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Role of target shell structure in direct reactions involving weakly bound 7Li
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The effect of the shell structure of the target nuclei (89Y and 93Nb) on reaction mechanisms involving the
weakly bound 7Li projectile has been investigated via a comparative study of different processes. Measurements
of direct breakup, nucleon transfer leading to the ejectile in bound as well as unbound states, and elastic scattering
have been carried out for the 7Li + 89Y system at three different energies near the Coulomb barrier. An extensive
analysis of this comprehensive data set was carried out using coupled channel calculations and compared with
a previous similar study for the 7Li + 93Nb system. The observed cross sections at low target excitations for
nucleon transfer reactions correlate with the vacancies in the valance orbitals.
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I. INTRODUCTION

Reactions involving strongly bound nuclei are greatly in-
fluenced by the coupling of various internal degrees of free-
dom (transfer, inelastic excitation) with the relative motion
[1]. Also, for weakly bound nuclei it is crucial to understand
the effect of couplings due to low-lying continuum states
[2–4]. From the measurement point of view, the challenging
task is to disentangle various breakup processes, e.g., direct
breakup or nucleon transfer followed by breakup of the ejec-
tile (transfer breakup). Hence, exclusive measurements are re-
quired for the deconvolution of different channels. Moreover,
theoretical modeling of the influence of all possible excited
states of projectile (ejectile) and target (residue) nuclei in
a coherent way is also difficult. There are limited exclusive
measurements having data on absolute cross sections [5–14].
Further, there are no quantitative studies available on the role
of the structure of the target nucleus on different processes.

In our earlier work, various breakup processes were studied
in the 7Li + 93Nb system via exclusive measurements and
theoretical analyses based on the coupled channel framework
[11,12]. There are one valence proton and two valance neu-
trons in 93Nb, with respect to semimagic 90Zr. The present
work aims to understand the role of target structure in the
mechanism of reactions involving weakly bound projectiles.
New measurements have been carried out for 89Y, which has
a closed neutron shell and a single proton hole. A comparative
study of 1n-stripping and 1p-pickup channels for the 7Li +
89Y, 93Nb systems will be useful to understand the influence
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of the shell structure of the target and target-like nuclei on the
breakup processes following nucleon transfer.

This paper reports the simultaneous measurement of abso-
lute angular distributions for both 1p pickup and 1n stripping
followed by breakup of the ejectile as well as direct breakup
of the projectile. Angular distributions for elastic scattering
and nucleon transfer to bound states have also been measured.
Coupled channels Born approximation (CCBA) and contin-
uum discretized coupled channel (CDCC) calculations which
explain the large number of observables are presented. A
comparative study of these processes for 89Y and 93Nb targets
has also been carried out to probe the influence of the shell
structure of the target nuclei on the reaction mechanism.

The paper is organized as follows: experimental details
are given in Sec. II. The analysis and results are presented
in Sec. III. Details of the coupled channel calculations are
described in Sec. IV. The role of the shell structure of the
target nuclei on different processes is discussed in Sec. V
followed by a summary and conclusions in Sec. VI.

II. EXPERIMENTAL DETAILS

The experiment was performed at the BARC-TIFR
Pelletron-Linac facility, Mumbai, with 7Li beams of energies
23, 28, and 30 MeV. A self-supporting 89Y foil of thickness
≈2 mg/cm2 was used as the target. Use of segmented large-
area Si detectors served the requirements of high granularity
to detect low-lying resonant states and large solid angle to
measure low cross sections. Two telescopes consisting of seg-
mented Si detectors of active area 5 × 5 cm2 were used in the
experiment. The thicknesses of the �E and E detectors were
50 μm and 1.5 mm, respectively. While the �E detectors
were single sided with 16 strips on the front face, the E
detectors were double sided with 16 strips each on the front
and rear faces. The detected relative angles between the two
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FIG. 1. Typical particle identification spectrum of �E vs Etot for
the 7Li + 89Y system at Elab = 27.7 MeV, θlab = 60◦.

fragments ranged from 1◦ to 24◦. Further details of the setup
are already given in Refs. [11,15]. Measurements were carried
out at different angle settings to cover a total angular range of
30◦–130◦ around the grazing angle. As the singles counting
rate was estimated to be too high for the strip detectors to han-
dle, three Si surface-barrier detector telescopes (thicknesses
�E ≈ 20–50 μm, E ≈ 450–1000 μm) were used for the
measurements of the elastic scattering angular distributions
at forward angles. Two Si surface-barrier detectors (thickness
≈300 μm) were kept at ±20◦ for absolute normalization. The
detectors were calibrated using the known α energies from a
239Pu-241Am source and the 7Li + 12C reaction at 23 MeV.

III. ANALYSIS AND RESULTS

Detected particles were identified using the energy loss
information in the �E and E detectors. A typical particle
identification spectrum of �E vs Etot for the 7Li + 89Y sys-
tem is shown in Fig. 1. The scattering angles (θ , φ) of the
detected fragments with respect to the beam direction were
determined from the positions of the vertical and horizontal
strips being fired in the double-sided E detectors. Detected
particles were tagged by kinetic energy (E ), mass number (A)
and scattering angle (θ , φ). The energy and scattering angle
were converted from the laboratory frame to the c.m. frame of
the target-projectile system in event-by-event mode. The pairs
of particles observed in the coincident events were α-α, α-d ,
and α-t . The α-α event rate was found to be highest while the
α-t rate was lowest. The angle of the ejectile (θejectile) prior to
breakup and relative angles (θrel) between the fragments were
calculated from the measured scattering angles (θ1, φ1; θ2,
φ2). The relative energies (Erel) between the fragments were
calculated from their masses (A1, A2), kinetic energies (E1,
E2), and θrel values. Correlation plots of the energy of the α

particle, Eα , vs the relative energies Eαα , Eαd , and Eαt are
shown in Figs. 2(a), 2(b), and 2(c), respectively, for Elab =
27.7 MeV, θejectile = 55◦–65◦. The corresponding projections
of the relative energy are shown in the right panels (d), (e), and
(f) of the figure. The excitation energy of the ejectile prior to
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FIG. 2. Measured energy correlations of fragments in breakup of
(a) 8Be∗ (1p pickup), (b) 6Li∗ (1n stripping), and (c) 7Li∗ at Elab =
27.7 MeV, θejectile = 55◦–65◦, corresponding to θαα

rel = 3◦, θαd
rel = 10◦,

and θαt
rel = 15◦, respectively. The arrow on the x axis indicates the

detection threshold. The kinematical curves obtained from the Monte
Carlo simulation are shown by gray shading. The projections of
the relative energy distribution are shown in the corresponding right
panels: (d), (e), and (f).

breakup was obtained by adding the breakup threshold to the
measured Erel. The peaks in the relative energy spectra of Eαα ,
Eαd , and Eαt at 92 keV, 710 keV and 2.16 MeV correspond to
the breakup of 8Be (g.s.), 6Li (3+

1 , 2.18 MeV) and 7Li ( 7
2

−
,

4.63 MeV), respectively. The coincidence detection efficiency
of the setup for the different breakup processes was estimated
accurately using a Monte Carlo simulation procedure [15].

Typical excitation energy spectra of the target-like nuclei,
obtained using the missing energy technique, for 1p pickup
and 1n stripping for the 7Li + 89Y system are presented
in Figs. 3(a) and 3(b), respectively. The excitation energy
spectrum of 89Y corresponding to both prompt (i.e., nonres-
onant) and resonant breakup of 7Li is shown in Fig. 3(c).
For comparative purposes, spectra for the same processes for
the 7Li + 93Nb system, measured in an earlier work [11],
are also shown in the right panel of the figure. According
to the semiclassical theory, the excitation energy spectra are
expected to peak around E∗ = Qgg − Qopt for transfer reac-
tions [16,17]. Here Qgg and Qopt are the ground state and
optimum Q values, respectively. Large populations of states
around 3.5 MeV for 1p pickup (92Zr and 88Sr) and the ground
state for 1n stripping (94Nb and 90Y) are in agreement with the
semiclassical theory.
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FIG. 3. Measured excitation energy spectra of target-like prod-
ucts for the 7Li + 89Y, 93Nb reactions at Elab = 27.7 MeV. The up-
ward arrows indicate the position of E∗ = Qgg − Qopt . States in-
cluded in the coupled channel calculations are indicated. Details are
given in the text.

In this type of measurements, the sources of systematic
uncertainties are (a) thickness of the target, (b) fluctuation in
beam current, (c) dead time of the acquisition system, and
(d) angular position and solid angle of the detectors, etc.
Uncertainties due to the above mentioned sources (a) to (c)
were minimized by the absolute normalization method using
monitor detectors, which were kept at ±20◦. The uncertainties
due to angle and solid angle of the detectors, which are
estimated to be around 5–8%, were also minimized using
elastic scattering measurements of 7Li from 209Bi and Monte
Carlo simulations [15]. The uncertainties due to fitting of the
angular distributions (2–4%) have also been included.

A. Elastic scattering and inclusive α

The measured elastic scattering angular distributions at the
three energies for the 7Li + 89Y system are shown in Fig. 4(a).
The errors on the data points are statistical only. The angular
distributions of the inclusive α yield for the 7Li + 89Y system
[ dσ

d�
(θc.m.) sin(θc.m.)] are shown in Fig. 4(b) and are found to

peak at the grazing angle. The angle integrated cross sections,
given in Table I, were obtained by fitting the experimental
angular distributions with Gaussian functions.

FIG. 4. The measured angular distributions of (a) elastic scatter-
ing and (b) inclusive α yield for the 7Li + 89Y system. The lines
in (a) and (b) correspond to CDCC calculations and Gaussian fits,
respectively.

B. Prompt and resonant breakup of 7Li

Resonant breakup occurs via an unbound resonant state
having a finite width, which manifests itself as a well defined
peak with same width in the relative energy spectrum, whereas
prompt or continuum breakup, occurring via the nonreso-
nant continuum, as the name suggests, leads to a continuous
relative energy spectra. The peak at 2.16 MeV in the rela-
tive energy spectrum of the α + t coincidences as shown in
Fig. 2(f) corresponds to the resonant breakup of 7Li from
its 7

2
−

(E∗ = 4.63 MeV) state. The measured relative energy
distributions were fitted with a sum of Briet-Wigner form
(for resonance) and a function f (Erel ) = aEb

rele
−(Erel−E0 )/d (for

the prompt contribution). The uncertainties in the extracted
prompt and resonance contributions are estimated to be 5%,
corresponding to the uncertainties in the fitted parameters. The
angular distributions of the resonant and prompt breakup at
Elab = 27.7 MeV for the 89Y target are shown in Fig. 5. As
can be seen from the figure, the angular distribution of the
resonant breakup is found to peak around the grazing angle,
whereas for the prompt breakup, no peak is observed in the
measured angular range. The prompt breakup cross section is
found to be smaller than the resonant breakup by an order of
magnitude. The angle integrated cross sections along with the
calculated values are listed in Table I. The calculated resonant
breakup cross section increases with beam energy.
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TABLE I. Comparison of cross sections for various reaction channels for the 7Li + 89Y and 7Li + 93Nb [11] systems. The results of CDCC
calculations for 7Li∗(7/2−) → α + t breakup and CCBA calculations for 1n-stripping and 1p-pickup and -stripping reactions are also given.

Channel E∗ (MeV) σexp (mb) σcal (mb) σexp (mb) σcal (mb) σexp (mb) σcal (mb)

7Li + 89Y Elab = 22.6 MeV Elab = 27.7 MeV Elab = 29.7 MeV

α inclusive 280 ± 34 325 ± 40 354 ± 46

8Beg.s.(α + α) + 88Sr∗

⎧⎪⎪⎨
⎪⎪⎩

g.s.
E∗ = 1.8

2.5 < E∗ � 5
E∗ � 15

0.06 ± 0.02 0.07 0.08 ± 0.03 0.08 0.10 ± 0.03 0.10
0.28 ± 0.03 0.26 0.27 ± 0.03 0.29 0.28 ± 0.02 0.29

1.2 ± 0.3 1.10 1.3 ± 0.3 1.15 1.3 ± 0.3 1.16
1.8 ± 0.2 1.9 ± 0.3 2.0 ± 0.3

6Li∗3+ (α + d ) + 90Y∗
{

E∗ � 1
E∗ � 4

8.6 ± 0.8 6.4 9.8 ± 0.9 8.3 10.3 ± 1.0 9.1
9.3 ± 1.1 9.7 14.6 ± 1.3 15.2 15.6 ± 1.5 16.8

6Lig.s. + 90Y∗
{

E∗ � 1
E∗ � 4

14.2 ± 1.9 13.1 15.6 ± 1.4 15.8 16.1 ± 1.7 17.2

30.1 ± 2.4 27.4 33.4 ± 2.8 32.9 34.2 ± 3.1 34.9
7Li 7

2
− (α + t ) + 89Y 1.51 3.5 ± 0.3 3.05 3.65

6Heg.s. + 90Zr 2.9 7.8± 1.0 5.0 9.4 ± 1.2 5.9
Reaction 856 1252 1368

7Li + 93Nb Elab = 23.6 MeV Elab = 27.7 MeV Elab = 29.7 MeV

α inclusive 273 ± 40 321 ± 48 340 ± 52

8Beg.s.(α + α) + 92Zr∗
{

E∗ � 3
E∗ � 15

0.5 ± 0.1 0.36 0.7 ± 0.1 0.56 0.6 ± 0.1 0.53
1.5 ± 0.2 2.0 ± 0.3 2.3 ± 0.3

6Li∗3+ (α + d ) + 94Nb

{
E∗ � 1
E∗ � 4

5.2 ± 0.5 5.5 5.8 ± 0.4 6.2 6.2 ± 0.4 6.2
9.8 ± 1.1 13.8 ± 1.4 14.7 ± 1.4

6Lig.s. + 94Nb

{
E∗ � 1
E∗ � 4

9.9 ± 1.0 9.8 11.0 ± 1.2 10.9 11.2 ± 1.5 10.3
25.5 ± 3.2 32.2 ± 3.6 34.0 ± 3.3

7Li 7
2

− (α + t ) + 93Nb 3.3 ± 0.6 2.9
6Heg.s. + 94Mo 7.2 ± 0.9 8.6 ± 1.0

Reaction 1121 1310 1489

FIG. 5. The measured cross sections for prompt and resonant
(from the 7

2

−
state) breakup of 7Li compared with CDCC calculations

for the 89Y target at Elab = 27.7 MeV.

C. 1n-stripping 89Y(7Li, 6Li∗)90Y∗ reaction

For the case of the 1n-stripping reaction, the cross sections
for 6Li breakup from the 3+

1 (2.18 MeV) state into α + d were
extracted. As indicated in Fig. 3(b), there are many closely
lying states in 90Y which were not resolved in the present
measurement. However, two distinct peaks are observed. The
low energy peak is expected to be an admixture of the g.s. (2−)
and first excited state (3−). The extracted absolute angular
distributions shown in Figs. 6(a) and 6(b) correspond to the
low energy peak (E∗ � 1.0 MeV) and the full excitation range
(E∗ � 4.0 MeV), respectively. The integrated cross sections
obtained from Gaussian fits to the angular distributions are
listed in Table I.

A comparative study of the 1n-stripping reactions for 89Y
and 93Nb targets is expected to be interesting, as the former
has a closed neutron shell (N = 50) configuration and the
latter has two extra neutrons outside this shell. Two important
features may be noted from the data shown in Table I. The
measured cross sections for 1n stripping leading to the 6Lig.s.

as well as 6Li3+
1

for the 89Y target are found to be about ≈1.5

times larger compared to those for 93Nb for excitation of the
target-like nuclei up to 1 MeV. However, the cross sections are
found to be equal within the experimental uncertainties if the
full range of excitation of the target-like nuclei is considered.
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FIG. 6. Experimental absolute angular distributions of the 1n-
stripping 89Y(7Li, 6Li∗)90Y∗ reaction at 22.6, 27.7, and 29.7 MeV
for (a) E∗(90Y) � 1 MeV and (b) E∗(90Y) � 4 MeV compared with
CCBA calculations.

D. 1p-pickup and -stripping reactions

As shown in Fig. 3(a), several peaks are observed in
the excitation energy spectra of 88Sr populated via the 1p-
pickup reaction. The two low energy peaks are identified
as the ground state and the first excited state of 88Sr. The
strongly populated peak at ≈3.5 MeV might have contribu-
tions from several states, which are discussed in Sec. IV.
Angular distributions for 1p pickup corresponding to the first
three peaks as discussed above are shown in Fig. 7. These
angular distributions are from 8Be ground state only. Although
89Y has a proton hole and 93Nb has an extra proton relative
to the semimagic Z = 40 shell closure, the angle-integrated
cross sections (E∗

target up to 15 MeV) are found to be similar
for the two cases. The angular distributions for the 6Heg.s.

populated via the 1p-stripping reaction were also extracted,
and angle-integrated cross sections are tabulated in Table I.
While the 1p-stripping cross section σ (6Heg.s.) is found to be
larger than the 1p-pickup cross section σ (8Beg.s.) by an order
of magnitude, the total 1n-stripping cross section σ (6Lig.s.) +
σ (6Li3+ ) is found to be largest.

IV. COUPLED CHANNEL CALCULATIONS

The measured cross sections for different breakup pro-
cesses as well as transfer channels leading to the ejectile
in bound and unbound states are compared with coupled
channel calculations using the code FRESCO [18]. The elastic
scattering and breakup cross sections for 7Li were calculated
within the CDCC prescription using the cluster folding model.
The angular distributions for the transfer-breakup processes,
1p pickup followed by breakup of 8Be(→ α + α) and 1n

FIG. 7. Measured angular distributions of the 89Y(7Li, 8Be)88Sr∗

(1p-pickup) channel for (a) ground state, (b) first excited state, and
(c) 2.5 � E∗ � 5.0 MeV of 88Sr. CCBA calculations are represented
by lines.

stripping followed by breakup of 6Li(→ α + d ), were ob-
tained within the CCBA formalism employing potentials that
describe the elastic scattering data, where available.

The 7Li → α + t breakup data were analyzed with CDCC
calculations, similar to those described in Refs. [11,19]. The
7Li continuum was divided into discrete bins in momentum
(k) space of width �k = 0.1 fm−1 with kmax = 0.8 fm−1.
Relative angular momenta of L = 0−4 between the clusters
and couplings up to multipolarity λ = 4 were included in
the calculations. The α + 89Y and t + 89Y optical potentials
required as input to the Watanabe-type folding potentials were
taken from the global parametrizations of Refs. [20] and [21],
respectively. The best fits to the elastic scattering data, shown
in Fig. 4, were obtained by normalizing the depths of the
real and the imaginary potentials by factors of 0.6 and 0.8,
respectively. The extracted reaction cross sections are given
in Table I. The calculated angular distributions for both the
prompt and resonant breakup of 7Li (Fig. 5) are in good
agreement with the experimental observations.

The channels of 1n stripping followed by breakup of 6Li
(→ α + d) were analyzed within the CCBA formalism. In
addition to the 89Y(7Li, 6Li∗)90Y∗ transfer couplings, inelastic
excitations of the 7Li(1/2−) and the 6Li(3+

1 ) excited states
were included in the entrance and exit partitions, respectively.
The entrance channel optical potentials were based on the
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global 7Li parameters of Ref. [22] with real and imaginary
depths adjusted to fit the elastic scattering data after the
inclusion of the 7Li couplings. The 3/2−(g.s.) and 1/2−(0.478
MeV) states of 7Li were treated as members of a K = 1/2
rotational band. The B(E2; 3/2− → 1/2−) value was taken
from Ref. [23] and the nuclear deformation length of δ2 =
2.4 fm was obtained by fitting the inelastic scattering data
of Ref. [24]. The B(E2; 1+

1 → 3+
1 ) value for 6Li was taken

from Ref. [25] and the nuclear deformation length of δ2 =
1.9 fm was obtained by fitting the sequential breakup data
of Ref. [26]. The 1+

1 and 3+
1 states of 6Li were assumed to

be members of a K = 1 rotational band, with the exception
that reorientation of the 1+

1 ground state was omitted due
to the very small quadrupole moment of this state. The exit
channel optical potentials employed the 6Li global parameters
of Ref. [22] with real and imaginary well depths adjusted to
match elastic scattering angular distributions. Spectroscopic
factors for 〈7Li|6Li + n〉 and 〈90Y|89Y + n〉 overlaps were
taken from Refs. [27] and [28], respectively. In addition to
transfers from the ground state and 1/2− state of 7Li to the 1+

1
and 3+

1 states of 6Li, the following 90Y states were included:
2− (g.s.), 3− (0.203 MeV), 0− (1.22 MeV), 1− (1.38 MeV),
5+ (1.962 MeV), 6+ (2.25 MeV), 2− (2.48 MeV), 1− (2.63
MeV), 4− (2.94 MeV), and 3− (3.05 MeV). The cumulative
angular distributions for the first two 90Y states (g.s. and
3−) and the remaining states reproduce reasonably well the
corresponding measured distributions as shown in Figs. 6(a)
and 6(b), respectively.

Similar CCBA calculations were performed for the
α − α coincidence data considering the 89Y(7Li, 8Be)88Sr∗

1p-pickup processes. The entrance channel potentials were
the same as those described above. Since 8Be optical po-
tentials are not available due to its unbound nature, 7Li
global parameters [22] were used in the exit channel. Pickup
to the ground state of 8Be and the 0+ (g.s.), 2+ (1.836
MeV), 2+ (3.22 MeV), 1+ (3.49 MeV) and 2+ (3.63 MeV)
states of 88Sr were included, representing the complete set
of states for which the relevant spectroscopic factors are
available. The spectroscopic factors for the 〈8Be|7Li + p〉 and
〈89Y|88Sr + p〉 overlaps were taken from Refs. [27] and [29]
(Set I), respectively. The calculated 0+ (g.s.) cross sections are
normalized by a factor of 0.35 to get a better agreement with
the data. The calculated 0+ (g.s.) and 2+ (1.84 MeV) cross
sections are shown in Figs. 7(a) and 7(b), respectively. The
cumulative cross sections for the 2+ (3.22 MeV), 1+ (3.49
MeV) and 2+ (3.63 MeV) states are compared with the data
in Fig. 7(c). All the measured 1p-pickup angular distributions
are well reproduced.

The cross sections for the 89Y(7Li, 6Heg.s.)90Zr stripping
process were also estimated via similar CCBA calculations.
The entrance and exit channel potentials were treated identi-
cally to the CCBA calculations for the 1n-stripping reaction.
The 〈90Zr | 89Y + p〉 and 〈7Li | 6He + p〉 overlaps were taken
from Refs. [30] and [31], respectively. The calculated cross
sections corresponding to excitation energy of 90Zr up to
8 MeV are listed in Table I. As the spectroscopic factors for
the 〈94Mo | 93Nb + p〉 overlap are available only up to 3 MeV
[32], similar calculations were not performed for the 93Nb
target.

FIG. 8. The cross sections of 1n stripping leading to 6Li(g.s.)
and 6Li(3+), respectively, for 7Li induced reactions with 89Y and
93Nb targets are compared. The cross sections corresponding to the
ranges of excitation energy of target-like nuclei E∗ � 1 MeV and
E∗ � 4 MeV are presented in (a),(c) and (b),(d), respectively. The
dashed and solid lines represent the results of CCBA calculations for
89Y and 93Nb targets, respectively.

Observed variance between the calculated and the mea-
sured cross sections for the various processes are within
expectations, given the inevitable uncertainties in some of the
input parameters. Hence, the overall description of the data
can be considered as reasonable.

V. DISCUSSION

In this section, we discuss the role of target structure
in direct reactions. The 1n-stripping cross sections for 89Y
and 93Nb targets are compared in Fig. 8 as a function of
the reduced energy, Ec.m./[ZpZt/(Ap

1/3 + At
1/3)], where Ec.m.

is the energy in the center-of-mass frame. The atomic and
mass numbers of the projectile (target) are denoted by Zp

(Zt ) and Ap (At ), respectively. The cross sections for target
excitation energies up to 1 MeV, corresponding to the first
distinct peak in the spectra shown in Figs. 3(b) and 3(e),
are found to be 1.5 times larger for 89Y than for 93Nb,
irrespective of the ejectile excitation (6Li, g.s. and 3+ state)
and bombarding energies (left panels). However, the cross
sections are found to be similar if the excitation energy range
up to 4 MeV, corresponding to essentially all of the observed
strength, is considered (right panels). These observations may
be understood using the semiclassical theory [16,17]. For both
targets the valence orbital involved for neutron transfer is d5/2

and the kinematical matching conditions (optimum Q value
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FIG. 9. The cross sections of 1p pickup leading to the 8Beg.s. for
both the 89Y and 93Nb targets for three different excitation energy
ranges of the target-like nuclei as labeled in the figure. The CCBA
calculations are shown in dashed and solid lines for 89Y and 93Nb
targets, respectively.

and angular momentum) are the same. However, the smaller
fragmentation of the single-particle strength in 90Y than in
94Nb leads to larger cross sections for the former if only
target excitation up to 1 MeV is considered, since more of
this strength is concentrated in the first peak for 90Y. The
observed ratio (1.5) of cross sections for low target excitations
(�1 MeV) may also be correlated to the ratio of vacancies
(1.5) as there are 6 (4) vacancies in the d5/2 orbital of 89Y
(93Nb). The observed equivalence of the 1n-stripping cross
sections for the two targets when the whole excitation range
is considered suggests that the total single-particle strengths
in the residual nuclei are similar. The above observations
concerning the strength for target excitation up to 1 MeV
are reproduced by the CCBA calculations. In Figs. 8(b) and
8(d), only calculations for the 7Li + 89Y system are shown,
since information on the spectroscopic factors for 94Nb is only
available up to an excitation energy of 2.32 MeV [33], which
does not represent a convenient cutoff point in the relevant
spectrum. An excitation energy range of 0.0 � E∗ � 1 MeV
was chosen for detailed comparisons between theory and
experiment and between the two targets since this represents a
convenient cut-off point in the spectrum for both systems; see
Figs. 3(b) and 3(e).

We also have investigated whether the 1p-pickup and
-stripping reactions behave in a similar way. Since 93Nb has
one extra proton and 89Y has a proton hole with respect to
the Z = 40 subshell closure, intuitively one would expect the
cross sections for proton transfer to be different for these two

FIG. 10. The measured angle integrated cross sections of (a) the
1p stripping leading to 6Heg.s. and (b) direct breakup of 7Li for 89Y
and 93Nb targets are compared. The line represents the calculations
for the 7Li + 89Y system.

targets. Although the cross sections for 1p pickup are found to
be slightly larger for 93Nb compared to 89Y for E∗ � 3 MeV,
they are similar when a larger range of target excitation
energy is considered (Fig. 9). In this case, the kinematical
matching conditions are also the same for these two targets.
However, large mismatches between the Qgg and Qopt hinder
the population of states near the ground state, making the
total cross sections insensitive to the target structure since they
favor pickup from more deeply bound levels which are filled
in both nuclei. Similarly, the 1p-stripping cross sections are
found to be the same within the experimental uncertainty for
these targets, as shown in Fig. 10(a), due to the large values of
Qgg − Qopt, favoring population of higher-lying levels that are
vacant in both nuclei. The CCBA calculations reproduce these
trends for the 1p-pickup reactions for excitation �3 MeV;
see Fig. 9(a). While 3 MeV represents a convenient cutoff
in the 88Sr spectrum, there is no such situation in the corre-
sponding 92Zr spectrum; see Figs. 3(a) and 3(d). Rather, it
represents the maximum excitation energy for which relevant
spectroscopic information is available in 92Zr; see Ref. [11].

The measured cross sections for 7Li breakup via the 7
2

−

state for these two targets are compared in Fig. 10(b). The
cross sections are found to be similar and follow the expected
trends predicted by the CDCC calculations. In this case, the
similar orders of the Coulomb and nuclear fields experienced
by the 7Li projectile interacting with either target is the reason
for the similar cross sections at similar reduced energies, since
the target is essentially a spectator in the breakup process.
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VI. SUMMARY AND CONCLUSION

In summary, the present work reports a detailed quantita-
tive study of the role of target structure in different reaction
mechanisms, viz., direct breakup, 1p transfer, and 1n stripping
leading to bound and unbound states of the ejectile at collision
energies near the Coulomb barrier. The exclusive absolute
cross sections were measured for various reaction channels.
Calculations were performed using the CDCC and CCBA
formalisms to understand the comprehensive data set com-
prising elastic scattering, transfer, direct breakup, and transfer
breakup. The measured cross sections for the (7Li, 6Lig.s.) and
(7Li, 6Li3+

1
) 1n-stripping reactions for the 89Y target are found

to be about ≈1.5 times larger than those for the 93Nb target
for excitation energies up to 1 MeV. However, the integrated
cross sections are found to be similar for target excitation up
to 4 MeV. In addition to the kinematic matching conditions

(optimum Q value and angular momentum), a correlation is
also observed between the vacancies in the valence orbital of
the target nucleus and the measured stripping cross sections
for low-energy target excitation. In the case of 1p-pickup and
-stripping reactions the mismatch between Qgg and Qopt is
large, leading to more population around E∗ = Qgg − Qopt

than the ground state for both targets. Consequently, the
measured cross sections are found to be insensitive to the
target structure. Further investigation in this direction probing
the effect of target structure on reactions involving other
weakly bound stable (e.g., 6Li, 9Be) and unstable projectiles
will enrich the field.
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