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One-neutron stripping processes to excited states of the 6Li + 96Zr
reaction at near-barrier energies
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We report the measurement of one-neutron stripping to excited-state cross sections from the weakly bound
projectile 6Li to the 96Zr target at near-barrier energies by the online γ -ray spectroscopy method. Transitions of
the 97Zr nucleus were clearly identified by γ -γ coincidences. This cross section was found to be much smaller
than the previously reported complete-fusion cross section for this system at energies above the barrier, whereas
it becomes of the same magnitude around the Coulomb-barrier energy. No evidence of two-neutron transfer
was found. We also performed coupled reaction channel calculations for the one-neutron stripping process. The
calculation results are discussed.
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I. INTRODUCTION

Over the past few years intense theoretical and experimental
efforts have been made to investigate reactions and scattering
induced by weakly bound nuclei, especially fusion, breakup,
and elastic scattering [1–7]. Systematic results [8–13] have
shown that the coupling effects of the breakup (BU) channel on
the complete fusion (CF) of weakly bound nuclei suppress the
CF at energies above the Coulomb barrier and produce some
enhancements at sub-barrier energies. When the incomplete
fusion (ICF) of part of the projectile’s fragments is added to
the CF, the total fusion (TF) does not show the suppression
above the barrier, which means that part of the flux that
would go to CF actually goes to ICF after the BU of the
projectile. The elastic scattering of weakly bound nuclei shows
a behavior of the energy dependence of the optical potential
at near-barrier energies that is quite different from the usual
threshold anomaly [14,15], which was named the “breakup
threshold anomaly” [16]. This phenomenon is attributed to the
repulsive polarization potential produced by the BU, which
populates continuum states [17–23]. The same conclusions
concerning this repulsive character of the BU polarization
potential may be obtained by the analysis of fusion and
quasi-elastic-barrier distributions [24–28]. Although most of
the theoretical works consider the BU as a direct process, it
has been shown experimentally that sequential BU consisting
of transfer followed by BU may predominate over direct BU.
Direct BU may be considered as a one- or two-step process;
the latter corresponding to the situation when resonances
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are populated before the BU. The one-step process is called
“prompt BU” [29–33], whereas the processes populating
long-live resonances, with lifetimes much longer than the
collision time, and the sequential BU of transfer followed by
BU is called “delayed BU”. Total reaction cross sections with
weakly bound nuclei have been found to be systematically
larger than similar ones with tightly bound systems [34–37].

Direct transfer of neutrons or clusters of nucleons involving
stable and radioactive weakly bound projectiles have been
investigated in the past years to contribute to the recent compre-
hensive investigation of reaction and scattering mechanisms
involving weakly bound nuclei. It has been shown that, for
neutron-halo nuclei such as 6He, transfers of one or two
neutrons have very large cross sections, mainly at sub-barrier
energies [38–45]. For stable weakly bound nuclei like 6,7Li,
contrary to what happens for fusion and elastic-scattering data,
there are only a few reported works on the neutron transfer
[26,46–50]. For the 9Be stable weakly bound projectile,
one-neutron stripping has also been reported [51–54]. When
the γ -spectroscopy method is used and characteristic γ lines
of the target-like nuclei are detected, the transfer processes
to excited states can be reliably identified. To contribute
to recent investigations of reaction mechanisms involving
weakly bound nuclei, in the present work we report the
investigation of transfer cross sections for the 6Li + 96Zr
system at near-barrier energies. In Sec. II we describe the
experimental setup. In Sec. III we present the method to obtain
the transfer cross sections by the online γ -ray method and the
excitation functions obtained in the present work. In Sec. IV
we present coupled reaction channel (CRC) calculations for
transfer reactions for this system and compare them with the
data. Finally, in Sec. V, a summary and some conclusions are
presented.
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II. EXPERIMENTAL SETUP

The experiment was performed at the HI-13 Tandem
Accelerator of the China Institute of Atomic Energy (CIAE)

in Beijing. Beams of 6Li
3+

were produced in the energy
range from 14 to 28 MeV in steps of 2 MeV. This range
corresponds to energies from below to above the nominal
Coulomb barrier of 17.4 MeV (16.36 MeV in the c.m. frame).
A 99% enriched 96ZrO2 foil with 550 μg/cm2 thickness and a
1.92 mg/cm2 gold backing was used. The cross sections were
measured by using the online γ -ray-spectrometry method.
Typical irradiation times were from 1 to 2 h. The beam flux
was recorded by a Faraday cup placed behind the target.
Two Si(Au) surface-barrier detectors were positioned at ±30◦
with respect to the beam direction for verification of the
beam intensity, and normalization and centrality of the beam.
An array consisting of nine Compton-suppressed bismuth-
germanate high-purity Ge (BGO-HPGe) spectrometers and
two planar HpGe detectors was used to detect online γ rays
emitted by the reaction products. The absolute efficiency and
energy calibration of the detectors were achieved by using a
set of standard radioactive sources of 152Eu and 133Ba at the
target position. The Versa Module Europa-based (VME-based)
data acquisition system MIDAS was used to record the data.
The average uncertainty (3.5%) of the efficiency and angular
distributions of γ rays is mainly from the standard radioactive
sources and the least squares fit method. The total uncertainty
in this experiment for the values of the transfer cross sections
comes from statistical errors associated with the yields of γ
rays, and from systematic errors in the determination of the
target thickness (1%), absolute efficiency, and intensity of
beam. The overall error is in the range from 11% at higher
energies to almost 17% at very low energies.

For the 6Li + 96Zr system, the 1n stripping channel has
Qg.s. = −0.088 MeV [55] (where “g.s.” stands for “ground
state”). The 1n-pickup has Qg.s. = −0.603 MeV [55]. The
stripping and pickup of two neutrons have very negative Qg.s.

values. Positive Qg.s. values exist for the stripping of deuteron
(+9.747 MeV [55]), pickup of deuteron (+6.145 MeV [55]),
stripping of one proton (+3.019 MeV [55]), and stripping of
one α particle (+1.696 MeV [55]). However, among all of
these possibilities, the Brink’s matching conditions [56] are
fulfilled only for the 1n stripping channel and deuteron strip-
ping; the latter feeding mostly continuum states. So, the only
transfer channel expected to be populated significantly and to
decay by γ emission is the 1n stripping channel. Actually,
this is, indeed, the only channel for which characteristic γ -ray
lines were clearly identified.

Additionally, one auxiliary �E-E telescope in the experi-
mental setup was located at 65◦ with the beam direction, for
the single identification of the light charged particles produced
in the experiment. The distance between the target center and
the telescope center was 55.0 mm. The telescope is composed
of a silicon detector with diameter of 8 mm and a thickness
30.0 μm, and a stop silicon detector with a diameter of 12.0
mm and a thickness 1000 μm. A collimator with a diameter of
5.0 mm is put before the telescope. This telescope was regarded
only as a reference to confirm the identification of the channels
depending on the light charged particles produced.

TABLE I. Characteristic γ rays of 97Zr [57].

Residual channels Transition Eγ Iγ [57]
(keV) (%)

97Zr (1n stripping) 3/2+ −→ 1/2+ 1103.1 100
5/2+ −→ 1/2+ 1400.1 38

III. RESULTS AND DISCUSSION

The γ rays used to determine the one-neutron stripping
cross sections are shown in Table I. They are the 1103.1 and
1400.1 keV characteristic lines of 97Zr, feeding its ground
state. The partial-level diagram of 97Zr is shown in Fig. 1.
From Fig. 1 we can clearly see the 1103.1 and 1400.1 keV
energy levels, and the coincident relations among several
γ rays. Figure 2(a) shows a typical online single-γ -ray
spectrum, at Elab = 28 MeV, where these two lines can be
identified. Figures 2(b) and 2(c) are the coincident spectra of
the 1103.1 and 1400.1 keV transitions, respectively, which are
in agreement with the works of Refs. [57–59]. The strong
γ -ray transitions observed in Fig. 2(a) come predominantly
from residual nuclei from fusion evaporation processes. By
measuring γ transitions to the ground state of 97Zr, we are
able to determine only the lower limit of the one-neutron
stripping cross section, since we cannot observe the cross
sections feeding directly the 97Zr ground state.

Figure 3 shows a two-dimensional spectrum obtained at
28 MeV in our experiment, where alpha particles, deuterons,
and protons are clearly identified. Protons may originate from
several processes, such as the breakup of 5Li after the one-
neutron stripping of 6Li, as observed in Refs. [30,31,49,50], or
from the one-neutron stripping of the deuteron fragment after
the 6Li direct breakup into alpha + deuteron.

To obtain the cross section for a certain channel by using
the online γ -ray method, one has to add all transitions which
feed the ground state of the corresponding nucleus. Because
the lifetimes of the excited states are much smaller than the
irradiation time, the transitions may be considered as prompt. It
is important to mention once more that, with this method, only
cross sections to excited states can be determined because, if
the ground state is directly populated, no γ ray is emitted. So,
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FIG. 1. The partial-level diagram of 97Zr [57]. The energy is in
units of keV.
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FIG. 2. (a) Typical online γ -ray spectrum depicting the γ lines
of the 1n stripping residue nucleus 97Zr in the 6Li + 96Zr system
at the bombarding energy of 28 MeV. Panels (b)and (c) show the
coincident spectra of the 1103.1 and 1400.1 keV transitions [57–59],
respectively.

FIG. 3. Typical �E-E spectrum showing the light charged
particles produced in the reaction 6Li + 96Zr at the bombarding
energy of 28 MeV and at 65◦ with respect to the beam direction.
Alpha particles, deuterons, and protons are clearly identified.

in the present work the one-neutron stripping cross section for
the excited states of 97Zr is given by

σ ∗
1n strip(E) = 1

NBNT

[ 2∑
i=1

AEγi
(E)

εEγi
εdF

CE
Eγi

]
, (1)

where i = 1 corresponds to the 1103.1 keV transition and
i = 2 corresponds to the 1400.1 keV transition. AEγi

is the
yield of the γ peak with energy Eγi

at the bombarding energy
E. εEγi

is the absolute efficiency of all the detectors for the γ
ray with energy Eγi

. εd is the correction factor for the dead time
of the data-acquisition system. FCE

Eγi
is the conversion electron

correction for the i → g.s. transition. NB and NT are the total
number of beam particles incident on the target and the target
atoms per unit area, respectively.

For each transition, the accumulated number of counts
during a run has to take into account the anisotropy of the
emission and the detection efficiency such that one can write

AEγ
(θ ) = NEγ

F CE
Eγ

εEγ
εdWEγ

(θ ), (2)

where NEγ
is the number of γ rays from the excited state to

the ground state with energy Eγ , and WEγ
(θ ) is the angular

distribution of γ rays emitted at the detection angle θ . WEγ
(θ )

is given by

WEγ
(θ ) = 1 +

∞∑
j=2

Aj (Eγ )Pj (cos θ ), (3)

where Pj is the Legendre polynomials of order j , where j is
an even number and Aj (Eγ ) depends on the specific transition.
However, when a full angular distribution of γ rays is detected,
as in the present work, the anisotropy of the γ emission does
not need to be considered.

In Table II we show the cross sections corresponding to the
1103.1 and 1400.1 keV transitions, as well as the sum of these
two cross sections, named “1n stripping to excited states”. To
allow a comparison with the CF cross section measured by
us and previously reported [60], we also show the CF cross
sections in Table II. CF cross sections could not be measured at
the lowest energy of 14 MeV. Figure 4 shows the 1n stripping
to excited states and CF excitation functions for the 6Li + 96Zr
system. One can observe that, in spite of the transfer Q value
for the 1n stripping being around zero MeV, the lower limit of

TABLE II. The cross sections of CF [60] and 1n stripping to
excited states, as well as the ones corresponding to the 1103.1 and
1400.1 keV energies for the 6Li + 96Zr system.

Elab σCF 1103.1 keV 1400.1 keV 1n stripping
(MeV) (mb) (mb) (mb) (mb)

28.0 787.57 ± 49.86 60.42 ± 7.40 21.42 ± 2.44 81.84 ± 7.79
26.0 773.10 ± 49.03 57.69 ± 6.81 19.72 ± 2.24 77.41 ± 7.17
24.0 572.59 ± 36.76 42.02 ± 5.59 11.96 ± 1.38 53.98 ± 5.76
22.0 330.43 ± 21.16 34.85 ± 4.34 9.26 ± 1.05 44.11 ± 4.46
20.0 239.53 ± 16.04 36.25 ± 4.49 8.20 ± 0.96 44.45 ± 4.59
18.0 74.12 ± 5.41 23.38 ± 3.24 3.70 ± 0.45 27.08 ± 3.27
16.0 10.74 ± 1.53 12.56 ± 1.70 0 12.56 ± 1.70
14.0 3.25 ± 0.55 0 3.25 ± 0.55
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FIG. 4. Measured complete fusion and direct plus two-step 1n

stripping to excited-state cross sections corresponding to 1103.1 and
1400.1 keV energies for the 6Li + 96Zr system at near- Coulomb-
barrier energies.

the cross section for this channel, as determined in the present
work, is similar to the fusion cross section at energies near that
of the Coulomb barrier. Because its excitation function does
not drop as fast as the CF excitation function, it is expected
that transfer cross sections should be larger than the CF cross
section at sub-barrier energies.

IV. COUPLED REACTION CHANNEL CALCULATIONS,
COMPARISON WITH DATA, AND DISCUSSION

In this section we compare our experimental data with
the results of calculations. We performed coupled reaction
channel (CRC) calculations for the one-neutron stripping cross
section for the 6Li + 96Zr system. To do so, there are various
important ingredients to be taken into account, such as the
optical potential, spectroscopic amplitudes, and form factors.
For the real part of the optical potential, the double-folding
Saõ Paulo potential was used [61,62]. At near barrier energies
this potential is equivalent to the usual double folding potential
with the advantage that it has a comprehensive systematic for
the matter densities. For this reason, this is a parameter-free
potential. In our calculations we are not taking into account the
breakup channel (the weakly bound 6Li projectile can break
into deuteron + alpha particle), so in the initial partition for
the imaginary part of the optical potential we use the same
radial dependence of the real part, with the strength coefficient
NI = 0.6. This procedure has been shown to account for the
loss of flux to dissipative channels [63] as well as to breakup
channels [64]. For the breakup channel, it has also been shown
that its coupling to the elastic channel produces repulsive
polarizations [65–67]. So the real part of the optical potential
is also multiplied by a strength coefficient NR = 0.6 [64,68].

For the final partition ( 5Li + 97Zr,) the Saõ Paulo potential
was used for both the real and the imaginary parts with
strength coefficients NR = 1.0 and NI = 0.78, respectively.
This approach has been proven to be suitable for describing
the elastic-scattering cross sections for several systems [69]
over a wide energy interval. In the entrance partition, the

TABLE III. Comparison of experimental and NUSHELLX results
for the 96,97Zr spectra. The spin and parity of the states are shown in
parentheses (for details, see the text).

Isotope Expt. energies (Iπ ) (MeV) NUSHELLX energies (Iπ ) (MeV)

0.0 (0+) 0.0 (0+)
1.581 (0+) 1.841 (0+)

96Zr 1.750 (2+) 1.563 (2+)
1.897 (3−) 3.826 (3−)
2.225 (2+) 2.386 (2+)
2.437 (3+) 2.119 (3+)
0.0 (1/2+) 0.0 (1/2+)

97Zr 1.103 (3/2+) 0.875 (3/2+)
1.264 (7/2+) 0.980 (7/2+)
1.400 (5/2+) 0.942 (5/2+)

collective states of the target were also considered. The details
of the coupling of the first 2+ (1.75 MeV) and 3− (1.90 MeV)
states were described recently in Ref. [60]. In addition to these
one-step excitations, we added two-step quadrupole couplings
to the states 0+ (1.581 MeV), 2+ (2.225), and 3+ (2.437 MeV).
The quadrupole-deformation parameter was considered the
same as for the excitation of the first 2+ state and taken from
Ref. [70].

The spectroscopic amplitudes for target overlaps were de-
termined by performing shell-model calculations, considering
90Zr as a closed core, valence protons in the orbits 1f5/2,
2p3/2, 2p1/2, and 1g9/2, and neutrons in the orbits 1g7/2, 2d5/2,
2d3/2, and 3s1/2. This model space allowed us to construct
both positive- and negative-parity states for both 96Zr and
97Zr. The shell-model calculations were performed with the
NUSHELLX code [71], which makes it possible to compute the
one-neutron-transfer amplitudes. As effective interaction, we
used the snt interaction [72], which was set for this model
space and is one of the standard interactions available in the
NUSHELLX code. We also performed shell-model calculations
using the space model sne with its respective interaction snet
which allows us to include the 1h11/2 orbit, which has been
shown to be relevant in transfer reaction involving zirconium
isotopes [58]. Owing to our computational limitations, we did
not calculate the spectroscopic amplitudes for the orbit 1h11/2.
The spectroscopic amplitudes for the overlap of this orbit and
the ground state (g.s.) of 96Zr were taken from Ref. [58].
For the other overlaps involving the lower orbits, we used the
values obtained with the snt interaction. In Table III the results
of NUSHELLX calculations and the corresponding experimental
spectra for both the 96Zr and 97Zr nuclei are shown. From this

FIG. 5. Coupling scheme for the projectile overlaps.
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TABLE IV. Spectroscopic amplitudes for the projectile
〈96Zr|97Zr〉 overlap with 96Zr as core, corresponding to the 1n-transfer
reaction.

Initial states j Final states Espec. Amp.

3s1/2
97Zrg.s.(1/2+) 0.8792

96Zrg.s.(0+) 2d3/2
97Zr1.103(3/2+) 0.9163

1g7/2
97Zr1.264(7/2+) −0.9403

2d5/2
97Zr1.40(5/2+) −0.2920

3s1/2
97Zrg.s.(1/2+) 0.2959

96Zr1.581(0+) 2d3/2
97Zr1.103(3/2+) 0.0859

1g7/2
97Zr1.264(7/2+) −0.0922

2d5/2
97Zr1.40(5/2+) 0.5147

2d3/2
97Zrg.s.(1/2+) 0.1541

2d5/2
97Zrg.s.(1/2+) 1.4718

3s1/2
97Zr1.103(3/2+) 0.0516

2d3/2
97Zr1.103(3/2+) −0.0955

2d5/2
97Zr1.103(3/2+) 0.0532

1g7/2
97Zr1.103(3/2+) −0.1500

96Zr1.750(2+) 2d3/2
97Zr1.264(7/2+) 0.0745

2d5/2
97Zr1.264(7/2+) 0.0033

1g7/2
97Zr1.264(7/2+) 0.1070

3s1/2
97Zr1.40(5/2+) −0.6642

2d3/2
97Zr1.40(5/2+) −0.1531

2d5/2
97Zr1.40(5/2+) −0.3122

1g7/2
97Zr1.40(5/2+) −0.0983

2d3/2
97Zrg.s.(1/2+) 0.0236

2d5/2
97Zrg.s.(1/2+) −0.2215

3s1/2
97Zr1.103(3/2+) 0.1804

2d3/2
97Zr1.103(3/2+) 0.0010

2d5/2
97Zr1.103(3/2+) 0.7947

1g7/2
97Zr1.103(3/2+) −0.0700

96Zr2.225(2+) 2d3/2
97Zr1.264(7/2+) − 0.0709

2d5/2
97Zr1.264(7/2+) − 0.1457

1g7/2
97Zr1.264(7/2+) 0.0084

3s1/2
97Zr1.40(5/2+) 0.1654

2d3/2
97Zr1.40(5/2+) 0.1447

2d5/2
97Zr1.40(5/2+) − 0.5266

1g7/2
97Zr1.40(5/2+) − 0.0361

2d5/2
97Zrg.s.(1/2+) 1.7009

1g7/2
97Zrg.s.(1/2+) − 0.0118

2d3/2
97Zr1.103(3/2+) − 0.0543

2d5/2
97Zr1.103(3/2+) 0.2763

1g7/2
97Zr1.103(3/2+) − 0.0343

3s1/2
97Zr1.264(7/2+) 0.0251

96Zr2.438(3+) 2d3/2
97Zr1.264(7/2+) 0.0783

2d5/2
97Zr1.264(7/2+) − 0.1128

1g7/2
97Zr1.264(7/2+) 0.0618

3s1/2
97Zr1.40(5/2+) 0.8267

2d3/2
97Zr1.40(5/2+) − 0.0809

2d5/2
97Zr1.40(5/2+) 0.0163

1g7/2
97Zr1.40(5/2+) − 0.0154

table one can observe a reasonable agreement between the
theoretical and experimental spectra.

The spectroscopic amplitudes for the projectile overlaps
were taken from Ref. [73], where the authors used the effective
interaction for the 1p shell deduced in a previous paper [74].
The overlaps between the 6Li g.s. and the 5Li g.s., as well

FIG. 6. Coupling scheme for the target overlaps.

as the 1/2− resonant state were included. Both the 1p3/2 and
1p1/2 components, of similar importance [74], were included
in the calculations. The schematic picture of the projectile
overlaps is shown in Fig. 5.

The spectroscopic amplitudes for target overlaps, derived
from the NUSHELLX code, used in the 1n-transfer stripping
calculations, are given in Table IV. The schematic picture of
the target overlaps used in the calculations is shown in Fig.
6. Because we are including target excitations, the transfer
to the final states of 97Zr can occur in a direct way or
through the excitation of the target (two-step process). The
excitations in the final partition were not included. So, we
consider having inelastic excitation followed by transfer, but
not transfer followed by the excitation of the residual 97Zr.

For both projectile and target, the Woods–Saxon form fac-
tors were used with reduced radii r0 = 1.2 fm and diffuseness
a0 = 0.65 fm. The depths of the potential were varied to
fit the experimental neutron binding energies. The spin-orbit
interaction was also included with standard depth of 7 MeV.

For the CRC calculation, a prior exact finite-range ap-
proximation was used. Nonorthogonality corrections and full
complex remnant term were used in the coupling scheme. All
calculations were performed with the FRESCO code [75]. It is
important to mention that, as usual for stripping reactions, the
post form is used. Nevertheless, if all the relevant corrections
(nonorthogonality terms, etc.) and correct optical potential are
used, both forms of the matrix elements of the interaction are
equivalent. This is an important crosscheck one should perform
to access to the optical potential consistency. For this reason,
we performed this crosscheck.

In Fig. 7 the experimental data are compared with the
results of CRC calculations (full curve). One can observe that,
although the energy dependencies of the experimental data and
of the theoretical results have a similar shape, the theoretical
curve is lower than the data. One should mention that, although
in the calculations the direct feeding of the 97Zr ground state
was considered in the CRC calculations, it is not included in
the curve of Fig. 7, because the experimental transfer cross
sections are concerned only with transfer to excited states,
owing to the experimental method used.
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FIG. 7. Comparison of experimental data with CRC calculations
for the 6Li + 96Zr → 97Zr

∗ +p + α reaction.

In the light of this comparison, we tried to understand this
disagreement. First, we tried to enlarge our model space,
although we expected that only a very large increment in
the model space could account for this disagreement. Our
computational limit for NUSHELL calculations did not allow
us to calculate spectroscopic amplitudes for higher orbits.
However, because we wanted to investigate whether the
inclusion of these orbits would have a significant effect on the
results, we included other higher orbits (1h9/2, 2f7/2, 2f5/2,
3p3/2, and 3p1/2) assuming spectroscopic amplitudes equal to
1.0. We found negligible effect.

Then we tried to find other possible explanations for the
disagreement. One possibility might be that the measured
97Zr residual nucleus may originate from other reaction
mechanisms that feed the same final states. So, we investigated
the possibility that the breakup of the 6Li into an alpha particle
plus deuteron is followed by one neutron transferred from
the deuteron to the target. The Q value for this 96Zr(d,p)
transfer reaction is +3.35 MeV. We performed calculations
using the distorted wave Born approximation (DWBA) for
the (d,p) reaction. The energy of the deuteron impinging on
the 96Zr target was taken to be the energy of the 6Li minus
the alpha-deuteron binding energy (1.47 MeV) multiplied by
2/6. The results showed large transfer-reaction cross sections.
However, this is just a qualitative result, since we did not
calculate the first step of the reaction; that is, the breakup
probability. If the reaction proceeds through the 3+ resonance
state of 6Li (as it probably occurs), the deuteron energy
should be correct, too. This last option was not included in
our tentative calculation.

Another possible reaction mechanism present might be
the spectator model proposed in the 1980s by several groups
[76–78]. In this case one considers the cluster structure of 6Li.
The alpha particle of 6Li does not participate in the reaction,
whereas the proton inside the deuteron remains as spectator
and the neutron participates in a one-step (d,p) reaction with
the target. The difference of this reaction mechanism with the
one mentioned above is that the system does not loose energy
breaking the 6Li projectile (so, this is a one-step reaction
mechanism). However, we are not able to perform this kind of
calculation.

So, we suggest that the reaction mechanisms are more com-
plex than the direct one, and two-step one-neutron stripping
might solve the discrepancies between the theory and data.
This has to be further investigated in the future.

V. SUMMARY AND CONCLUSIONS

We have measured the cross sections for the one-neutron
stripping of 6Li to the 96Zr target, feeding excited states of
97Zr, by the online γ - ray spectroscopy method, at energies
close to the Coulomb barrier. This cross section is a lower
limit for the one-neutron stripping cross section, since it is not
possible to determine the cross section for the direct feeding
of the ground state of 97Zr by the online γ -spectroscopy
method. The derived excitation function drops much less
steeply than the complete-fusion excitation function at the
lowest energy. At the barrier, this transfer cross section has the
same magnitude as the CF cross section. An extrapolation
of this trend leads to the conclusion that, at sub-barrier
energies, it should predominate over the complete fusion cross
section. This behavior may be explained by the peripheral (or
surface) character of transfer and breakup reactions, which are
direct processes. Particularly, neutron-transfer reactions do not
require the tunneling of charged particles through the barrier,
as does the fusion process. We believe that this is an important
result to be reported, since it shows that, when one is dealing
with reactions with weakly bound nuclei, even when the nuclei
are not of neutron-halo type, the neutron-transfer reactions
may contribute significantly to the total reaction cross section,
especially at low energies close to and below the Coulomb
barrier.

Our CRC calculations for the one-neutron stripping give re-
sults that are slightly lower than the data. We believe that more
complex reaction mechanisms might be present, and that this
is a very interesting subject to be investigated. Experimentally,
one may perform γ -particle-coincidence experiments, as we
plan to do in the near future. Theoretically, it is still a challenge
for a computer code to take into account all possible reaction
mechanisms that might be involved in such systems. As far as
we know, this goal is still far from being achieved with present
methods and computing facilities.
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