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Introduction
The study of rare isotopes at radioactive beam facilities 

has opened new frontiers in nuclear physics. To enable the 
discovery of model deficiencies and missing physics it is 
essential that the new insights from these experiments be 
confronted with predictive theoretical frameworks capable 
of describing the interplay of many-body correlations and 
continuum dynamics characteristic of exotic nuclei, as 
well as the nuclear reactions used to produce and study 
them. The predictive power garnered, in part, through 
this process is paramount to the use of atomic nuclei as 
a doorway to explore some of the most fundamental laws 
of the Universe through precision experiments. A pri-
mary example is neutrinoless double-beta (0νββ) decay. 
If observed, this exceedingly rare decay would provide 
definite evidence that neutrinos are their own antiparticles 
(i.e., Majorana particles), and a means to determining the 
neutrinos’ masses. Essential for this latter goal are accurate 
predictions of 0νββ nuclear transitions, which can only be 
determined theoretically. A predictive theory of nuclear 
structural and reaction properties is also desirable to aid 
in precisely determining thermonuclear reaction rates that 
play an important role in fusion-energy experiments, the 
predictions of stellar-evolution models, and simulations of 
nucleosynthetic processes. Very difficult or even impossi-
ble to measure at the relevant energies of tens to hundreds 
of keV due to the hindering effect of Coulomb repulsion, 
thermonuclear fusion rates are almost always estimated by 
extrapolation from higher-energy experimental data. With-
out the help of a predictive theory, such extrapolations can 
be a major source of uncertainty. In addition to reducing 
the uncertainty in reaction rates at very low temperatures, 
a first-principles theory can also help resolving open issues 
such as the effect of polarization induced by the strong 
magnetic fields in plasma environments (such as at the 
international project ITER in France and at the National 
Ignition Facility in the United States) on the deuterium–
tritium and deuterium–deuterium thermonuclear reaction 
rates.

What Is Understood Under Ab Initio Nuclear Theory?
At the low energies relevant for most studies of nuclear 

structure and nuclear reactions, currently the best path to 
achieving a predictive theory of nuclear properties com-
bines effective field theories of quantum chromodynam-
ics—that organize the nuclear force into systematically 
improvable expansions—with ab initio methods—that 
solve the quantum many-nucleon problem with controlled 
approximations.

In the last few years, the emergence of powerful ab initio 
approaches to nuclear structure has dramatically acceler-
ated this journey, allowing for the description of nuclei as 
heavy as 100Sn [1]. Fewer ab initio efforts have been focused 
on attaining a unified description of bound-state and con-
tinuum properties and developing techniques applicable to 
nuclear reactions. Nevertheless, since the first ab initio cal-
culation of neutron scattering on 4He in 2007 [2], progress 
has also been quite remarkable in this direction. Large-scale 
computations combined with new and sophisticated theo-
retical approaches have enabled high-fidelity predictions 
for nucleon- and deuterium-induced scattering and reac-
tions on light targets and some medium-mass nuclei, and 
the ab initio description of 3H-4He and 3He-4He scattering 
and radiative capture processes (see Ref. [3] and references 
therein) as well as 4He-4He scattering [4]. More recently, an 
avenue for arriving at the ab initio description of scattering 
and reactions in medium-mass nuclei has been opened by 
the development of optical nucleon–nucleus potentials [5].

The Ab Initio No-Core Shell Model with Continuum
To arrive at an ab initio description of low-energy nuclear 

reactions, over the past 13 years we have been develop-
ing the no-core shell model with continuum (NCSMC) [6], 
a unified framework for the treatment of both bound and 
unbound states in light nuclei. With chiral two- (NN) and 
three-nucleon (3N) interactions as the only input, we are 
able to predict structure and dynamics of light nuclei and, 
by comparing to available experimental data, test the qual-
ity of chiral nuclear forces.
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Describing a reaction—for example, the scattering of 
3He with 4He—requires addressing both the correlated 
short-range behavior occurring when the reactants are close 
together, forming a composite nucleus (7Be in our exam-
ple), and the clustered long-range behavior occurring when 
the reactants (3He and 4He in our example) are far apart. 
The NCSMC accomplishes this by adopting a generalized 
cluster expansion for the wave function of the reacting sys-
tem, which in the 7Be example is given by
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In the first term, consisting of an expansion over (square-
integrable) eigenstates of the composite system (7Be) obtained 
within the no-core shell model (NCSM) [7] and indexed by λ, 
all A nucleons are treated on the same footing. In the second 
term, corresponding to a resonating-group method [8] expan-
sion over (continuous) antisymmetrized channels the wave 
function is factorized into products of cluster components 
(4He and 3He) and their relative motion, with proper bound-
state or scattering boundary conditions. 
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Here, r→4,3 is the separation between the centers-of-mass
of 4He and 3He and ν is a collective index for the relevant 
quantum numbers. The discreet expansion coefficients cJλ

π  

and the continuous relative-motion amplitudes γν
πJ r( )  are 

obtained as a solution of the generalized eigenvalue prob-
lem derived by representing the Schrödinger equation in the 
model space of expansion (Eq. (1)).  The cluster eigenstates 
(e.g., 4He and 3He) are obtained within the NCSM with the 
same Hamiltonian used to describe the whole system. In 
general, the sum over ν includes also excited states of clus-
ters, as well as different cluster partitions.

Scattering and Gamma-Capture Reactions
Nucleon elastic scattering on 4He is the most straight-

forward process to calculate within the NCSMC. The 4He 
nucleus, also known as α particle, is tightly bound with 
the lowest excited state at 20.2 MeV. Consequently, it is 
typically sufficient to consider only the 4He ground state 
in the generalized cluster expansion (Eq. (1)).  Recently, 
n-α scattering became also treatable within the Faddeev-
Yakubovsky formalism [9]. Benchmark calculations using 
the same chiral NN interaction as input demonstrated agree-
ment between the computed phase shifts, providing vali-

dation for these two vastly different methods [9]. Having 
the capability to also include the chiral three-nucleon (3N) 
interaction in the calculations, we were able to reproduce 
the experimental phase shifts in the region of the 3/2− reso-
nance [located at about 0.8 (1.5) MeV above the 4He + n 
(4He + p) threshold], corresponding to the ground state of 
5He (5Li). That allowed us to compute the 4He(p,p)4He 
and 1H(α,p)4He proton elastic scattering and recoil reac-
tions, respectively, at energies of a few MeV per nucleon. 
These processes are the leading means for determining the 
concentrations and depth profiles of helium and hydrogen, 
respectively, at the surface of materials or in thin films. As 
seen in Figure 1, our calculated cross-sections are in a good 
agreement with experimental data [10].

Nuclear scattering and reactions involving deuterium 
(d), the deformation and breakup of which cannot be 
neglected even at low energies due to its weak binding, 
pose an additional challenge. Deuteron-α elastic scattering 
is the simplest of such processes. We successfully applied 
the NCSMC to the d-4He system and gained insight on the 
structure of 6Li resonances as well as of its bound ground 
state [11]. The deuteron deformation and breakup was 
taken into account by including proton–neutron excited 
pseudo states (i.e., a form of approximate discretization of 
the proton–neutron continuum). These calculations, carried 
out with chiral NN + 3N forces, provide a realistic descrip-
tion of 6Li and highlight the sensitivity of the system to the 
3N interaction. Omitting the chiral 3N interaction results 
in significant overestimation of the excitation energy of the 
3+ state, the lowest excitation of 6Li, as well as an under-
prediction of the splitting among the 3+-2+-1+ resonance 

Figure 1. Computed (lines) 1H(α,p)4He angular differen-
tial cross-section at proton recoil angles φp = 4◦, 15◦, 20◦, 
and 30◦ as a function of the incident 4He energy compared 
with data (symbols). Figure from Ref. [10].
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triplet, dominated by d-4He D-wave of relative motion cou-
pled with the deuteron’s S = 1 spin. This demonstrates that 
the 3N interaction contributes substantially to the nuclear 
spin-orbit force strength. The calculated elastic differential 
cross-section off the 3+ resonance region is described very 
well, as seen in Figure 2. The 6Li S- and D-wave asymp-
totic normalization constants, that is, the normalizations of 
the wave function tail, are also close to the values inferred 
from analyses of experimental data. The S-wave asymptotic 
normalization constant determines the 2H(α,γ)6Li radiative 
capture cross-section, responsible for the Big-Bang nucleo-
synthesis of 6Li.

A well-known reaction important for both Big-Bang 
nucleosynthesis and the Solar proton–proton chain is the 
3He(α,γ)7Be radiative capture. Initial NCSMC calcula-
tions of 3He-4He and 3H-3He scattering [12] were carried 
out starting from a two-nucleon Hamiltonian. The proper-
ties of the low-lying resonances as well as those of the two 
bound states of 7Be and 7Li were reproduced rather well. 
With the obtained scattering and bound state wave func-
tions, we also computed the astrophysical S-factor for the 
3He(α,γ)7Be solar fusion cross-section (Figure 3) as well as 
that of its mirror reaction 3H(α,γ)7Li [12]. At very low ener-
gies, the 3He(α,γ)7Be S-factor is in a good agreement with 
the measurements taken at the underground LUNA facility 
(Co07). However, its overall shape does not match some 
of the recent data, likely owing to an overestimation of the 

non-resonant S-wave phase shifts. A more quantitative pre-
diction will require the inclusion of chiral 3N forces. One 
interesting observation is that no microscopic theoretical 
approach is currently able to reproduce simultaneously the 
experimental normalizations of both the 3He(α,γ)7Be and 
3H(α,γ)7Li S-factors. Our calculations overpredict the latter 
[12].

Structure of Weakly Bound Exotic Nuclei
NCSMC calculations have also helped to shed light on 

the properties of halo nuclei, exotic weakly bound systems 
with one or two nucleons (typically neutrons) well-sepa-
rated from the rest of the nucleus. One of the best examples 
is 11Be, famous for the “parity-inversion” of its ground 
and first excited states. With seven neutrons, the standard 
shell model expects a 1/2− ground state with the last neu-
tron occupying the 0p1/2 level. However, experimentally 
11Be has a 1/2+ ground state bound by only about 500 keV 
with respect to the 10Be+n threshold. Understandably, the 
dynamics of the 10Be+n system need to be properly taken 
into account to realistically describe 11Be, something for 
which the NCSMC is perfectly suited. Still, the details of 
the nuclear interaction continue to play a critical role and 
only a chiral force that describes well the nuclear density 
is capable to reproduce well the 11Be properties [13]. In 
Figure 4, we show the overlap of the calculated 11Be 1/2+ 
ground-state wave function with 10Be+n as a function of 
10Be and neutron separation. The halo S-wave component 
(solid and dashed black lines) extends beyond 20 fm (i.e., 
very far beyond the range of the nuclear interaction). Also 
shown (dotted black line) is the S-wave overlap obtained 

Figure 2. Calculated (lines) and measured (symbols) center- 
of-mass angular distributions at Ed = 2.93; 6.96; 8.97, and 
12 MeV are scaled by a factor of 20, 5, 2, and 1, respec-
tively. For details, see Ref. [11].

Figure 3. Astrophysical S factor for the 3He(α,γ)7Be radia-
tive-capture processes obtained from the NCSMC approach 
compared with other theoretical approaches and with 
experiments. For details, see Ref. [12].
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from describing 11Be within the NCSM alone (i.e., without 
the 10Be + n cluster component). While the spectroscopic 
factors obtained by integrating the square of the two over-
lap functions are about the same, the NCSM result is close 
to zero already at about 8 fm.

With the availability of the first re-accelerated 10C beam 
at TRIUMF, we teamed up with the TRIUMF IRIS collabo-
ration and investigated the 10C(p,p)10C elastic scattering 
and the structure of the unbound 11N nucleus [14]. As the 
collision energy was about 4 MeV in center of mass, the 
cross-section was sensitive to the 5/2+ and 3/2− resonances 
in 11N, analogs of well-known lowest-lying resonances in 
11Be. Perhaps not surprisingly, the chiral NN + 3N force 
that described successfully the parity inversion of the 11Be 
ground state also provided the best description of the mea-
sured differential cross-section, although the overall nor-
malization was overestimated, as seen in Figure 5. Inter-
estingly this investigation demonstrated how an observable 
that is rather straightforward to measure, such as the elastic 
scattering cross-section, can be a sensitive probe of nuclear 
force models.

More complex halo nuclei are Borromean systems with 
two loosely bound neutrons. The simplest example is 6He, 
which presents a 4He-n-n three-body cluster structure with 
none of the two-body subsystems being bound. We were 
able to generalize the NCSMC formalism to include three-
body cluster dynamics [15]. The formalism and the com-

putational effort become significantly more challenging. 
Compared to binary processes, the number of channels (ν) 
increases dramatically. Further, the wave function has to 
be described up to very large hyperradial distances (on the 
order of 100 fm) to reach the asymptotic region. Because 
of the increased complexity, so far three-cluster NCSMC 
calculations do not include 3N forces. In spite of this, our 
calculations reproduce rather well the properties of the 
bound ground state of 6He (including the characteristic di-
neutron and cigar configurations of the probability distribu-
tion, shown in Figure 5 of Ref. [15], the charge radius, and 
the two-neutron separation energy) as well as its low-lying 
resonances [15].

Transfer Reactions
Ab initio approaches to nuclear dynamics hold the 

promise to provide a more profound understanding not 
only of nuclear scuttering but also complex reactions. 
The most advanced application of the NCSMC so far is 
the calculation of polarized deuterium–tritium (DT) ther-
monuclear fusion [16]. The DT fusion, that is, the (d,n) 
transfer process 3H(d,n)4He, is the most promising of the 
reactions that could power thermonuclear reactors of the 
future. This reaction, used at facilities such as ITER and 
NIF in the pursuit of sustained fusion energy production, 
is characterized by a pronounced 3/2+ resonance just 
above the DT threshold. It may lead to even more effi-
cient energy generation if obtained in a polarized state; 
that is, with the spins of the deuteron (1+) and 3H (1/2+) 
aligned. While the unpolarized DT fusion has been inves-
tigated in many experiments, very few measurements 
with polarized d and/or 3H nuclei have been performed 

Figure 4. Overlap of 11Be ground-state wavefunction with 
10B + n as a function of 10Be and neutron separation. The 
black dashed line corresponds to the original NCSMC cal-
culation for the S-wave, while the black full line is obtained 
after a phenomenological correction to fit the experimental 
threshold. The black dotted line shows the NCSM S-wave 
result that serves as one of the inputs into the NCSMC. For 
further details, see Ref. [13].

Figure 5. Measured differential cross-section of 
10C(p,p)10C(gs) at Ecm = 4.15 MeV. The curves are ab initio 
theory calculations. For details, see Ref. [14].
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due to experimental challenges. NCSMC calculations 
with modern chiral NN and 3N interactions as the only 
input were able to demonstrate the small contributions of 
partial waves with orbital momentum � > 0  in the vicin-
ity of the 3/2+ resonance. They predict the DT reaction 
rate for realistically polarized reactants and show that the 
reaction rate increases compared to the unpolarized one 
and, further, the same reaction rate as the unpolarized one 
can be achieved at a lower temperature (see Figure 6).

The Future
New technical developments of the NCSMC approach 

currently under way will allow calculations of reactions 
induced by three-nucleon projectiles; two-nucleon transfer 
processes; the description of α-clustering, α scattering, and 
capture processes; and (α, N) transfer reactions. Among 
our long-term goals are studies of systems with three-body 
clusters, for example, Borromean two-neutron halo nuclei 
such as 11Li and in general reactions with three-body final 
states.

Overall, ab initio calculations of nuclear structure and 
reactions made tremendous progress in the past decade and 
have a bright future. These calculations became feasible 
beyond the lightest nuclei; they make connections between 
low-energy quantum chromo-dynamics and many-nucleon 

systems and find applicability to nuclear astrophysics, 
nuclear reactions relevant for energy generation, as well as 
to evaluations of nuclear matrix elements needed in tests 
of fundamental symmetries and physics beyond the stan-
dard model. In synergy with experiments, ab initio nuclear 
theory is the right approach to understand low-energy prop-
erties of atomic nuclei.
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