magic’ numbers (Z = N = 50) of protons 
and neutrons arranged into complete shells makes 100Sn an ideal 
candidate for large-scale coupled-cluster calculations21, while the 
daughter nucleus 100In can be reached via novel extensions of the 
high-order charge-exchange coupled-cluster methods developed 
in this work (see Methods and Supplementary Figs. 4, 12 and 15 
for details). This method includes correlations via a vast number of 
particle–hole excitations of a reference state and also employs 2BCs 
in the transition operator.

Figure 1 shows our results for the strength (that is, the abso-
lute square of the transition matrix element, MGT) of the Gamow–
Teller transition to the dominant Jπ = 1+ state in the 100In daughter 
nucleus (see Supplementary Table 1 and Supplementary Fig. 12 for 
more details). To investigate systematic trends and sensitivities to 
the nuclear Hamiltonian, we employed a family of established EFT 
interactions and corresponding currents22–24. For increased preci-
sion, we also developed a new interaction labelled NN-N4LO + 3Nlnl 
which is constrained to reproduce the triton half-life (see Methods 
for details on the Hamiltonians considered). The open symbols in 
Fig. 1 depict the decay with the standard, leading-order coupling of 
the weak force to a single nucleon in the non-relativistic limit (that 
is, via the standard Gamow–Teller operator στ+). The differences 
with respect to the extreme single-particle model (ESPM), which 

Discrepancy between experimental and 
theoretical β-decay rates resolved from  
first principles
P. Gysbers1,2, G. Hagen" "3,4*, J. D. Holt" "1, G. R. Jansen" "3,5, T. D. Morris3,4,6, P. Navrátil" "1, T. Papenbrock" "3,4,  
S. Quaglioni" "7, A. Schwenk8,9,10, S. R. Stroberg1,11,12 and K. A. Wendt7
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Solution to gA-Quenching Problem
Comparison to standard phenomenological shell model 
Ab initio calculations across the chart explain data with unquenched gA

Refine results with improvements in forces and many-body methods

Gysbers et al., Nature Phys. (2019)

LETTERS NATURE PHYSICS

of 2BCs in A ≤ 7 nuclei is similar to what was found in the Green’s 
function Monte Carlo calculations of ref. 26. We find a rather sub-
stantial enhancement of the 8He Gamow–Teller matrix element due 
to the 2BC. Let us mention, though, that this transition matrix ele-
ment is the smallest of those presented in Fig. 2. We note that, for the 
other Hamiltonians employed in this work, the 2BCs and 3N were 
not fit to reproduce the triton half-life; nevertheless, the inclusion of 
2BCs for most of these cases also improves the agreement with data 
for the light nuclei considered in Fig. 2 (see Supplementary Fig. 9 
for results obtained with NNLOsat and NN-N3LO + 3Nlnl). The case 
of 10C is special because the computed Gamow–Teller transition is 
very sensitive to the structure of the Jπ = 1+ state in the 10B daughter 
nucleus. Depending on the employed interaction, this state can mix 
with a higher-lying 1+ state, greatly impacting the precise value of 
this transition. We finally note that benchmark calculations between 

the many-body methods used in this work agree to within 5% for 
the large transition in 14O. For smaller transitions discrepancies can 
be larger (see Supplementary Information for details).

Historically, the most extensive evidence for the quenching 
of Gamow–Teller β-decay strength comes from medium-mass 
nuclei14,16,27, and we now show that our calculations with these 
consistent Hamiltonians and currents largely solve the puzzle here 
as well. We use the valence-space in-medium similarity renor-
malization group (VS-IMSRG) method8 (see Methods for details) 
and compute Gamow–Teller decays for nuclei in the mass range 
between oxygen and calcium (referred to as sd-shell nuclei) and 
between calcium and vanadium (lower pf-shell nuclei), focusing on 
strong transitions. Here, we highlight the NN-N4LO + 3Nlnl interac-
tion and corresponding 2BCs.

Figure 3 shows the empirical values of the Gamow–Teller tran-
sition matrix elements versus the corresponding unquenched 
theoretical matrix elements obtained from the phenomenological 
shell model with the standard Gamow–Teller στ operator and the 
first-principles VS-IMSRG calculations. Perfect agreement between 
theory and experiment is denoted by the diagonal dashed line. The 
results from the phenomenological shell model clearly exemplify 
the state of theoretical calculations for decades13–16,27; as an example, 
in the sd-shell shell, a quenching factor of q ≈ 0.8 is needed to bring 
the theory into agreement with experiment14. The VS-IMSRG cal-
culations without 2BCs (not shown) exhibit a modest improvement, 
with a corresponding quenching factor of 0.89(4) for sd-shell nuclei 
and 0.85(3) for pf-shell nuclei, pointing to the importance of con-
sistent valence-space wavefunctions and operators (Supplementary 
Fig. 10). As in 100Sn, the inclusion of 2BCs yields an additional 
quenching of the theoretical matrix elements, and the linear fit of 
our results lies close to the dashed line, meaning our theoretical pre-
dictions agree, on average, with experimental values across a large 
number of medium-mass nuclei.

Another approach often used in the investigation of Gamow–
Teller quenching is the Ikeda sum-rule: the difference between the 
total integrated β− and β+ strengths obtained with the στ∓ operator 
yields the model-independent sum-rule 3(N – Z). We have com-
puted the Ikeda sum-rule for 14O, 48Ca and 90Zr using the coupled-
cluster method (see Methods for details). For the family of EFT 
Hamiltonians used for 100Sn we obtain a quenching factor aris-
ing from 2BCs that is consistent with our results shown in Fig. 3  
and the shell-model analyses from refs. 14–16,27. (Supplementary 
Fig. 7). We note that the comparison with experimental sum-rule 
tests using charge-exchange reactions28,29 is complicated by the 
use of a hadronic probe, which only corresponds to the leading 
weak one-body operator, and by the challenge of extracting all 
strength to high energies. Here, our developments enable future 
direct comparisons.

It is the combined proper treatment of strong nuclear correla-
tions with powerful quantum many-body solvers and the consis-
tency between 2BCs and three-nucleon forces that largely explains 
the quenching puzzle. Smaller corrections are still expected to 
arise from neglected higher-order contributions to currents and 
Hamiltonians in the EFT approach we pursued, and from neglected 
correlations in the nuclear wavefunctions. For beyond-standard-
model searches of new physics such as neutrino-less double-β-
decay, our work suggests that a complete and consistent calculation 
without a phenomenological quenching of the axial-vector coupling 
gA is called for. This Letter opens the door to ab initio calculations of 
weak interactions across the nuclear chart and in stars.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41567-019-0450-7.
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37K3/2 → 37Ar5/2

25Al5/2 → 25Mg5/2

37K3/2 → 37Ar3/2

26Na3 → 26Mg2

30Mg0 → 30Al1
28Al3 → 28Si2
24Ne0 → 24Na1

34P1 → 34S0
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Fig. 3 | Gamow–Teller strengths in medium-mass nuclei. Comparison 
of experimental30 and theoretical Gamow–Teller matrix elements for 
medium-mass nuclei. a,b, Plots of Gamow–Teller matrix elements: sd-
shell (a) and lower pf-shell (b). Theoretical results were obtained using 
phenomenological shell-model interactions16,31 with an unquenched 
standard Gamow–Teller στ operator (open orange squares), and using the 
VS-IMSRG approach with the NN-N4LO!+!3Nlnl interaction and consistently 
evolved Gamow–Teller operator plus 2BCs (filled green diamonds). The 
linear fits show the resulting quenching factor q given in the panels, and 
shaded bands indicate one standard deviation from the average quenching 
factor. Experimental uncertainties, taken from ref. 30, are shown as vertical 
error bars.
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of 2BCs in A ≤ 7 nuclei is similar to what was found in the Green’s 
function Monte Carlo calculations of ref. 26. We find a rather sub-
stantial enhancement of the 8He Gamow–Teller matrix element due 
to the 2BC. Let us mention, though, that this transition matrix ele-
ment is the smallest of those presented in Fig. 2. We note that, for the 
other Hamiltonians employed in this work, the 2BCs and 3N were 
not fit to reproduce the triton half-life; nevertheless, the inclusion of 
2BCs for most of these cases also improves the agreement with data 
for the light nuclei considered in Fig. 2 (see Supplementary Fig. 9 
for results obtained with NNLOsat and NN-N3LO + 3Nlnl). The case 
of 10C is special because the computed Gamow–Teller transition is 
very sensitive to the structure of the Jπ = 1+ state in the 10B daughter 
nucleus. Depending on the employed interaction, this state can mix 
with a higher-lying 1+ state, greatly impacting the precise value of 
this transition. We finally note that benchmark calculations between 

the many-body methods used in this work agree to within 5% for 
the large transition in 14O. For smaller transitions discrepancies can 
be larger (see Supplementary Information for details).

Historically, the most extensive evidence for the quenching 
of Gamow–Teller β-decay strength comes from medium-mass 
nuclei14,16,27, and we now show that our calculations with these 
consistent Hamiltonians and currents largely solve the puzzle here 
as well. We use the valence-space in-medium similarity renor-
malization group (VS-IMSRG) method8 (see Methods for details) 
and compute Gamow–Teller decays for nuclei in the mass range 
between oxygen and calcium (referred to as sd-shell nuclei) and 
between calcium and vanadium (lower pf-shell nuclei), focusing on 
strong transitions. Here, we highlight the NN-N4LO + 3Nlnl interac-
tion and corresponding 2BCs.

Figure 3 shows the empirical values of the Gamow–Teller tran-
sition matrix elements versus the corresponding unquenched 
theoretical matrix elements obtained from the phenomenological 
shell model with the standard Gamow–Teller στ operator and the 
first-principles VS-IMSRG calculations. Perfect agreement between 
theory and experiment is denoted by the diagonal dashed line. The 
results from the phenomenological shell model clearly exemplify 
the state of theoretical calculations for decades13–16,27; as an example, 
in the sd-shell shell, a quenching factor of q ≈ 0.8 is needed to bring 
the theory into agreement with experiment14. The VS-IMSRG cal-
culations without 2BCs (not shown) exhibit a modest improvement, 
with a corresponding quenching factor of 0.89(4) for sd-shell nuclei 
and 0.85(3) for pf-shell nuclei, pointing to the importance of con-
sistent valence-space wavefunctions and operators (Supplementary 
Fig. 10). As in 100Sn, the inclusion of 2BCs yields an additional 
quenching of the theoretical matrix elements, and the linear fit of 
our results lies close to the dashed line, meaning our theoretical pre-
dictions agree, on average, with experimental values across a large 
number of medium-mass nuclei.

Another approach often used in the investigation of Gamow–
Teller quenching is the Ikeda sum-rule: the difference between the 
total integrated β− and β+ strengths obtained with the στ∓ operator 
yields the model-independent sum-rule 3(N – Z). We have com-
puted the Ikeda sum-rule for 14O, 48Ca and 90Zr using the coupled-
cluster method (see Methods for details). For the family of EFT 
Hamiltonians used for 100Sn we obtain a quenching factor aris-
ing from 2BCs that is consistent with our results shown in Fig. 3  
and the shell-model analyses from refs. 14–16,27. (Supplementary 
Fig. 7). We note that the comparison with experimental sum-rule 
tests using charge-exchange reactions28,29 is complicated by the 
use of a hadronic probe, which only corresponds to the leading 
weak one-body operator, and by the challenge of extracting all 
strength to high energies. Here, our developments enable future 
direct comparisons.

It is the combined proper treatment of strong nuclear correla-
tions with powerful quantum many-body solvers and the consis-
tency between 2BCs and three-nucleon forces that largely explains 
the quenching puzzle. Smaller corrections are still expected to 
arise from neglected higher-order contributions to currents and 
Hamiltonians in the EFT approach we pursued, and from neglected 
correlations in the nuclear wavefunctions. For beyond-standard-
model searches of new physics such as neutrino-less double-β-
decay, our work suggests that a complete and consistent calculation 
without a phenomenological quenching of the axial-vector coupling 
gA is called for. This Letter opens the door to ab initio calculations of 
weak interactions across the nuclear chart and in stars.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41567-019-0450-7.
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of experimental30 and theoretical Gamow–Teller matrix elements for 
medium-mass nuclei. a,b, Plots of Gamow–Teller matrix elements: sd-
shell (a) and lower pf-shell (b). Theoretical results were obtained using 
phenomenological shell-model interactions16,31 with an unquenched 
standard Gamow–Teller στ operator (open orange squares), and using the 
VS-IMSRG approach with the NN-N4LO!+!3Nlnl interaction and consistently 
evolved Gamow–Teller operator plus 2BCs (filled green diamonds). The 
linear fits show the resulting quenching factor q given in the panels, and 
shaded bands indicate one standard deviation from the average quenching 
factor. Experimental uncertainties, taken from ref. 30, are shown as vertical 
error bars.
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r-process 
path (most 
abundant)

Sm (Z=62)

Statistical methods to predict 
masses of neutron-rich rare-earths 

using Solar abundances

Studies of possible fission signatures: universality of 
r-process abundances? 254Cf and actinide heating in 

neutron star merger kilonova light curves? 

LIGO merger rate + nuclear physics 
uncertainties: are NSNS mergers the 

source of Solar system heavy elements? 
Can LIGO disfavor some nuclear models?

See Côté+18 

Vassh+21 

Vassh+20 

Zhu+18 

PRELIMINARY

§ Research program focuses on the origin of heavy elements with an 
emphasis on the impact of unknown nuclear physics on observables
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Searching for the origin of the rare-earth peak with precision mass
measurements across Ce–Eu isotopic chains
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A nuclear mass survey of rare-earth isotopes has been conducted with the Canadian Penning Trap mass
spectrometer using the most neutron-rich nuclei thus far extracted from the CARIBU facility. We present
a collection of 12 nuclear masses determined with a precision of !10 keV/c2 for Z = 58–63 nuclei near
N = 100. Independently, a detailed study exploring the role of nuclear masses in the formation of the r-process
rare-earth abundance peak has been performed. Employing a Markov chain Monte Carlo (MCMC) technique,
mass predictions of lanthanide isotopes have been made which uniquely reproduce the observed solar abundances
near A = 164 under three distinct astrophysical outflow conditions. We demonstrate that the mass surface trends
thus far mapped out by our measurements are most consistent with MCMC mass predictions given an r process
that forms the rare-earth peak during an extended (n, γ ) ! (γ , n) equilibrium.

DOI: 10.1103/PhysRevC.105.L052802

With new observational data in hand [1–3], the era of
multimessenger astrophysics presents promising paths toward
understanding the nucleosynthesis of the heaviest elements
via the rapid neutron capture process (r process). Now with
the ability to probe single events, more can be said about
the nature of the astrophysical sites that enriched our so-
lar system. In order to properly analyze new observables,
we must acknowledge that heavy neutron-rich nuclei, many
of which have yet to be experimentally probed, put their
signature on astrophysical abundances and electromagnetic
transients [4–6]. Thus, it has become more pressing to
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‖Present address: Department of Physics, University of Notre
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exploit opportunities to address key unknown nuclear physics
properties.

With recent advancements in neutron-rich nuclei produc-
tion at rare isotope beam facilities [7–9], significant effort
has been made to expand the landscape of nuclear physics
inputs for r-process calculations, including nuclear mass
measurements with improved sensitivity [10,11], half-lives
of previously unobserved isotopes [12], and accurately con-
strained neutron capture rates [13]. In parallel with such
experimental progress, advancements in machine learning
methods and Bayesian techniques provide a unique op-
portunity to synthesize new experimental nuclear physics
information and astrophysical observables. In this Letter, we
demonstrate the power of such a synergy by considering
the formation of the solar rare-earth abundance peak dur-
ing r-process nucleosynthesis given results from a Markov
chain Monte Carlo (MCMC) approach [14–16]. We report
the nuclear masses of 12 neutron-rich lanthanide isotopes
measured with the Canadian Penning Trap mass spectrometer
(CPT) [17], including the first measurements of 152,153Ce and
156,157Pr. These measurements probe the most neutron-rich
lanthanide masses reported to date and do so with a precision
of !10 keV/c2.

To narrow in on the nuclear physics properties re-
quired for peak formation in a given type of astrophysical

2469-9985/2022/105(5)/L052802(7) L052802-1 ©2022 American Physical Society

*Statistical methods work motivated measurements 
which pushed to previously unknown neutron-rich 
lanthanide masses across several isotopic chains
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§ Statistical methods + rare-earth nuclei work ongoing (in prep work exploring impact of Solar data uncertainties; 
theory support for two accepted proposals at ANL to measure more n-rich rare-earth masses (ex 164Nd))

§ Work on the impacts and signatures of fission in nucleosynthesis ongoing (in prep sensitivity study for neutron-
induced fission; theory support for accepted Hubble Space Telescope proposal to measure abundances of possible 
fission products in metal-poor stars)

§ Work to use LIGO data to pin down heavy element origins and search for disfavored nuclear models ongoing (in 
prep work extending NSNS merger study to elements other than Eu, in prep work incorporating NSBH mergers)

§ Future directions and synergies with the TRIUMF team

§ Interest in reducing nuclear data uncertainties near N=82 to pin down predicted shape of 2nd r-process peak 
(connection to TITAN capabilities)

§ Interest in expanding program to other processes such as supernova nucleosynthesis and i-process (connections 
with DRAGON and future TRISR neutron storage ring) 

§ Interest in the strength of the N=126 shell closure to refine predictions for 3rd peak element (ex gold) production in 
NSMs (connection with ab initio nuclear theory (newly started N=126 project w/ J. Holt))

§ Interest in dark matter and neutrino physics in explosive events such as NSMs and SN (connection with particle 
theorists (newly started dark neutron project w/ D. McKeen))



16New initiatives: Establishment of Theory Centres

§ Ab Initio Nuclear Theory Centre Strengthen TRIUMF nuclear ab initio program
§ Require additional nuclear theorist with associated postdoc position

§ Quantum many-body theory (in the future quantum computing?)
§ Intersection of nuclear and quantum chemistry ab initio theory
§ Increasing reach to heavy nuclei – connection to r-process modeling, Radioactive Molecules

§ Increase synergy with ARIEL program and the newly proposed AMO/Precision/Quantum centre
§ Build on existing strength → bigger impact

§ TRIUMF Workshop/Visitor/Education Centre
§ Model based on very successful centres such as the Institute for Nuclear Theory (INT)
§ Host multiple in-house workshop and collaboration programs year-round – cover all lab topics!
§ Program proposals would be submitted externally and reviewed by an evaluation committee
§ True workshop format: office space for participants, 2-week timeline, limited presentations.
§ Allow extended student and scientist visits from member universities/expand outreach 

https://www.int.washington.edu/


17Future of Theory @ TRIUMF: Unified first-principles approach to all nuclei
§ Key recent/future applications in structure and reactions

§ Nuclear reactions important for astrophysics and fusion energy generation such as
§ 7Be(p, 𝛾)8B, 3He(𝛼,𝛾)7Li, 12C(𝛼, 𝛾)16O, 13C(𝛼,n)16O, 3H(d,n)4He

§ Alpha clustering in nuclei and nuclear deformation
§ Structure of exotic nuclei like 11Li studied extensively at TRIUMF ARIEL
§ Further dripline studies, nuclear shell evolution and shape coexistence
§ Extension to heavy nuclei: 208Pb skin, input for r-process simulations, superheavy region(?!)

§ Ab initio theory for beyond-standard-model physics
§ gA quenching → Neutrinoless double beta decay matrix elements for all key nuclei
§ WIMP-nucleus and neutrino-nucleus scattering for dark matter/neutrino 
§ Calculations for nuclei in searches for symmetry-violating moments (eg, anapole, EDM…)
§ Superallowed beta decay for isospin mixing correction 𝛿!

§ Key applications of nuclear astrophysics
§ Guide future ARIEL/worldwide RIB experiments for interpreting astrophysical observables
§ Advance applications of statistical methods/machine learning for nuclear astrophysics
§ Leverage multi-messenger/gravitational wave era capabilities to inform fundamental nuclear physics

In synergy with experiments, ab initio nuclear theory is the leading approach to understand low-energy properties of atomic nuclei


