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Role of direct mechanism in two-nucleon T = 0 transfer reactions in light nuclei using
the (6Li, α) probe
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Background: Two-nucleon transfer reactions provide a unique tool to understand the correlation between
nucleon pairs. Two-nucleon (pp, nn, and np) transfer reactions can occur via isoscalar (T = 0, S = 1) or
isovector (T = 1, S = 0) processes. In particular, the isoscalar pair transfer can be induced by the (α, d ) or
(6Li, α) probes. In the past, most of the isoscalar np-transfer studies were performed with the (α, d ) reaction,
but this probe is strongly momentum mismatched with respect to other two-nucleon transfer reactions.
Purpose: We aim to investigate the interplay between direct and sequential reaction mechanisms from the
analysis of experimental (6Li, α) angular distributions in light targets.
Method: Differential cross sections of (6Li, α) reactions at a beam energy of 20 MeV were measured with 12C
and 19F targets. The interplay between direct and sequential transfer mechanisms in the experimental angular
distributions was investigated with coupled-reaction-channels calculations.
Results: The experimental angular distributions of isoscalar np transfer were compared with theoretical calcula-
tions assuming a direct or a sequential reaction mechanism. Direct np-transfer calculations describe successfully
most of the angular distributions. The sequential transfer mechanism is about two orders of magnitude smaller
than the direct process.
Conclusions: The present results suggest a significant np correlation in the 12C(6Li, α) 14N∗ and
19F(6Li, α) 21Ne∗ reactions. Despite the relatively low cross section for the reactions with the asymmetric 19F
target, the direct transfer mechanism remains dominant over the sequential process. Further studies including
measurements with other asymmetric sd-shell nuclei will be required to fully understand the isoscalar and
isovector np-transfer mechanism in this nuclear region.

DOI: 10.1103/PhysRevC.106.014603

I. INTRODUCTION

Two-nucleon transfer reactions have recently attracted a
renewed interest due to their great relevance in studies of
short-range correlations and spin-isospin structure in nuclei.
In particular, two-nucleon transfer reactions provide a unique
tool to understand the interaction between nucleon pairs (pp,
nn, and np), which have significant consequences in a large
variety of subjects such as neutron stars [1,2], neutrinoless
double-β decay [3,4] and collective nuclear vibrations [5,6].

Two-nucleon transfer reactions can occur via direct or
sequential processes. The direct process is associated with
transferring a nucleon pair in a one-step reaction with certain
selection rules. The sequential process involves an interme-
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diate state that is populated via one-nucleon transfer and is
followed by a second-step reaction to transfer a second nu-
cleon. The intermediate system may also involve more than
one excited state. Experimentally, both direct and sequential
processes can not be separated, but their superposition may
have a constructive or destructive interference in the measured
cross section [7]. The one-step process can be calculated with
the first-order distorted-wave Born approximation (DWBA).
Even so, cross sections are usually underpredicted in this
approach [8]. Second-order DWBA calculations give a bet-
ter description of the two-nucleon transfer mechanism by
explicitly introducing the sequential transfer [8,9]. However,
the existence of strong inelastic excitations may significantly
impact the reaction mechanism [10,11]. Therefore, the most
consistent method to account for inelastic states in the two-
nucleon transfer reaction is the coupled-reaction-channels
(CRC) approach. Although the CRC formalism is more robust
than DWBA, this method has many advantages for describing
the direct and sequential transfer reaction. For instance, a

2469-9985/2022/106(1)/014603(14) 014603-1 ©2022 American Physical Society

https://orcid.org/0000-0002-4188-4354
https://orcid.org/0000-0002-9929-5069
https://orcid.org/0000-0002-4348-1743
https://orcid.org/0000-0001-7841-9408
https://orcid.org/0000-0003-0829-5811
https://orcid.org/0000-0001-7325-8916
https://orcid.org/0000-0003-3072-4360
https://orcid.org/0000-0002-7463-5784
https://orcid.org/0000-0002-0516-6953
https://orcid.org/0000-0001-7735-1835
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.106.014603&domain=pdf&date_stamp=2022-07-05
https://doi.org/10.1103/PhysRevC.106.014603


J. C. ZAMORA et al. PHYSICAL REVIEW C 106, 014603 (2022)

nonorthogonality term in the CRC calculations is explicitly
included [12]. Similarly, the CRC calculations do not require
adjustable parameters or normalization factors in the cross
section to describe the experimental data.

Selection rules for the transfer of a nucleon pair are char-
acterized by the intrinsic quantum numbers of the transferred
cluster: J (total angular momentum), L (orbital angular mo-
mentum), S (spin), and T (isospin). Protons and neutrons can
be coupled in pairs with different configurations depending on
the spin and isospin. For instance, a deuteronlike pair (T = 0,
S = 1) corresponds to an isospin-singlet configuration, while
the pp, nn, and np (T = 1, S = 0) form an isospin triplet.
Reaction probes such as (t, p) or (p, t ) are strongly selective
to populate states with the same initial and final spins with
isospin transfer T = 1. The (α, d ) and (d, α) reactions are
pure isoscalar probes that are used to populate states with a
spin transfer S = 1. The (3He, p) and (p, 3He) reactions pro-
vide both isoscalar and isovector transfers with spin S = 0 or
1. Therefore, depending on the selection rules and the internal
structure of the nuclei involved in a reaction, a certain probe
or a combination of them can be used to investigate isoscalar
or isovector two-nucleon transfer. In this work, the isoscalar
probe (6Li, α) [similar to (α, d )] is used to investigate the
deuteronlike transfer off 12C and 19F. Exact finite-range CRC
calculations are employed to describe the experimental angu-
lar distributions. Both bound and unbound states are included
in our calculations.

This paper is organized as follows. In Section II, the ex-
perimental conditions are described. Results and data analysis
with CRC calculations for both 12C and 19F targets are pre-
sented in Sec. III. The effect of direct and sequential transfer
mechanisms is also presented in the same Section. In Sec. IV,
a discussion of the results and a comparison with other re-
actions probes is made to evaluate the performance of the
(6Li, α) reaction in two-nucleon transfer studies. Finally, in
Sec. V, we give the main conclusions of our work.

II. EXPERIMENT

Elastic scattering and two-nucleon transfer reactions in-
duced by 6Li on 12C and 19F targets were measured at the
TANDAR facility [13]. A 6Li beam was produced and ac-
celerated via the 20-UD Tandem accelerator to an energy
of 20 MeV in the laboratory frame. The beam intensity
was measured in a Faraday cup to be approximately 5 nA.
6Li particles were transported to a 70-cm-diameter scattering
chamber located at the end of the multipurpose beam line.
The reaction targets were mounted on a remote-controlled
target ladder placed at the center of the scattering chamber.
Self-supported foils of natC (1.1 mg/cm2 thick), polytetraflu-
oroethylene (Teflon®) [C2F4] (2.6 mg/cm2 thick) and gold
(170 μg/cm2 thick) were used in the experiment.

The detector setup was composed of an array of eight
surface-barrier detectors (150 μm thick) and four silicon tele-
scope detectors �E (25 μm)-ER(150 μm) covering scattering
angles from 10◦ to 62◦. The surface-barrier detectors were
collimated with rectangular slits, defining an angular accep-
tance smaller than 0.4◦, and solid angles ranged from 0.3 msr
(most forward detector) to 0.7 msr (most backward detector).

The silicon telescopes were mounted on the side opposite
(relative to the beam axis) to the surface-barrier detector array
with an angular separation of 10◦ between adjacent detectors.
The solid angle covered by each detector was around 0.3
msr. These detectors allowed the identification of the reaction
products measured in the experiment. The normalization of
the cross section was performed using a luminosity moni-
tor that was mounted at a fixed angle of 16◦ with a solid
angle of 0.02 msr. The readout of this detector was made
with a digitizer that allows to extract the count rate in small
time intervals, which improves the sensitivity to beam-current
fluctuations. Calibration runs with a gold target were used to
normalize the count rate of this detector with the Rutherford
cross section. The cross sections were obtained with the lu-
minosity monitor data and the respective solid angle and total
events in each silicon detector. The systematic uncertainty in
the absolute cross sections determined with this procedure
was estimated to be 4%, which was dominated by the readout
accuracy of the luminosity monitor in the calibration runs.
The statistical uncertainty was below 5% for most of the
data, except for the measurements with 19F that have a typical
uncertainty at the level of 20%.

Figure 1(a) shows an example particle-identification spec-
trum for the 6Li + 12C collision measured with a telescope
detector at θlab = 27◦. As can be seen, several reaction prod-
ucts like p, d , α and 6Li are separated by different bands.
For instance, the 6Li band shows the elastic scattering and
the first 2+ excited state of 12C. The small bumps close to the
elastic scattering peak originate from target impurities (mainly
oxygen and calcium) of less than 5%. The projectile breakup
and 12C(6Li, α) 14N reaction channels are extracted from the
α band. Figure 1(b) shows a projection of this band on the 14N
excitation energy. As can be noticed, several excited states
in 14N were populated via np-transfer reactions. The energy
resolution achieved was around 400 keV FWHM (full width at
half maximum). Measurements of np transfer from 19F were
performed using a Teflon target. Reactions on carbon were
subtracted from measurements with the natC target using the
respective normalizations.

III. RESULTS

In this work, the analysis of isoscalar np transfer in
the 12C(6Li, α) 14N and 19F(6Li, α) 21Ne stripping reactions
(Elab = 20 MeV) was performed with exact finite-range CRC
calculations. As the nucleon pair transfer can take place in
both direct and sequential processes, detailed calculations for
each reaction mechanism are presented in this section. On the
one hand, a deuteronlike particle (T = 0, S = 1) is transferred
to the target nucleus (12C or 19F) in a one-step reaction. On the
other hand, the np-pair can be transferred through a sequential
mechanism involving intermediate states. In the latter case, in-
dependent of which particle (proton or neutron) is transferred
first, the intermediate reaction involves an unbound ejectile
nucleus (5Li or 5He). However, we can assume that the ejectile
particle can survive for a very short period of time to make a
secondary reaction. A detailed discussion of the role of direct
and sequential np-transfer mechanisms in the 6Li + 12C and
6Li + 19F systems is presented below. Finally, the interplay
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FIG. 1. (a) Particle identification spectrum for the 6Li + 12C col-
lision obtained from a telescope detector at 27◦ in the laboratory
system. ET corresponds to the total energy deposited in the telescope
detector, which is given by �E + ER. (b) The projected energy of the
α particles in the excitation energy of the 14N residual nucleus.

between direct and sequential transfer mechanisms will pro-
vide important information about the pairing correlation
between protons and neutrons in the reaction process.

A. Direct isoscalar np-transfer reaction

In the direct np transfer, the 6Li projectile is assumed to
be a cluster composed by a deuteronlike particle (isoscalar
np pair) orbiting an α core. In this approach, a np pair is
transferred to a target nucleus and populates excited states in
a residual nucleus (14N or 21Ne). The respective spectroscopic
amplitudes for the wave functions of the two-valence nucle-
ons were determined from shell-model calculations using the
code NUSHELLX [14]. The approach here presented, named the
microscopic-cluster model, was also considered in the analy-
sis of a two-neutron transfer in the 12C(18O, 16O) 14C stripping
reaction at 84 MeV [15]. The calculations were carried out
considering the effective Hamiltonian derived by McGlory
and Wildenthal [16]. This effective Hamiltonian was properly
built for a model space in which the valence protons and
neutrons populate the active orbits p1/2, d5/2, and s1/2 with the

single-particle energies εp1/2 = −5.696 MeV, εd5/2 = −1.668
MeV, and εs1/2 = −2.840 MeV. Moreover, the 12C nucleus
is regarded as a closed core. The one and two-body matrix
elements were obtained by a least-squares fitting, where the
calculated ground and excited states were fitted to describe
the experimental data of nuclei in the mass region A = 13–22.

A canonical transformation of coordinates to the spectro-
scopic amplitudes was performed. The individual coordinates
of both valence particles were converted into the relative mo-
tion coordinate (between the valence proton and neutron) and
the center-of-mass coordinate of the n-p system relative to the
core. Thus, the spectroscopic amplitude for the np-pair wave
function is given by [17]

SαJβJ ′ [(nl )(NL)�S; J]

=
∑

n1l1n2l1

∑
j1 j2

ŜL̂ ĵ1 ĵ2

⎧⎨
⎩

l1 1/2 j1
l2 1/2 j2
� S J

⎫⎬
⎭CL(n1l1n2l2; nlNL)

× SαJβJ ′[n1l1 j1n2l2 j2; J]. (1)

Above, SαJβJ ′ [n1l1 j1n2l2 j2; J] is the two-particle spectro-
scopic amplitude determined from the shell-model calcula-
tion considering the j j-coupling. ζ̂ = √

2ζ + 1 with ζ =
S, L, j1, j2. The expressions between braces are the 9 j co-
efficients, and CL(n1l1n2l2; nlNL) stands for the Moshinsk
brackets [18]. The quantum numbers to specify the cluster
wave function, such as the principal quantum number and or-
bital angular momentum, were determined by considering the
conservation of total quanta number (N ) in the transformation
from the individual particle coordinates to the coordinates
in the cluster space. Then, N = 2(N − 1) + L + 2(n − 1) +
l = 2(n1 − 1) + l1 + 2(n2 − 1) + l2 is satisfied. (N, L) and
(n, l ) are the quantum numbers of the wave functions that
describe the movement of the center of mass of the np cluster
around the core and the coordinate of the relative motion
between the proton and neutron that compose the np pair,
respectively. (ni, li ), with i = 1, 2, are the quantum numbers
of the single-particle wave functions.

In the present work, n = 1 and l = 0 are assumed for the
intrinsic state of the isoscalar np pair. In the Appendix, Ta-
bles IV and V present the resulting spectroscopic amplitudes
for the valence np cluster, considering the active orbits p1/2,
d5/2, and s1/2 as model space for both proton and neutron. It is
important to note that the model space used allows states with
positive and negative parities. The next part of our analysis
corresponds to the construction of the optical model (OM)
potentials.

1. Optical potentials

OM potentials are one of the ingredients needed to per-
form transfer-reaction calculations. Considering a stripping
reaction in which one particle (or structureless cluster), v, is
transferred from a projectile (a = b + v) to a target nucleus
(A), the respective transfer-matrix elements for the reaction
a + A �⇒ b + B, with B = A + v, is given by

Tαβ = 〈	 (−)
β |UbA(R ′) + vvA(r) − UaA(R)|	 (+)

α 〉. (2)
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FIG. 2. Single-channel calculations for the 12C(6Li, 6Li) 12C re-
action at 20 MeV incident energy. (i) the elastic-scattering data of the
present work. (ii) the elastic-scattering data from Ref. [22]. (a) and
(b) are the same figure but plotted with different ranges.

UbA(R ′) and UaA(R) are complex potentials that are defined to
describe the elastic scattering between the core (b) and target
(A), and projectile (a) and the target (A) nuclei, respectively.
Moreover, v(r) is a real potential, which binds the valence
particle (or structureless valence cluster) to the core nucleus.
	 (+)

α
and 	

(−)
β are the total wave functions of the initial and

final partitions, for which superscripts (−) and (+) mean the
asymptotic ingoing and outgoing wave functions, respectively.
In the DWBA approach, UbA(R ′) and UaA(R) are chosen
to describe the elastic scattering between b + A and a + A,
respectively. Then, the two-nucleon transfer is treated as a
second-order process.

The OM potential used in the CRC calculations is based on
the São Paulo potential (SPP) [19]. In order to test the capabil-
ity of the SPP to describe the elastic scattering of the 6Li + 12C
and 6Li + 19F systems, single-channel OM calculations were
performed. In this approach, an OM potential is constructed
with the SPP using normalization coefficients for the real (1.0)
and imaginary (0.78) parts as U (R) = (1.0 + 0.78i)V LE

SP (R).
The systematic coefficient 0.78, for the imaginary part, has
been shown to describe elastic scattering in the energy region
where couplings to the elastic channel are not relevant [20,21].
Figures 2(a) and 3(a) show the angular distributions up to

FIG. 3. Single-channel calculations for the 19F(6Li, 6Li) 19F re-
action at 20 MeV incident energy. (a) and (b) are the same figure but
plotted with different ranges.

θc.m. = 90◦ for the elastic scattering of both 6Li + 12C and
6Li + 19F collisions, respectively.

As can be noticed, the SPP (dashed red line) provides a
reasonably good agreement of the elastic scattering compared
to the experimental data. However, it is well known from
previous experiments (see for example Ref. [22]) that the
elastic-scattering cross section, for the 6Li + 12C system, has
a different trend above 90◦ than the SPP prediction [Fig. 2(b)].
Experimental data from Ref. [22] (Elab = 20 MeV) were
also included in Fig. 2(b) for comparison. As can be seen,
the experimental cross section increase at backward scat-
tering angles. This effect has also been reported for other
light systems such as 4He + 12C, 4He + 14N, 4He + 16O [23],
9Be + 12C [22], 16O + 12C [24,25], and 7Be + 9Be [26]. In
the last three systems, the elastic-transfer reaction channel

TABLE I. Parameters of the spin-orbital interaction and imag-
inary part of the optical potential used in the single-channel OM
calculations.

System W (MeV) rw (fm) aw (fm)

6Li + 12C 6.03 1.293 0.76
6Li + 19F 19.0 1.230 0.97

System Vs.o. (MeV) rs.o. (fm) as.o. (fm)

6Li + 12C 1.00 1.16 0.65
6Li + 19F 2.00 1.16 0.65
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TABLE II. Parameters of the spin-orbital interaction and imag-
inary part of the OM potential used in the transfer reaction
calculations with a 12C target.

System W (MeV) rw (fm) aw (fm)

6Li + 12C 10.6 1.103 0.56
4He + 14N 5.66 0.900 0.60

System Vs.o. (MeV) rs.o. (fm) as.o. (fm)

6Li + 12C 1.00 1.16 0.65
4He + 14N 1.84 1.32 0.45

also contributes at the backward angular region of the cross
section [22,25,26]. Therefore, the theoretical results for the
elastic-scattering derived by the SPP, with a 0.78 coefficient
in the imaginary part, do not reproduce the trend at backward
angles for the 6Li + 12C system. This might be explained due

FIG. 4. Coupling scheme considered for the projectile and target
overlaps in the 12C(6Li, α) 14N reaction.

FIG. 5. Elastic-scattering angular distribution, for the 6Li + 12C
collision, obtained from CRC calculations (a). The inelastic-
scattering angular distribution for the projectile excitation to the first
3+ (2.19 MeV) state was obtained from the CRC calculations (b).
The inelastic scattering data were extracted from Ref. [22].

to the fact that the SPP is a double-folding interaction which
is very absorbing at the nuclear interior. Thus, collisions with
very small impact parameters feel a stronger nuclear potential
removing too much flux from the elastic scattering channel.
In order to properly describe the experimental data at back-
ward angles, the imaginary part of the OM was replaced by
a shallow Woods-Saxon potential and a real spin-orbit term
considering the parameters given in Table I. The resulting
elastic-scattering cross section using this hybrid potential is
presented in Fig. 2 with a black solid line [see panels (a)
and (b)]. Now, the angular distribution below 90◦ is slightly
improved, and the increase in the cross section at backward
angles is well reproduced.

The situation for the 6Li + 19F elastic scattering is some-
what different from the theoretical point of view (see Fig. 3).
The predicted differential cross section for this system re-
mains decreasing above 90◦, even with the hybrid OM
potential (see Table I). Experimental data for this system are
very scarce, so no data at backward angles were found in
the literature to compare with our results. However, measure-
ments of 6Li backscattering on 19F were reported in Ref. [27].
The elastic scattering cross section at θc.m. = 150◦ was mea-
sured at incident energies from 2.5 to 7 MeV. The ratio of the
experimental and Rutherford cross sections decreases rapidly
with the beam energy, in particular above the Coulomb bar-
rier. It is clear that the energies covered in Ref. [27] are at
least a factor 3 smaller than our experimental data, but the
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TABLE III. Parameters of the spin-orbital interaction and imagi-
nary part of the optical potential used in the transfer calculations with
a 19F target.

System W (MeV) rw (fm) aw (fm)

6Li + 19F 12.0 1.03 1.07

System Vs.o. (MeV) rs.o. (fm) as.o. (fm)

6Li + 19F 1.00 1.16 0.65

overall trend of the backscattering cross section suggests that
the angular distribution above 90◦ should decrease for higher
incident energies.

2. One-step 12C(6Li, α) 14N∗ reaction

Exact finite-range CRC calculations were performed us-
ing the code FRESCO [12,28]. As explained above, the OM
potentials used in the calculations were composed of the
SPP [19] and Woods-Saxon interactions for the real and
imaginary parts, respectively. These hybrid OM potentials
were employed to properly account for the elastic-scattering
cross sections in the 6Li + 12C and 4He + 14N systems. In
contrast to the single-channel calculation presented in the
previous section, several excited states in 14N were coupled
in the calculation. As the experimental data comprised also
unbound (resonance) states, opened-transfer channels were
explicitly included to solve the coupled equations. In this case,
the imaginary part of the OM potential was renormalized in
order to reduce the absorption of flux, and to avoid double
counting. The parameters in Table II were considered for the
imaginary part of the respective OMs. These Woods-Saxon
interactions account for the dissipative processes concerning
the still missing couplings, such as the breakup process of
the projectile 6Li in the initial partition and couplings among
the states of the 14N nucleus in the final partition. The core-
core (4He + 12C) OM potential was obtained from the SPP
interaction with the normalization coefficients set to U (R) =
(1.0 + 0.78i)V LE

SP (R). The post representation was considered
to determine the transfer-matrix elements using complex rem-
nant terms of the potential. The respective nonorthogonality
terms were also included in the calculation.

The coupling scheme considered for the target overlaps in
the isoscalar np-transfer calculation is presented in Fig. 4. In
total, 21 (9 bound and 12 unbound) states in 14N were as-
sumed for the CRC calculation. The spectroscopic amplitudes
for the valence particle (deuteronlike particle) are given in
Table IV (see Appendix). The spectroscopic amplitudes for
excited states above the proton separation energy (Sp = 7.55
MeV) were assumed to be equal to 1. The spectroscopic
factors (SFs) for the valence np-cluster in the 6Li ground state
were extracted from Ref. [29]. SF = 0.69 and SF = 0.04 were
used in the calculations for the L = 0 and L = 2 components,
respectively. These spectroscopic factors are consistent to the
ones reported in other works [30,31]. The coupling scheme
also involved a projectile (6Li) excitation of the first 3+ reso-
nant state at 2.19 MeV. The Coulomb and nuclear potentials
were deformed for the description of this excited state. A

TABLE IV. Spectroscopic amplitudes for the projectile and tar-
get overlaps wave functions considered in the d-transfer calculation
in the 12C(6Li, 4He) 14N reaction.

Initial state N L S J Final state S.A.

12Cg.s.(0+) 2 0 1 1 14Ng.s.(1+) 0.134
12Cg.s.(0+) 1 2 1 1 14Ng.s.(1+) −0.599
12Cg.s.(0+) 3 0 1 1 14Ng.s.(1+) 0.040
12Cg.s.(0+) 2 2 1 1 14Ng.s.(1+) 0.016
12Cg.s.(0+) 2 0 1 1 14N3.95(1+) −0.005
12Cg.s.(0+) 1 2 1 1 14N3.95(1+) 0.024
12Cg.s.(0+) 3 0 1 1 14N3.95(1+) 0.504
12Cg.s.(0+) 2 2 1 1 14N3.95(1+) −0.055
12Cg.s.(0+) 2 1 1 0 14N4.92(0−) −0.646
12Cg.s.(0+) 2 1 1 2 14N5.11(2−) −0.400
12Cg.s.(0+) 1 3 1 2 14N5.11(1−) −0.153
12Cg.s.(0+) 2 1 1 1 14N5.69(3−) 0.527
12Cg.s.(0+) 1 3 1 3 14N5.83(1+) 0.577
12Cg.s.(0+) 2 0 1 1 14N6.20(1+) −0.024
12Cg.s.(0+) 1 2 1 1 14N6.20(1+) 0.107
12Cg.s.(0+) 3 0 1 1 14N6.20(1+) 0.022
12Cg.s.(0+) 2 2 1 1 14N6.20(3+) 0.101
12Cg.s.(0+) 2 2 1 3 14N6.45(2+) 0.540
12Cg.s.(0+) 2 2 1 2 14N7.03(1+) −0.342

B(E2; 1+ → 3+) value of 21.8 e2fm4 [32–34] was used in the
calculations. Moreover, a quadrupole deformation parameter
of β2 = 1.51 was considered in the couplings of the 1+ → 3+
transition and reorientation of the 3+ excited state [32]. The
quadrupole deformation parameter used for the ground-state
reorientation was β2 = −0.079 [32]. A SF = 1.0 value was
adopted for the 〈6Li∗(3+)|4He(0+)〉 overlap.

The predicted angular distributions for the elastic and
inelastic scattering obtained from the CRC calculation are
presented in Fig. 5. The effect due to the fully coupling
configuration in the angular distribution for the elastic scat-
tering, in comparison with the single-channel calculation, is
observed mostly at angles above 30◦. Even so, the predicted
cross section is still in good agreement with the experimental
data. Also, the agreement between theoretical prediction and
experimental data for the projectile 3+ (2.19 MeV) excited
state is remarkable. The experimental angular distributions
for the low-lying states in 14N populated via isoscalar np
transfer are shown in Fig. 6. The results of the CRC cal-
culation for each state are also presented in the figure. In
general, the agreement between theory and experiment is quite
good, despite of the simplicity of the adopted model. As can
be noticed, the agreement with the experimental data for the
1+ states (L = 0) is fairly good. Given that the experimental
energy resolution was about 400 keV, a few states between 5
and 7 MeV were not able to be separated in the data. However,
the contribution of those states which were not well separated
can still be disentangled by considering the respective pre-
dicted cross sections. For example, the angular distribution
at 5.7 MeV [Fig. 6(d)] shows that the experimental angular
distribution has a contribution of both 1− (5.69 MeV) and
3− (5.83 MeV) excited states. The incoherent sum of both
contributions describes the experimental data, in particular for

014603-6



ROLE OF DIRECT MECHANISM IN TWO-NUCLEON T = 0 … PHYSICAL REVIEW C 106, 014603 (2022)

FIG. 6. Experimental angular distributions of the 12C(6Li, α) 14N reaction for several bound states in 14N. The curves are the prediction
from CRC calculations. See text for details.

the most backward angles. Similarly, the angular distribution
at 6.3 MeV [Fig. 6(e)] is very well reproduced by the 3+ (6.45
MeV) state that is dominant over the 1+ (6.20 MeV). For
the 2+ state at 7.05 MeV, the predicted angular distribution
slightly overestimates the experimental data (7.0 MeV), but it
is still in a reasonable agreement.

It is important to mention that the 0− (4.92 MeV) excited
state is an unnatural parity transition that is not only character-
ized by the intrinsic state of a deuteronlike particle with n = 1
and l = 0, but also other configurations might contribute to
populate this state. In order to investigate the role of different
valence-deuteron wave functions on the transfer reaction, a
3D1 part was introduced in the wave function of the relative
motion of the np pair. The resulting contributions of the intrin-
sic s wave (blue dashed curve) and d wave (green dash-dotted
curve) are shown in Fig. 7. As can be noticed, considering

FIG. 7. The contribution of the intrinsic s and np wave functions
of the deuteron valence for the transfer differential cross section of
the 4Heg.s.(0+) + 14N4.92(0−) channel. See text for details.

both intrinsic states improves the agreement between theory
and experiment, although the oscillation pattern exhibits a 7◦
shift to lower angles.

The angular distributions for the excited states in 14N above
the proton separation energy (Sp = 7.55 MeV) are shown in
Fig. 8. The theoretical predictions for the direct np-transfer
cross sections are presented in the same figures. As can be no-
ticed, the predictions for the 4− (8.49 MeV), 2− (9.39 MeV),
and 1+ (9.70 MeV) states [Figs. 8(a), 8(b), and 8(c)] slightly
overestimate the experimental angular distributions, mostly at
forward angles. This is probably related to the assumption of
spectroscopic amplitudes for these states being set to 1. On the
other hand, the shapes of the theoretical angular distributions
for the unnatural parity states 2− (9.39 MeV) [Fig. 8(c)] and
1+ (9.70 MeV) [Fig. 8(d)] reproduce the experimental trend
when the transferred angular momentum is assumed to be
L = 3 and L = 2, respectively.

Considering that the excited states at 11 and 12.5 MeV [see
Figs. 8(e) and 8(f)] are above the deuteron separation energy
(Sd = 10.27 MeV), the overlap wave functions 〈12C|14N〉 can
be represented by narrow bins in the continuum space. Each
bin state, with eigenvalue of energy εα and width δεα , is gen-
erated by a superposition of scattering states of the composite
system 12C +d , so that the averaged radial wave function is
given by

ϕα (r) = 1

Nεα

∫ ε+
α

ε−
α

�α (ε)uε (r)dε. (3)

�α (ε) is a weight function centered in εα and the
normalization constants Nεα

are defined by N2
εα

=∫ ε+
α

ε−
α

[�α (ε)]2dε [35–38]. The orbital angular momentum
L of the bin states must satisfy the parity and momentum
conservation intrinsic to the transfer mechanism. Bin widths
were carefully chosen so that the lower limit of one bin

014603-7



J. C. ZAMORA et al. PHYSICAL REVIEW C 106, 014603 (2022)

FIG. 8. Experimental angular distributions of the 12C(6Li, α) 14N reaction for several unbound states in 14N (above the proton separation
energy, Sp = 7.55 MeV). The curves are the prediction from CRC calculations. Other components (o.c.) such as the 4− (12.41 MeV), 4− (12.42
MeV), and 3− (12.70 MeV) unbound states were included in the angular distribution at 12.5 MeV (f). See text for details.

coincides with the upper limit of the next bin state. For
instance, the excited states with eigenvalues of energies
equal to 11.05 and 11.07 MeV were described by bins of
δεα = 0.02 MeV with total angular momenta J = 3 and
J = 1, respectively. A similar procedure was used to predict
the angular distribution at Ex = 12.5 MeV in Fig. 8(f). As
can be seen, the agreement between theory and experiment
for the angular distributions of the states above the deuteron
separation energy is fairly good. However, it is clear that
contributions from other excited states might be missing in
the calculation for this relatively high-excitation energy range
to better describe the experimental angular distribution.

3. One-step 19F(6Li, α) 21Ne∗ reaction

The procedure for the isoscalar np-transfer reaction analy-
sis in the 6Li + 19F system was similar to the one adopted in
the previous section for the 12C data. However, the 19F nucleus
brings an extra challenge due to the complexity of its nuclear
structure. As 19F is an odd-mass nucleus, several low-lying ex-
cited states are located close to its ground state; in particular,
the first two excited states are below Ex = 200 keV. Therefore,
the couplings with inelastic states in the target nucleus can
play a significant role in the direct transfer mechanism.

Similarly, finite-range CRC calculations were performed to
obtain the isoscalar np-transfer cross sections. The real part of
the OM interaction in the initial partition was calculated using
the double-folding SPP potential. The imaginary part was
obtained from a Woods-Saxon potential with the parameters
presented in Table III. These parameters were slightly mod-
ified from the single-channel calculation (Table I) to reduce
the absorption range from the imaginary potential due to a
few inelastic channels in the entrance partition and couplings
with transfer channels that were explicitly included. Thus, the

OM potential in the initial partition, presented in Table III,
provides a very well description of the elastic scattering of the
6Li + 19F system, as can be observed in Fig. 9. For the final
partition (4He + 21Ne) and core-core interaction (4He + 19F),
the SPP was used in both real and imaginary parts of the
OM potential. The usual strength coefficients Nr = 1.0 and
Ni = 0.78 were considered. The imaginary part absorbs the
flux corresponding to opened channels that are not explicitly
included in the solutions of the coupled-reaction-channels
system of equations [20,21].

The coupling scheme for the projectile and target over-
laps considered in the calculations is shown in Fig. 10. The
spectroscopic amplitudes for the np-valence pair are given
in Table V (Appendix). First, couplings with the 19F ground
state (dashed black arrows in Fig. 10) were considered in
the calculation. Then, couplings with two excited states in

FIG. 9. Elastic-scattering angular distribution, for the 6Li + 19F
collision, obtained from CRC calculations.
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FIG. 10. Coupling scheme considered for the projectile and tar-
get overlaps in the 19F(6Li, α) 21Ne reaction.

19F (dotted brown and full green arrows in Fig. 10) were
introduced to verify their effect on the angular distributions.
The 5/2+ and 9/2+ states in 19F with excitation energies of

197 and 2780 keV, respectively, were considered in this proce-
dure. The quadrupole deformation parameter β2 = 0.46 [39]
was used to deform the Coulomb and nuclear potentials, and
to derive the reduced electric and nuclear matrix elements
which connect the target ground state to the 5/2+ state within
the rotational model. Similarly, a quadrupole deformation
of β2 = 0.42 [39] was considered in the 19F2.780(9/2+) →
19F0.197(5/2+) transition.

The experimental angular distributions of the
19F(6Li, α) 21Ne∗ reaction are shown in Fig. 11. The
theoretical predictions for each state are also included in
this plot. As can be observed, a reasonable good agreement
with the experimental data is achieved with the present CRC
calculations. Due to the experimental energy resolution (400
keV), more than one excited state in 21Ne may be contributing
in the experimental angular distributions. For example, the
ground state and the first excited state are off by only 351 keV.
Therefore, a way to disentangle the different contributions
is to explicitly couple these states to describe the data with
a incoherent sum of angular distributions. For instance, the
experimental cross section of the np transfer to the 21Ne
ground state [shown in Fig. 11(a)] is described after including
the angular distribution of the 5/2+ state at 351 keV. The only
state around Ex = 1.7 MeV is the 7/2+ (1.75 MeV), so just
the prediction of this state is able to describe the experimental
data [see Fig. 11(b)]. The theoretical prediction is also in
agreement with the angular distribution at 2.7 MeV. The
dominant component 1/2+ (2.79 MeV) [Fig. 11(c)] describes
the data below 40◦. The other components 1/2− (2.79 MeV)
and 9/2+ (2.87 MeV) have a small contribution to the cross
section, mostly at larger angles. For the angular distributions
corresponding to the experimental peaks at 3.7 and 4.5
MeV [Figs. 11(d) and 11(e)], the theoretical predictions

FIG. 11. Experimental angular distributions of the 19F(6Li, α) 21Ne reaction populating a few states in 21Ne. The curves are the prediction
from CRC calculations. Note that the lower angular distributions at 2.7 (c) and 4.5 MeV (e) were scaled by factors of 20 and 3, respectively.
Other components (o.c.) such as the 11/2+ (4.43 MeV) and the 3/2− (4.72 MeV) excited 21Ne states around 4.5 MeV were included in the
calculation (e). See text for details.

014603-9



J. C. ZAMORA et al. PHYSICAL REVIEW C 106, 014603 (2022)

FIG. 12. Comparison between the direct and sequential np-
transfer mechanisms of the np-cluster angular distribution for the
19F(6Li, 4Heg.s.) 21Neg.s. (a) and 12C(6Li, 4Heg.s.) 14Ng.s. (b) reactions.

were somewhat lower than the experimental data. The cross
sections for these excited states may have contributions
from other states or a possible background component. The
theoretical angular distributions of all possible contributing
direct reaction channels in each case were obtained in the
present CRC calculations. However, even the incoherent sums
of these components are below the experimental data. Further
studies of transfer reactions populating these states can be
important to understand a possible quenching of the isoscalar
np transfer in sd-shell nuclei, as also observed in Ref. [40].

B. Two-step np-transfer reaction

The sequential np-transfer mechanism in the
12C(6Li, α) 14N∗ and 19F(6Li, α) 21Ne∗ reactions was
investigated with the coupled-channels Born approximation
(CCBA) approach. The prior exact finite-range representation
was used in the calculations with the code FRESCO [12,28].
Two different paths were considered in the sequential transfer
mechanism. In the first path, a valence neutron in 6Li
is transferred to the target nucleus, and then a proton is
transferred sequentially in an intermediate partition. The
second path corresponds to an inverted order of neutron and
proton transfers. In both cases, the intermediate partition
involves an unbound projectilelike nucleus (5He or 5Li).
However, in the present calculations it is assumed that the
reaction takes place just before the unbound particle decays.

The OM potentials for the initial and final partitions were
the same ones used in the direct np-transfer calculations. The
SPP interaction was used for the intermediate partitions with
the strength coefficients Nr = 1.0 and Ni = 0.78 for the real
and imaginary parts, respectively. The single-particle wave

FIG. 13. Comparison of np-transfer probes. The height of the
histogram bars corresponds to the ratio between the angular-
integrated cross section of the excited state and the ground state. The
(3He, p) data (a) were extracted from Ref. [47], and the (α, d ) data
(b) from Ref. [48].

functions for the target and projectile overlaps were generated
from Woods-Saxon potentials with reduced radii and diffuse-
ness set to typical values of 1.20 fm and 0.60 fm, respectively.
The depths of these potentials were varied to fit the exper-
imental one-neutron and one-proton binding energies. The
spectroscopic amplitudes for the single-particle wave func-
tions of the p-valence and n-valence particles were determined
from shell-model calculations. These structure calculations
were carried out considering the same model space and ef-
fective interaction used in the direct np-transfer calculation
presented in the previous section.

The cross sections obtained from the sequential np-
transfer mechanism underpredict the experimental data, of
both 12C(6Li, α) 14N∗ and 19F(6Li, α) 21Ne∗ reactions, by sev-
eral orders of magnitude. For example, Fig. 12(b) shows the
result for the sequential transfer of n-p and p-n paths, in the
6Li + 12C system, populating the 14N ground state. As can
be seen, the sequential transfers are two orders of magnitude
smaller than the experimental data and the direct np-transfer
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FIG. 14. Comparison of states populated in the mirror nuclei
21Na (a) and 21Ne (b) via nn-transfer and np-transfer reactions,
respectively. The height of the histogram bars corresponds to the
ratio between the angular-integrated cross section of the excited state
and the ground state. The 23Na(p, t ) 21Na data was extracted from
Ref. [51].

angular distributions. This result provides a strong evidence
of the isoscalar two-nucleon correlation in the 14N excited
states. A similar result was observed in the 19F(6Li, α) 21Ne∗

reaction. The sequential mechanism is at least two orders of
magnitude smaller than the data and the direct transfer predic-
tion, as shown in Fig. 12(a). Although the cross sections with
the 19F target are smaller than for the 12C case, the direct np
transfer remains dominant over the sequential transfer mech-
anism in both systems. However, it has been observed that
the two-neutron sequential transfer plays a significant role in
the reaction mechanism involving medium-mass nuclei such
as 28Si [41] or 64Ni [42]. Therefore, the interplay between di-
rect and sequential two-nucleon transfer might be intrinsically
related to the nuclear structure of the target nuclei.

IV. DISCUSSION

The interplay between direct and sequential two-nucleon
transfer has been widely discussed in the past. In particular,
the enhancement of the direct two-nucleon transfer over the
sequential transfer mechanism has important consequences in
pairing correlations in nuclei [5,43]. In the case of a domi-
nant direct reaction process, the correlation between nucleon
pairs is expected to be significant, while a strong sequential
transfer mechanism leads to a weak nucleon pair correla-
tion. Thus, the observed dominance of direct two-nucleon
transfer in this work suggests a strong np correlation in the
12C(6Li, α) 14N∗ and 19F(6Li, α) 21Ne∗ reactions. The present
results are consistent with quasielastic knockout experiments
using high-energy electrons [(e, e′ pp), (e, e′ pn)] on 4He and

12C targets [44,45]. These experiments demonstrated that the
correlation between np pairs in such a light nuclei is nearly
20 times more prevalent than that between pp pairs and, by
inference, nn pairs.

In the past, the mechanism of the 12C(6Li, α) 14N∗ reac-
tion has been interpreted as a multistep process [31]. A poor
description of the ground state angular distribution with the
CCBA approach was associated with a significant contribution
of the sequential transfer mechanism. However, only excited
states in the target and projectile nuclei were taken into ac-
count as well as a few specifics states in the 14N. In our
work, it was observed that the contribution in the transfer
reaction cross sections due to couplings with excited states
in the target nucleus was small. On the other hand, the cou-
pling with the 3+

1 (2.19 MeV) excited state in 6Li exhibits a
stronger contribution. The full coupling scheme assumed for
the target overlap affected all the reaction channels, mainly
the couplings with high-excitation energy states in 14N (e.g.
continuum states) that are explicitly considered in the final
partition. Therefore, a consistent analysis about the interplay
between direct and sequential two-nucleon transfer requires a
robust coupling mechanism including states of both initial and
final partitions.

The np-transfer reaction can be investigated in experiments
with the (3He, p), (α, d ), and (6Li, α) probes. On the one
hand, the (α, d ) and (6Li, α) probes predominantly transfer
isoscalar np pairs (deuteronlike particle). On the other hand,
the (3He, p) reaction induces both isoscalar and isovector np
transfers in nuclei. Figure 13 shows a comparison of the three
probes using a 12C target. The horizontal axis corresponds to
the 14N excitation energy and the vertical axis is the ratio
between the angular-integrated cross sections of the excited
and ground states. A clear difference in the spectra is seen
in the missing T = 1 states [46] (2.31 MeV and many above
8 MeV) in the (α, d ) [Fig. 13(b)] and (6Li, α) [Fig. 13(c)]
data. It is also interesting to see the ratio of the first 1+

1 (3.95
MeV) state in the three cases. While the (6Li, α) probe exhibit
a ratio of about 3, only about half of this value is observed in
the (3He, p) [Fig. 13(a)] reaction and even less for the (α, d )
case. The two main reasons for this difference are the strong
T = 0 filter and good momentum matching of the (6Li, α)
probe. In particular, the momentum matching enhanced for
low L values in the (6Li, α) reaction can be observed in
the strength of excited states with respect to the (α, d )
probe.

In the case of np transfer in a 19F target, the nuclear
structure of the involved nuclei plays an important role in the
reaction mechanism. For instance, the proton-neutron asym-
metry in nuclei increases the Fermi level difference and,
consequently, reduces the np-transfer cross section. This ef-
fect has interesting implications in studies of asymmetric
nuclear matter in stellar media [49]. In particular, np-transfer
cross sections in 19F are two orders of magnitude smaller than
transfers in the symmetric nucleus 12C. Apparently, an extra
neutron in the 1d5/2 shell provides a Pauli blocking effect in
the np-transfer process. Nevertheless, the dominance of the
direct-reaction mechanism in 19F also suggests a significant
np correlation even in such a asymmetric nucleus. The domi-
nance of the np correlation in asymmetric nuclei has also been
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TABLE V. Spectroscopic amplitudes for the projectile and target
overlaps wave functions considered in the np-transfer calculation in
the 19F(6Li, 4He) 21Ne reaction.

Initial state N L S J Final state S.A.

19Fg.s.(1/2+) 2 0 1 1 21Neg.s.(3/2+) −0.016
19Fg.s.(1/2+) 1 2 1 1 21Neg.s.(3/2+) 0.070
19Fg.s.(1/2+) 3 0 1 1 21Neg.s.(3/2+) 0.135
19Fg.s.(1/2+) 2 2 1 1 21Neg.s.(3/2+) −0.049
19Fg.s.(1/2+) 2 2 1 2 21Neg.s.(3/2+) 0.028
19Fg.s.(1/2+) 2 2 1 2 21Ne0.35(5/2+) −0.110
19Fg.s.(1/2+) 2 2 1 3 21Ne0.35(5/2+) −0.101
19Fg.s.(1/2+) 2 2 1 3 21Ne1.75(7/2+) 0.131
19Fg.s.(1/2+) 2 1 1 0 21Ne2.79(1/2−) 0.079
19Fg.s.(1/2+) 2 1 1 1 21Ne2.79(1/2−) 0.117
19Fg.s.(1/2+) 2 0 1 1 21Ne2.79(1/2+) −0.007
19Fg.s.(1/2+) 1 2 1 1 21Ne2.79(1/2+) 0.032
19Fg.s.(1/2+) 3 0 1 1 21Ne2.79(1/2+) −0.202
19Fg.s.(1/2+) 2 2 1 1 21Ne2.79(1/2+) −0.023
19Fg.s.(1/2+) 2 1 1 1 21Ne3.66(3/2−) −0.006
19Fg.s.(1/2+) 2 1 1 2 21Ne3.66(3/2−) 0.112
19Fg.s.(1/2+) 1 3 1 2 21Ne3.66(3/2−) 0.043
19Fg.s.(1/2+) 2 2 1 2 21Ne3.74(5/2+) 0.063
19Fg.s.(1/2+) 2 2 1 3 21Ne3.74(5/2+) 0.009
19Fg.s.(1/2+) 2 1 1 2 21Ne3.88(5/2−) −0.012
19Fg.s.(1/2+) 1 3 1 2 21Ne3.88(5/2−) −0.005
19Fg.s.(1/2+) 1 3 1 3 21Ne3.88(5/2−) 0.076
19Fg.s.(1/2+) 2 2 1 2 21Ne4.53(5/2+) 0.067
19Fg.s.(1/2+) 2 2 1 3 21Ne4.53(5/2+) −0.073
19Fg.s.(1/2+) 2 0 1 1 21Ne4.69(3/2+) −0.001
19Fg.s.(1/2+) 1 2 1 1 21Ne4.69(3/2+) 0.003
19Fg.s.(1/2+) 3 0 1 1 21Ne4.69(3/2+) 0.038
19Fg.s.(1/2+) 2 2 1 1 21Ne4.69(3/2+) −0.013
19Fg.s.(1/2+) 2 2 1 2 21Ne4.69(3/2+) 0.096
19Fg.s.(1/2+) 2 1 1 1 21Ne4.69(3/2+) 0.009
19Fg.s.(1/2+) 2 1 1 2 21Ne4.69(3/2+) −0.017
19Fg.s.(1/2+) 1 3 1 2 21Ne4.69(3/2+) −0.006
19F0.197(5/2+) 2 0 1 1 21Neg.s.(3/2+) 0.003
19F0.197(5/2+) 1 2 1 1 21Neg.s.(3/2+) −0.013
19F0.197(5/2+) 3 0 1 1 21Neg.s.(3/2+) 0.028
19F0.197(5/2+) 2 2 1 1 21Neg.s.(3/2+) 0.011
19F0.197(5/2+) 2 2 1 2 21Neg.s.(3/2+) 0.402
19F0.197(5/2+) 2 2 1 3 21Neg.s.(3/2+) −0.278
19F0.197(5/2+) 2 2 1 3 21Neg.s.(3/2+) 0.016
19F0.197(5/2+) 2 0 1 1 21Ne0.35(5/2+) 0.007
19F0.197(5/2+) 1 2 1 1 21Ne0.35(5/2+) −0.029
19F0.197(5/2+) 3 0 1 1 21Ne0.35(5/2+) −0.006
19F0.197(5/2+) 2 2 1 1 21Ne0.35(5/2+) 0.027
19F0.197(5/2+) 2 2 1 2 21Ne0.35(5/2+) 0.009
19F0.197(5/2+) 2 2 1 3 21Ne0.35(5/2+) −0.002
19F0.197(5/2+) 2 2 1 3 21Ne0.35(5/2+) 0.027
19F0.197(5/2+) 2 0 1 1 21Ne1.75(7/2+) −0.013
19F0.197(5/2+) 1 2 1 1 21Ne1.75(7/2+) 0.060
19F0.197(5/2+) 3 0 1 1 21Ne1.75(7/2+) 0.068
19F0.197(5/2+) 2 2 1 1 21Ne1.75(7/2+) −0.029
19F0.197(5/2+) 2 2 1 2 21Ne1.75(7/2+) −0.063

TABLE V. (Continued.)

Initial state N L S J Final state S.A.

19F0.197(5/2+) 2 2 1 3 21Ne1.75(7/2+) −0.139
19F0.197(5/2+) 2 2 1 3 21Ne1.75(7/2+) 0.039
19F0.197(5/2+) 2 1 1 2 21Ne2.79(1/2−) 0.113
19F0.197(5/2+) 1 3 1 2 21Ne2.79(1/2−) 0.043
19F0.197(5/2+) 1 3 1 3 21Ne2.79(1/2−) 0.131
19F0.197(5/2+) 2 2 1 2 21Ne2.79(1/2+) 0.193
19F0.197(5/2+) 2 2 1 3 21Ne2.79(1/2+) −0.124
19F0.197(5/2+) 1 4 1 3 21Ne2.79(1/2+) −0.016
19F0.197(5/2+) 2 2 1 2 21Ne2.87(9/2+) −0.095
19F0.197(5/2+) 2 2 1 3 21Ne2.87(9/2+) −0.117
19F0.197(5/2+) 1 4 1 3 21Ne2.87(9/2+) 0.017
19F0.197(5/2+) 2 1 1 1 21Ne3.66(3/2−) −0.100
19F0.197(5/2+) 2 1 1 2 21Ne3.66(3/2−) 0.076
19F0.197(5/2+) 1 3 1 2 21Ne3.66(3/2−) 0.029
19F0.197(5/2+) 1 3 1 3 21Ne3.66(3/2−) −0.036
19F0.197(5/2+) 2 0 1 1 21Ne3.74(5/2+) −0.007
19F0.197(5/2+) 1 2 1 1 21Ne3.74(5/2+) 0.032
19F0.197(5/2+) 3 0 1 1 21Ne3.74(5/2+) −0.183
19F0.197(5/2+) 2 2 1 1 21Ne3.74(5/2+) −0.005
19F0.197(5/2+) 2 2 1 2 21Ne3.74(5/2+) 0.110
19F0.197(5/2+) 2 2 1 3 21Ne3.74(5/2+) −0.115
19F0.197(5/2+) 2 2 1 3 21Ne3.74(5/2+) 0.030
19F0.197(5/2+) 2 1 1 0 21Ne3.88(5/2−) 0.076
19F0.197(5/2+) 2 1 1 1 21Ne3.88(5/2−) 0.056
19F0.197(5/2+) 2 1 1 2 21Ne3.88(5/2−) 0.012
19F0.197(5/2+) 1 3 1 2 21Ne3.88(5/2−) 0.005
19F0.197(5/2+) 1 3 1 3 21Ne3.88(5/2−) 0.052
19F0.197(5/2+) 2 2 1 3 21Ne4.43(11/2+) 0.117
19F0.197(5/2+) 1 4 1 3 21Ne4.43(11/2+) −0.037
19F0.197(5/2+) 2 0 1 1 21Ne4.53(5/2+) 0.0005
19F0.197(5/2+) 1 2 1 1 21Ne4.53(5/2+) −0.002
19F0.197(5/2+) 3 0 1 1 21Ne4.53(5/2+) −0.199
19F0.197(5/2+) 2 2 1 1 21Ne4.53(5/2+) 0.022
19F0.197(5/2+) 2 2 1 2 21Ne4.53(5/2+) 0.011
19F0.197(5/2+) 2 2 1 3 21Ne4.53(5/2+) −0.042
19F0.197(5/2+) 2 2 1 3 21Ne4.53(5/2+) −0.041
19F0.197(5/2+) 2 0 1 1 21Ne4.69(3/2+) −0.002
19F0.197(5/2+) 1 2 1 1 21Ne4.69(3/2+) 0.008
19F0.197(5/2+) 3 0 1 1 21Ne4.69(3/2+) 0.250
19F0.197(5/2+) 2 2 1 1 21Ne4.69(3/2+) −0.007
19F0.197(5/2+) 2 2 1 2 21Ne4.69(3/2+) 0.080
19F0.197(5/2+) 2 2 1 3 21Ne4.69(3/2+) 0.036
19F0.197(5/2+) 2 2 1 3 21Ne4.69(3/2+) 0.002
19F0.197(5/2+) 2 1 1 1 21Ne4.73(3/2−) 0.005
19F0.197(5/2+) 2 1 1 2 21Ne4.73(3/2−) −0.051
19F0.197(5/2+) 1 3 1 2 21Ne4.73(3/2−) −0.020
19F0.197(5/2+) 1 3 1 3 21Ne4.73(3/2−) −0.032
19F2.78(9/2+) 2 2 1 3 21Neg.s.(3/2+) −0.259
19F2.78(9/2+) 1 4 1 4 21Neg.s.(3/2+) 0.017
19F2.78(9/2+) 2 2 1 2 21Ne0.35(5/2+) −0.007
19F2.78(9/2+) 2 2 1 3 21Ne0.35(5/2+) −0.035
19F2.78(9/2+) 1 4 1 3 21Ne0.35(5/2+) 0.030
19F2.78(9/2+) 2 0 1 1 21Ne1.75(7/2+) 0.0002
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TABLE V. (Continued.)

Initial state N L S J Final state S.A.

19F2.78(9/2+) 1 2 1 1 21Ne1.75(7/2+) −0.001
19F2.78(9/2+) 3 0 1 1 21Ne1.75(7/2+) −0.160
19F2.78(9/2+) 2 2 1 1 21Ne1.75(7/2+) 0.014
19F2.78(9/2+) 2 2 1 2 21Ne1.75(7/2+) −0.025
19F2.78(9/2+) 2 2 1 3 21Ne1.75(7/2+) 0.053
19F2.78(9/2+) 1 4 1 3 21Ne1.75(7/2+) −0.018
19F2.78(9/2+) 2 0 1 1 21Ne2.87(9/2+) −0.007
19F2.78(9/2+) 1 2 1 1 21Ne2.87(9/2+) 0.030
19F2.78(9/2+) 3 0 1 1 21Ne2.87(9/2+) −0.020
19F2.78(9/2+) 2 2 1 1 21Ne2.87(9/2+) −0.019
19F2.78(9/2+) 2 2 1 2 21Ne2.87(9/2+) −0.075
19F2.78(9/2+) 2 2 1 3 21Ne2.87(9/2+) −0.024
19F2.78(9/2+) 1 4 1 3 21Ne2.87(9/2+) −0.032
19F2.78(9/2+) 1 3 1 3 21Ne3.66(3/2−) 0.064
19F2.78(9/2+) 2 2 1 2 21Ne3.74(5/2+) −0.055
19F2.78(9/2+) 2 2 1 3 21Ne3.74(5/2+) 0.088
19F2.78(9/2+) 1 4 1 3 21Ne3.74(5/2+) 0.013
19F2.78(9/2+) 2 1 1 2 21Ne3.88(5/2−) −0.060
19F2.78(9/2+) 1 3 1 3 21Ne3.88(5/2−) −0.036
19F2.78(9/2+) 2 0 1 1 21Ne4.43(11/2+) 0.011
19F2.78(9/2+) 1 2 1 1 21Ne4.43(11/2+) −0.047
19F2.78(9/2+) 3 0 1 1 21Ne4.43(11/2+) 0.003
19F2.78(9/2+) 2 2 1 1 21Ne4.43(11/2+) 0.006
19F2.78(9/2+) 2 2 1 2 21Ne4.43(11/2+) 0.022
19F2.78(9/2+) 2 2 1 3 21Ne4.43(11/2+) 0.056
19F2.78(9/2+) 1 4 1 3 21Ne4.43(11/2+) 0.009
19F2.78(9/2+) 2 2 1 2 21Ne4.53(5/2+) −0.068
19F2.78(9/2+) 2 2 1 3 21Ne4.53(5/2+) −0.224
19F2.78(9/2+) 1 4 1 3 21Ne4.53(5/2+) 0.016
19F2.78(9/2+) 2 2 1 3 21Ne4.69(3/2+) 0.164
19F2.78(9/2+) 1 4 1 4 21Ne4.69(3/2+) −0.024
19F2.78(9/2+) 1 3 1 3 21Ne4.73(3/2−) −0.021

observed in proton and neutron knockout experiments using
high energy electrons [50].

Since the availability of np-transfer data populating states
in 21Ne is still very scarce, the integrated cross sections were
compared with data obtained with the isobaric mirror 21Na nu-
cleus. Figure 14 shows a comparison of the cross section ratio
with the ground state for the np and nn transfer reactions. It
is important to mention that the isovector g.s. → g.s. cross
section in the 21Na case is about two orders of magnitude
stronger than for the np transfer to 21Ne. However, the ratio
of the first two excited states in 21Na [Fig. 14(a)] is hindered
with respect the ground-state cross section. A comparison
with the analog states [Fig. 14(b)] exhibits a clear imbalance
of the cross section strengths. Further studies of both np and
nn reactions will be needed to fully understand the reaction
mechanism of two-nucleon transfer in sd-shell nuclei.

V. SUMMARY

Elastic scattering and isoscalar np-transfer reactions in-
duced by a 20 MeV 6Li beam on 12C and 19F targets were
measured. Angular distributions of several excited states in
the residual 14N and 21Ne nuclei were obtained in this experi-

ment. Transfer reaction cross sections with the 12C target were
systematically higher by two orders of magnitude with respect
to np transfers in the 19F nucleus.

The interplay between direct and sequential np-transfer
mechanism was investigated with exact finite-range CRC cal-
culations. In the 12C data, in total 21 (bound and unbound)
states in 14N were included in the CRC calculations. A rea-
sonable good agreement with the data was achieved for the
low-lying and a few resonance states. Due to the higher den-
sity of states in the 19F and 21Ne partner nuclei, the coupling
scheme used for the CRC calculations included several transi-
tions from the ground state and excited states in 19F to many
states in the 21Ne residual nucleus. A good agreement with
the experimental angular distributions was obtained for most
of the cases. However, the angular distributions for states at
higher excitation energies were lower than the experimental
data. Further studies with high-resolution experiments will be
required to separate the different excited states populated in
21Ne and to reduce the background component. These studies
will also be important to fully understand the isoscalar np-
transfer process in asymmetric sd-shell nuclei.

The sequential np-transfer mechanism was investigated
with CCBA calculations. Angular distributions of the sequen-
tial transfer are two orders of magnitude smaller than the
direct transfer in the 12C(6Li, α) 14N∗ and 19F(6Li, α) 21Ne∗

reactions. This result suggests an important np correlation in
both systems.

The (6Li, α) probe is a strong isoscalar np-transfer filter.
The probe has a better momentum matching for low L trans-
fers than the usual (α, d ) reaction used in np-transfer studies.
Future experiments to investigate the role of np correlations
in light asymmetric nuclei are planned with both (6Li, α)
(isoscalar) and (3He, p) (isovector/isocalar) reaction probes.
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APPENDIX

Tables IV and V list spectroscopic amplitudes for the va-
lence np cluster, considering the active orbits p1/2, d5/2, and
s1/2 as model space for both proton and neutron.
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