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Background: The production of "Be and "Li nuclei plays an important role in primordial nucleosynthesis,
nuclear astrophysics, and fusion energy generation. The *He(e, y)'Be and *H(a, y)’Li radiative-capture
processes are important to determine the “Li abundance in the early universe and to predict the correct fraction
of pp-chain branches resulting in "Be versus °B neutrinos. The SLi(p, y)"Be has been investigated recently
hinting at a possible cross section enhacement near the thershold. The ®Li(n, *H)*He process can be utilized for
tritium breeding in machines dedicated to fusion energy generation through the deuteron-tritium reaction, and is
a neutron cross section standard used in the measurement and evaluation of fission cross sections.

Purpose: In this work we study the properties of "Be and "Li within the no-core shell model with continuum
(NCSMC) method, using chiral nucleon-nucleon interactions as the only input, and analyze all the binary mass
partitions involved in the formation of these systems.

Methods: The NCSMC is an ab initio method applicable to light nuclei that provides a unified description of
bound and scattering states and thus is well suited to investigate systems with many resonances and pronounced
clustering like "Be and "Li.

Results: Our calculations reproduce all the experimentally known states of the two systems and provide
predictions for several new resonances of both parities. Some of these new possible resonances are built on
the ground states of °Li and ®He, and thus represent a robust prediction. We do not find any resonance in the
p + SLi mass partition near the threshold. On the other hand, in the p + ®He mass partition of ’Li we observe
an S-wave resonance near the threshold producing a very pronounced peak in the calculated S factor of the
SHe(p, y)’Li radiative-capture reaction.

Conclusions: While we do not find a resonance near the thershold in the p + °Li channel, in the case of *He + p
reaction a resonant S-wave state is predicted at a very low energy above the reaction threshold, which could be
relevant for astrophysics and its implications should be investigated. We note though that this state lies above
the three-body breakup threshold not included in our method and may be influenced by three-body continuum

correlations.
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I. INTRODUCTION

The A =7 systems, in particular 'Be and ’Li, play an
important role in primordial nucleosynthesis, nuclear astro-
physics, and fusion energy experiments.

The *He(a, y)’Be and *H(w, y)’Li radiative-capture pro-
cesses are crucial for the determination of the primordial "Li
abundance in the early universe [1-3] and for predicting the
correct fraction of pp-chain branches resulting in "Be versus
8B neutrinos [4,5]. Measuring these reactions at the very low
solar energies required for astrophysics modeling is extremely
challenging due to the suppression of the reaction probabil-
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ity caused by the Coulomb repulsion between the reactants.
Consequently, despite the several experimental measurements
[6-14], a predictive theoretical description is needed to re-
liably guide the extrapolation of higher-energy experimental
data down to the desired solar values [15]. A summary of
the experimental status of production and destruction of "Be
at the relevant energies for astrophysics can be found in
Ref. [15].

A recent experimental investigation of the °Li(p, y)’Be
capture reaction at Lanzhou [16] hinted at a possible reso-
nant enhancement of this cross section near the threshold. If
real, this enhancement would have consequences for nuclear
astrophysics. A new experiment [17] is also in progress at
the Laboratory of Underground Nuclear Astrophysics [18]. A
theoretical investigation of S-wave resonances in 'Be is then
called for.

©2019 American Physical Society
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Furthermore, the 6Li(n, 3H)“He resonant reaction is impor-
tant for tritium breeding at facilities dedicated to the demon-
stration of fusion energy generation with deuterium-tritium
fuel such as ITER [19].

Starting from the early 1960s several theoretical papers
have been devoted to the microscopic description of the
3He(a, y)7Be and *H(a, y)7Li radiative-capture processes
[20-31]. In particular, in Ref. [26] these reactions were inves-
tigated within the ab initio no-core shell model with contin-
uum (NCSMC) using a renormalized chiral nucleon-nucleon
interaction. The calculated astrophysical S factors displayed a
reasonable agreement with experimental data.

The scope of the present work is to extend this previous
investigation of "Be and "Li nuclei published in Ref. [26]
considering all the possible binary mass partitions involved
in the formation of such systems and analyzing the spectra in
a wider energy range.

The paper is organized as follows: In Sec. II we give the
formalism of the NCSMC, while in Sec. III we display the
results for the "Be and "Li. We first show the comparison
with the experimentally known states and then we will show
our predictions for new possible resonant states. Finally, in
Sec. IV we draw our conclusions.

II. THEORETICAL FRAMEWORK

Since the aim of this paper is to extend the work of
Ref. [26], we adopt the same conditions. The starting point
of our approach is the microscopic Hamiltonian
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which describes nuclei as systems of A nonrelativistic point-
like nucleons interacting through realistic internucleon in-
teractions. For consistency with Ref. [26], we only use
the nucleon-nucleon (NVN) interaction. Typically, also three-
nucleon (3N) contributions can be taken into account. In the
present work we adopt the NN chiral interaction [32] devel-
oped by Entem and Machleidt up to the fourth order (N°LO)
in the chiral expansion. In the framework of chiral effective
field theory (EFT) [33,34], the Lagrangian is expanded in
powers of (Q/A,)", where Q is the external momentum and
A, represents the hard scale of the theory and it is chosen
of the order of 1 GeV. Such an expansion allows a systematic
improvement of the interaction and provides a hierarchy of the
NN and many-nucleon interactions which naturally arise in a
consistent scheme [35-38].

A faster convergence of the NCSMC calculations is ob-
tained by softening the chiral interaction through the simi-
larity renormalization group (SRG) technique [39—43]. The
general scheme for such a renormalization procedure is to
keep two- and three-body SRG induced terms in all calcula-
tions, even in the case when the initial chiral 3N force is not
included. In the current work, to be consistent with Ref. [26]
and due to the too high computational effort of dealing with
a three-nucleon projectile, we also discard the induced 3N
terms.

The NN potential is softened via the SRG and we evolved
the interaction up to Asrg = 2.15 fm~!, where the parameter
Asrg specifies the resolution scale at which the NN potential
is evolved. The value of Asrg adopted in this work is the same
as that one used in Ref. [26] and it has been chosen as the best
value that allows us to reproduce the experimental separation
energies of 'Be and "Li.

The NCSMC calculation of the scattering observables
requires in input the eigenstates of the two colliding nuclei
and the eigenstate of the compound system created during
the interaction process. These eigenstates are calculated with
the NCSM [44-46], an ab initio method where all nucle-
ons are considered as active degrees of freedom and the
many-body wave function is expanded over a complete set
of antisymmetric A-nucleon harmonic-oscillator (HO) basis
states containing up to Np,x HO excitations above the lowest
Pauli-principle-allowed configuration:
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Here N denotes the total number of HO excitations of all
nucleons above the minimum configuration, J* T are the total
angular momentum, parity and isospin, and i additional quan-
tum numbers. The sum over N is restricted by parity to either
an even or odd sequence. The basis is further characterized
by the frequency €2 of the HO well. Square-integrable energy
eigenstates expanded over the Np.x/i<2 basis, |[ANiJ™T), are
obtained by diagonalizing the intrinsic Hamiltonian of Eq. (1).
In this work the value of the HO frequency has been chosen
to be 2 = 20 MeV, again consistently with Ref. [26].

The NCSMC wave function is then represented as the
generalized cluster expansion. For "Be we have
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while for "Li we have
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The first term of Egs. (3) and (4) consists of an expansion
over NCSM eigenstates of the aggregate system ('Be and
"Li) indexed by A. These states are well suited to explain the
localized correlations of the two seven-body systems, but are
inadequate to describe clustering and scattering properties that
are better addressed by the second term corresponding to an
expansion over the antisymmetrized channel states in the spirit
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of the resonating group method [47-51]. For "Be we have
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The v index represents all the quantum numbers on the
right-hand side not appearing on the left-hand side and the
subscript :t% is the isospin projection, i.e., (Z — N)/2. All
these terms describe the relative motion of the two colliding
nuclei involved in the formation of the composite system
during the scattering process. Here, the coordinate 743 in
Eq. (5) is the separation distance between the center of mass
of “He and *He, while 7 ; in Eq. (6) represents the separation
distance between °Li and the proton. The same meaning holds
for the separation distances in the channel states of "Li.

The discrete expansion coefficients ¢] 7 and the continu-
ous relative-motion amplitudes y;/" T (r) are the solution of the
generalized eigenvalue problem derived by representing the
Schrddinger equation in the model space of the expansions (3)
and (4) [52]. The resulting NCSMC equations are solved by
the coupled-channel R-matrix method on a Lagrange mesh
[53-55]. We emphasize that the sums over the index v in
Egs. (3) and (4) include all the mass partitions involved in
the formation of the compound systems 'Be and ’Li. The
NCSMC calculation of these systems with the coupling be-
tween the all binary mass partitions is however beyond our
present capabilities due to the challenge of dealing with a
three-body projectile involved in the *He + “He and *H +
“He reactions. In the present work we will thus consider the
different partitions separately. Applications of the NCSMC
with a two-body projectile and with the coupling between
different mass partitions can be found in Refs. [56,57].

III. RESULTS

The NCSMC calculations require in input the NCSM
eigenstates of the colliding nuclei and of the composite
system. In this work we used eight lowest negative-parity

TABLE I. Comparison between the NCSMC and the experi-
mental relative (Ep) and total (E) energies of the J* = 3/2 and
1/27 bound states of "Be produced with the *He + *He and °Li + p
reactions. Here, the Ep energy represents the energy of the state
with respect the threshold of the reaction. All calculations were
performed at Ny, = 11 in the HO expansion and using the SRG-
evolved NN N’LO chiral interaction [32] at the resolution scale of
)LSRG =2.15 fmfl.

JT=3/2" JT=1/2"
*He + ‘He < ’Be
Epz (MeV) —1.52 —1.26
Expt. (MeV) —1.587 —1.157
E (MeV) —36.98 —36.71
Expt. (MeV) —37.60 —37.17
°Li+p < "Be

Ep (MeV) —5.73 —5.39
Expt. (MeV) —5.606 —5.177
E (MeV) —36.47 —36.13
Expt. (MeV) —37.60 —37.17

and six lowest positive-parity NCSM eigenstates for 'Be and
"Li with total angular momentum J € {1/2,3/2,5/2,7/2}
and isospin 7" = 1/2. Concerning the reactants, we used the
ground state for *“He [(J7T) = (070)] and *He CH) [(J*T) =
1/271/2], while we used four states for °Li [(J™T) =
(170), (310), (0*1), (27 1)] and two states for *He [(J*T) =
(0*1), (2*1)]. All the calculations were performed using the
SRG evolved chiral N°LO NN interaction [32] with Asrg =
2.15 fm~! and with 722 = 20 MeV. In the following subsec-
tions we present results obtained at Npn.x = 11, the largest
space we could reach for technical reasons. However, we
performed calculations also at smaller N, spaces to check
convergence.

Every single mass partition was studied separately, neglect-
ing the coupling with the other mass partitions. Depending on
the reaction under consideration, the states of the composite
system that are below the reaction threshold come out from
our calculations as bound states. In the following we will thus
show the results for "Be and "Li in two separate subsections,
presenting first the values of the ground state (3/2]) and
the first excited state (1/2]) of both systems obtained from
the calculation performed with the different mass partitions.
We will then show the results for the resonant states and the
comparison with the experimentally known ones, and we will
finally show our predictions for new possible resonances.

A. The "Be system

We studied the 'Be nucleus within the NCSMC using
the *He + *He and SLi + p reactions, which represent the
only two binary mass partitions in this system. All the other
mass partitions involve at least three reactants and are not
considered in the present work.

The relative (Ep) and total (E) energies of the J™ = 3/27
and 1/2] states of "Be computed with the NCSMC are
displayed in Table I and are compared with the correspond-
ing experimental values. Here, the Ep energies represent the
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TABLE II. Properties of the ground state of "Be computed with
the NCSM and NCSMC approaches using the *He + “He mass
partition and compared with the experimental data. The reduced
transition probabilities are from the ground state 3/2] to the first
excited state 1/2;. The ANCs C;; are shown for both the ground
state and the 1/2] state.

*He + “He NCSM  NCSMC Expt. Refs.
Fen (fm) 2.38 2.62 2.647(17) [58]
ry (fM) 2.15 2.41 2.42(4) [59]
0 (e fm?) —4.57 —6.14 -

w () —1.14 —1.16 —1.3995(5) [58]
B(E2) (e? fm*) 10.90 20.02 26(6)(3) [60]
B(M1) (u3) 1.55 1.49 -

(Cpa2)* (fm™") - 15.78 23.3+19 [61]
(Cpip2)* (fm™") - 13.22 15.910¢ [61]

energy of the state under consideration with respect the
threshold of the considered reaction. We can see that in both
cases, not only the Ep energies, but also the total ones are
in a very good agreement with the experimental values. This
is particularly true for the 3He + *He reaction, where the
difference between the theoretical and the experimental total
energies is less than 1 MeV.

In Table I we also report the properties of the ground sate
of "Be obtained from the study of the *He + “He reaction with
the NCSM and NCSMC, and we compare our results with the
existing experimental data. Besides the values of the charge
radius (rc,), quadrupole moment (Q), and magnetic dipole
moment (u), already reported in Ref. [26], Table II is now
updated with the theoretical predictions of the matter radius
and the reduced transition probabilities B(M1;3/2] — 1/2)
and B(E2;3/27 — 1/27). The experimental measurement of
the B(E2) value has been recently performed at the University
of Notre Dame [60]. Our NCSMC result is consistent with this
new measurement. Also recently, a new matter radius mea-
surement was published in Ref. [59]. Our calculation is in an
excellent agreement with the reported value. In addition, we
also present the asymptotic normalization coefficients (ANCs)
for both the ground state and the 1/2] bound state. The cluster
form factors for the two states defined by r (&’ ;TL A, |\IJ£7T 1)

°2 °2

with the ket and bra from Eqgs. (3) and (5), respectively, are
shown in Fig. 1. We can see that the NCSMC wave functions
extend beyond 10 fm.

In Fig. 2 we show the phase shifts computed with the
NCSMC and compared to the experimental spectrum of ’Be.
On the left-hand side of the figure we show the results for
the two mass partitions. The lower panel on the left con-
tains the phase shifts for the 3He + *He reaction, while the
upper panel contains the results obtained from the ®Li + p
calculation. The phase shifts are displayed as functions of the
experimental excitation energy and the experimental values of
the thresholds are displayed with the two vertical dashed lines.
The comparison between the theoretical and the experimental
resonance energies are shown in Table III. The column on the
right displays the experimental excitation energy spectrum.
The solid lines are the known resonant states with their
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FIG. 1. NCSMC cluster form factor of the "Be ground state
(solid line) and the 1/2 state (dashed line) calculated for the
“He + *He mass partition.

relative energies on the left and their J* quantum numbers
on the right, while the dashed lines show the thresholds of the
two processes, which match with the dashed lines in the left
panels.

From Fig. 2 we can clearly see that our results are in a
very good agreement with the experimental energy spectrum
and all the states are reproduced in the correct order. In the
spectrum of the *He + *He reaction we have four phase shifts
corresponding to the 7/21, 5/27, 5/25, 7/2; states, while for
Li + p we have the 5/27,5/25,7/25,3/2; states. The 7/27
state is below the °Li + p threshold and thus it is only showed
in the spectrum of the *He 4 “He process. Of course this state
comes out from the °Li + p NCSMC calculation as a bound
state, exactly as it happens for the 3/2; and the 1/2] ones.
The 3/25 state with T =3/2 at 11.01 MeV is not shown
here and it will be discussed in the mirror ’Li system. Finally,
the sharp peak in the 2F5/2 phase shift of the He + “He
spectrum and the sharp peak in the 2Ps /2 phase shift of the
®Li + p spectrum deserve a comment. Experimentally, the
cross section of the *He + “He process only shows a peak

TABLE III. Energies (E,) and widths (I') in MeV of the resonant
states of "Be computed with the NCSMC and compared with the
existing experimental data [62]. Only the resonances with 7 = 1/2
are considered and the resonance energies are given with respect the
threshold of the corresponding reaction.

NCSMC Expt.
J" E, r E, E, r
‘He + “He
7/27 3.61 0.33 2.98 4.57 0.175
5/27 4.87 1.00 5.14 6.73 1.2
7/25 9.98 0.40 7.68 9.27 -
*Li+p

5/25 1.83 0.66 1.60 7.21 0.40
/25 3.99 0.60 3.66 9.27 -
3/2; 3.24 2.19 4.29 9.9 1.8
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FIG. 2. Comparison between the theoretical and the experimental energy spectrum of ’Be. The two panels on the left show the theoretical
phase shifts of *He + *He and °Li + p scattering computed with the ab initio NCSMC method, while the column on the right displays the
experimental energy spectrum. The solid lines represents the energy states while the dashed lines show the thresholds of the two processes. The
theoretical results have been adjusted to the experimental excitation energy. The calculated thresholds are shown in Table I. In the partial wave
labels we also provide information on the target state for phase shifts not built on the ground state. Calculations were performed at Ny, = 11
in the HO expansion and using the SRG-evolved NN N3LO chiral interaction [32] at the resolution scale of Aggg = 2.15 fm ™.

in correspondence of the energy of the 5/2 state, while for
®Li + p a peak is only found at the energy of the 5/ 2 state.
Thus, the contribution of the *He + “He to the 5 /2, state is
basically negligible, exactly as it happens for the 5/27 state
in the °Li + p spectrum. Even without the coupling between
the two mass partitions, our results correctly reproduce the
contributions to the two 5/27 states in both spectra.

In Table III we display the numerical values of the energies
and widths of the known states computed with the NCSMC
and we compare our results with the experimental values,
where we also show the experimental excitation energy, for
a better comparison with Fig. 2. Both energies and widths
are nicely reproduced even though the agreement with the
experimental data is not perfect. For the *He + *He mass
partition we did not include in the table the 5/25 state, while
for °Li + p we left out the 5/27 state. These two states are
indeed too narrow and the widths are negligible in those
respective mass partitions.

In Fig. 3 we show our predictions for new possible T =
1/2 resonances that are experimentally unknown. As seen in
the experimental spectrum in Fig. 2, all known states are of
negative parity. The interesting result is that we found new
possible resonances of both parities. In Fig. 3(a) we present
the *Py /> and ®Ps), phase shifts built on the °Li ground state

and the 370 excited state, respectively. We note that the first
‘P /2 resonance has been observed experimentally in "Li, see
Sec. III B. Consequently, we expect that it should be possible
to observe it in "Be as well. The S-wave phase shifts built
on the four ®Li states included in our calculations are plotted
in panel (b). We observe a resonance behavior in particular
in the phase shifts built on the 0™ and 2* T = 1 states. The
corresponding eigenphase shifts are displayed in Fig. 3(c) and
confirm resonances in 1/2%, 3/2%, and 5/2% channels. The
resonance energies and widths of some of these predicted
resonances are summarized in Table IV. We note that all
these predicted resonances are in three-body continuum not
included in our calculations. In particular, we anticipate that
the 3/2% and 5/2% will be influenced by the three-body
continuum as the 2*1 state of °Li is rather broad.

1. The 6Li(p, y)7Be radiative capture reaction

As discussed in the Introduction, recently the ®Li(p, y)’Be
capture reaction has been investigated at Lanzhou [16] and
suggested a possible new structure just above the threshold
that has not been observed in the previous measurements
[63—66]. In our analysis, we also computed the capture reac-
tion. We do not find any resonance near the °Li + p threshold
as shown in Figs. 2 and 3. Consequently, the shape of our
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FIG. 3. Predictions of new negative- and positive-parity resonant
states in the spectrum of ’Be obtained from the NCSMC calculation
of the ®Li + p scattering. The negative-parity (positive-parity) phase
shifts are displayed in panels (a) and (b), respectively. In panel
(c) we present eigenphase shifts corresponding to the positive-parity
resonant states shown in panel (b). All shown partial waves have
isospin T = 1/2. In the phase shift partial wave labels we also
provide information on °Li states. The results are displayed as
functions of the kinetic energy in the center of mass. Calculations
were performed at Ny« = 11 in the HO expansion and using the
SRG-evolved NN N3LO chiral interaction [32] at the resolution scale
of )‘-SRG =2.15 fmfl.

calculated S factor reproduce the trend of the earlier experi-
mental data with no evidence of a new structure at very low
energy. Recently, the same reaction has been also investigated
in Refs. [67,68] with similar findings. As in our calculation the
coupling between the °Li + p and *He + *He mass partitions
is not included, our calculated S factor overestimates the data.

TABLE IV. Energies (E,) and widths (I") in MeV of some of the
new predicted resonant states of 'Be computed with the NCSMC.
Only the resonances with 7 = 1/2 are considered and the resonance
energies are given with respect the threshold of the SLi+ p mass
partition.

NCSMC
J* E, r
OLi+ p
1/2~ 4.11 2.15
5/2~ 6.79 4.47
1/2* 422 0.96
3/2% 7.26 1.69

TABLE V. Comparison between the NCSMC and the experi-
mental relative (Ep) and total (E) energies of the J* = 3/2 and
1/27 bound states of "Li produced with the *H + “He, °Li + n, and
®He + p reactions. Here, the Ep energy represents the energy of
the state with respect the threshold of the reaction. All calculations
were performed at N, = 11 in the HO expansion and using the
SRG-evolved NN N3LO chiral interaction [32] at the resolution scale
of )‘SRG =2.15 fl’l'17l .

JT =3/2" JT=1/2"
H+%He <« Li
Ep (MeV) —2.43 —2.15
Expt. (MeV) —2.467 —1.989
E (MeV) —38.65 —38.37
Expt. (MeV) —39.25 —38.77
Li+n < 'Li
Ez (MeV) —7.38 —17.05
Expt. (MeV) —7.250 —6.772
E (MeV) —38.13 —37.79
Expt. (MeV) —39.25 —38.77
He +p < 'Li
Ez (MeV) -10.39 —10.06
Expt. (MeV) —9.975 —9.498
E (MeV) —38.06 —37.73
Expt. (MeV) —39.25 —38.77

The extension of our formalism to include the coupling is
under way. It is clear that it will improve the description of
the magnitude of the § factor but it will not change its shape.

2. The *He(w, y)"Be radiative capture reaction

The S factor of the *He(a, y)’Be radiative capture calcu-
lated with the same Hamiltonian and approach as employed
in this paper was presented for kinetic energy range up to
3.8 MeV in the center of mass by black solid line in the
top panel of Fig. 5 of Ref. [26]. Recently, motivated by the
above discussed Lanzhou experiment a new ‘He(a, y)’Be
measurement has been performed in the energy range between
4 and 4.5 MeV [69], i.e., in the region just above the thresh-
old of the °Li(p, y)’Be capture. This first experiment above
3.1 MeV in the center of mass found a flat structureless S
factor. For example, at 4.42 MeV, the S34 = 0.55(4) keV b has
been reported [69]. Our calculated NCSMC S factor beyond
the range shown in Ref. [26] is monotonically increasing; at
4.42 MeV, we find S34 = 0.48 keV b, which is slightly below
the experiment [69].

B. The "Li system

We present now the results for ’Li that we obtained ana-
lyzing the *H + *He, °Li + n, and ®He + p reactions. In this
case there is one more reaction than in the 'Be case and also
here these are the all possible binary mass partitions involved
in the formation of the "Li system. Also in this case, the three
processes were studied separately.

In Table V we summarize the values of the relative and
total energies of the two 3/27 and 1/2] bound states. Since
the *H + *He reaction has the lowest energy threshold, the
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FIG. 4. The same as in Fig. 2 for ’Li and H + “He, °Li + n, and ®°He + p scattering with calculated thresholds in Table V.

experimental values are well reproduced and the difference
between the total energies is less than 1 MeV, similarly as for
3He + “He mass partition in 'Be. The agreement is also good
in the other two cases even if the differences are a bit larger.

In Table VI we display the properties of the ground state
obtained from the study of the *H + *He reaction with the
NCSM and NCSMC. The theoretical results for r.,, Q, and
wu are compared with the experimental values, and the theoret-
ical predictions of B(M1;3/27 — 1/2{) and B(E2;3/2] —
1/27) are reported. As in the "Be case, the rey, O, and B(E2)
values increase substantially when NCSMC is applied due to
the proper physical tail of the NCSMC wave functions. We
also present the NCSMC ANC:s for the ground state and the
1/2] state that compare quite well with the values extracted
from experimental data. The cluster form factors for the two
states resamble closely the "Be ones shown in Fig. 1. We
therefore do not show them.

In Fig. 4 we show the results for the phase shifts. The figure
is basically organized as Fig. 2, here the difference is that we
have three mass partitions instead of two. On the left-hand
side there are the three panels displaying the phase shifts of
the corresponding process, while on the right-hand side there
is the experimental spectrum. Again, the solid lines represent
the energy levels while the dashed lines show the reaction
thresholds. The theoretical phase shifts in three panels on
the left are adjusted to the experimental thresholds displayed
with dashed lines. As in the previous case, also for 7Li our
method is able to reproduce all the energy levels in the correct
order. Two differences must be addressed with respect the
previous case. The first difference concerns the T = 3/2 state
at 11.24 MeV, that we now discuss and demonstrate that it
is theoretically well reproduced in particular in the ®He + p
scattering. The second difference concerns the two 5/27 states
at the energies of 6.604 and 7.454 MeV, respectively. In this
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TABLE VI. Properties of the ground state of 'Li computed
with the NCSM and NCSMC approaches using the *H + *He mass
partition and compared with the experimental data. The reduced
transition probabilities are from the ground state 3/2] to the first
excited state 1/2;. The ANCs C;; are shown for both the ground
state and the 1/2] state.

*H + *He NCSM  NCSMC Expt. Refs.
Fen (fm) 2.21 2.42 2.39(3) [70]
O (e fm?) —2.67 —3.72 —4.00(3) [71]
w(aw) 3.00 3.02 3.256 [72]
B(E2) (¢* fm*) 3.49 7.12 8.3(5) [73]
B(M1) (13) 2.05 2.00 -

(Cp3p2)? (fm™1) - 1221 12.74(110) [74]
(Cpij2)* (fm™") - 9.99 9.00(90) [74]

case the threshold of the °Li + 7 reaction is exactly in between
these two states and thus only the 5/2 state appears in the
spectrum of this mass partition. The 5/2 resonance is shown
in the spectrum of the *H + *He scattering, and once again we
find a situation similar to the previous one. The experimental
cross section for *H + *He has a peak in correspondence of
the 5/2] state, while for ®Li + n the peak is found at the
energy of the 5/2; state. This experimental observation is
reproduced by our calculation and the very small contribution
to the 5/2; state from the *H + *He process can be seen in
its spectrum at the excitation energy of ~9.5 MeV. The last
comment concerns the 8P, /2 phase shifts in Li+n scattering,
that is built on the 3% state of °Li and in the figure seems to
appear at the threshold of ®He + p. This is purely accidental
and simply due to the shift of the theoretical results to the
experimental thresholds.

In Table VII we report the energies and widths of the
resonant states of 'Li computed with the NCSMC and com-
pared to the experimental values. For *H + “He reaction we

TABLE VII. Energies (E,) and widths (I") in MeV of the reso-
nant states of 'Li computed with the NCSMC and compared with the
existing experimental data [62]. The resonance energies are given
with respect the threshold of the corresponding mass partition. All
the states have isospin T = 1/2 except the 3/2; state in *He + p
which has T = 3/2.
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FIG. 5. The same as in Fig. 3 for "Li from the NCSMC calcula-
tion of the °Li + n scattering.

do not include the 5/2; state. The general agreement with
the experimental values is good, and the resonant centroids
are basically reproduced by our calculations. In this case, the
energy of the 7/2; state is better reproduced by the *Li+n
calculation, even though its contribution to the width is very
small.

Also for "Li our calculations predict new resonant states
that are shown in Fig. 5 for SLi 4 n, and in Fig. 6 for °He + J 22
respectively. The resonance energies and widths of some of
these predicted resonances are summarized in Table VIII. As

TABLE VIII. Energies (E,) and widths (I') in MeV of some
of the new predicted resonant states of ’Li computed within the
NCSMC. The resonance energies are given with respect the threshold
of the °Li + n and ®He + p mass partitions.

NCSMC Expt.
J E, r E, E, r NCSMC
H + *He JT E, r
7/27 2.79 0.214 2.18 4.652 0.069 SLi+n
5/27 4.04 0.785 4.14 6.604 0918 5/2-1/2 479 773
7/25 9.33 0.435 7.10 9.57 0437 12712 771 6.13
*Li4n 1/271/2 3.78 1.11
5/25 0.48 0.21 0.20 7.454 0.080 “He + p
3/25 1.83 1.70 1.50 8.75 4712yt 0.23 013
1/2; 2.60 2.44 1.84 9.09 2752 3p-1)2 1.94 041
7/25 291 0.039 232 9.57 0437 12-3)2 303 265
*He + p 5/273/2 4.43 2.10
3/27 1.74 0.63 1.26 11.24 0.26 3/273/2 4.55 5.21
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FIG. 6. Predictions of new negative- and positive-parity resonant
states in the spectrum of "Li obtained from the NCSMC calcula-
tion of the ®He + p scattering. The phase shifts are displayed as
functions of kinetic energy in the center of mass. All calculations
were performed at Np,x = 11 in the HO expansion and using the
SRG-evolved NN N3LO chiral interaction [32] at the resolution scale
of ASRG = 2.15 fm_l.

for "Be, all currently experimentally known "Li states have
negative parity, while our NCSMC calculations predict new
resonances of both parities. Figure 5(a) shows the ip 2 and
6P5/2 phase shifts built on the SLi ground state and the 310
excited state, respectively. We note that the first resonance in
‘P /2 partial wave corresponds to the experimentally known
state at 9.02 MeV and the phase shift is also included in Fig. 4.
The narrow resonances in the 2P /2 partial wave built on the
®He ground state presented in Fig. 6 will mix with the much
broader *P; ,2(170) partial waves in a calculation that couples
different mass partitions as well as in experiment. Conse-
quently, their widths obtained in the present calculations are
unrealistically small and we do not include these resonances
in Table VIII. We note that for 7 = 3/2, we predict a new
1/2~ resonance built on the ®He ground state as well as a
3/2~ and 5/2~ resonances built in the ®He 2*1 state, see
Fig. 6(b). As the latter state is unbound, our predictions for
the 3/2~ and 5/27 resonances are less robust than that of
the 1/27 resonance. The S-wave phase shifts built on the
four °Li and two ®He states included in our calculations are
plotted in Fig. 5(b) and Fig. 6(c), respectively. Contrary to
the situation in "Be (Fig. 3), we find resonant behavior in the
®Li + n scattering in the partial waves built on the T =01
and 3% Li states with the resonances appearing below the
T = 10% and 2+ states thresholds. In the ®He + p scattering,

the 1/2% resonace appears just above the threshold, also below
the ®Li 071 state not coupled in the present calculations.
Consequently, the prediction of the positive-parity 1/2%S-
wave resonance in °He + p appears robust. Still, we have to
keep in mind that this state is in the three-body continuum
(*He + d + n) that is not included in our calculations and, of
course, this can affect its properties.

1. The He(p, y)"Li radiative capture reaction

The sharp resonance near the threshold of the He + p
reaction suggests a resonant S factor for the ®He(p, y)'Li
radiative-capture reaction. Indeed, our calculated § factor pre-
dicts a very pronounced and sharp peak just above the thresh-
old. Its possible implications for astrophysics, if any, remain
to be investigated. As pointed out in the previous subsection,
the three-body continuum not included in our calculations
could affect this resonance and the S factor. Since we do not
include the coupling between the different mass partitions, the
magnitude of our calculated S factor is unrealistically large.
Consequently, we do not present the calculated S factor until
the coupling of the "Li mass partitions is implemented in our
formalism. Experimental investigation of the ®He(p, y)'Li
radiative capture has been performed only at energies well
above the threshold, e.g., at Esyy, = 40 MeV/A [75].

IV. CONCLUSIONS

In Ref. [26] the "Be and "Li systems have been studied
within the NCSMC approach investigating the *He + *He and
the *H + *He reactions. In the present work we extended the
work of Ref. [26] and studied these systems in a wider energy
range considering all the binary-mass partitions. In addition
to the two previous ones, here we also studied the oLi 4+ D,
®Li 4 n, and ®He + p reactions and investigated "Be and "Li
bound states as well as resonances and scattering states. Our
results provide a very good description of the experimental
energy spectrum of both systems. Not only the bound state
energies but also the resonant states are nicely reproduced in
the correct order. The widths of the known resonances are
also well reproduced. Besides these known states we found
several new resonances of both parities, some of them built on
the ground state of °Li and ®He. Finally, we also investigated
the °Li(p, y)’Be and the ®*He(p, y)’Li radiative-capture pro-
cesses. Contrary to the Lanzhou experiment, we did not find
any resonance in the S-wave near the °Li + p threshold. Our
predicted ®Li(p, y)’Be S factor is nonresonant and smooth at
low energies. On the other hand, we predict a pronounced S-
wave resonance in 'Li near the °He + p threshold that results
in a sharp peak in our predicted S factor for the *He(p, y)’Li
reaction. Its possible implications for astrophysics, if any,
remain to be investigated. It also must be noted that this state
is already in three-body continuum that we did not include in
our calculations and can thus affect our results.

The presented calculations can be improved in three ways.
First, the coupling between the different mass partitions needs
to be introduced, which would then allow to study transfer
reactions such as ®Li(n, *H)*He. Second, the chiral three-
nucleon interaction should be included. Third, the three-body
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continuum should be considered. The work on the first two
points is in progress. The third one is the most challenging
and will require more technical development.
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