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One-neutron stripping from °Be to '®Tm, *'Ta, and '*"Re at near-barrier energies
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We report the measurement of one-neutron stripping of °Be to the ' Tm, ¥ Ta, and '®"Re nuclei, in the range
from subbarrier to above-barrier energies. The activation technique was used, with the detection of off-line y
rays. The results show that the transfer cross sections for the three systems investigated are very similar and are
much larger than the corresponding fusion cross sections at subbarrier energies, whereas fusion predominates at
energies above the barrier. Data are in good agreement with our coupled reaction channel calculations. We also
investigate the ratio, as a function of energy, between experimental transfer and fusion cross sections. The role
of transfer couplings on the fusion excitation functions is also discussed.
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I. INTRODUCTION

Reactions and scattering of weakly bound nuclei have
been widely investigated in the last years, especially fusion,
breakup, and elastic scattering [1-4]. Several reaction pro-
cesses may occur after the breakup of one of the colliding
nuclei (we will consider as the projectile): sequential complete
fusion (SCF) if all fragments fuse with the target, incomplete
fusion (ICF) if only part of the projectile fuses, and noncapture
breakup when neither fragments fuse with the target. However,
some direct processes may also occur, without the breakup of
the weakly bound nucleus, such as direct complete fusion
(DCF) or direct transfer of nucleons or clusters of nucleons.

Systematic results [3,5—10] have shown that the coupling
effects of the breakup channel on the complete fusion (CF)
suppress its cross section at energies above the Coulomb
barrier and produce some enhancements at subbarrier energies.

Direct transfer reactions are the less-investigated processes
involving weakly bound nuclei. One usually finds in the
literature that, when transfer and incomplete fusion lead to
the same nucleus, the measured cross section is attributed only
to the latter, and the direct transfer is neglected. Thus, transfer
process may lead to some complications in experimental and
theoretical studies of fusion. One example is the ICF cross
section in collisions of weakly bound projectiles like °Li.
In this case, the direct transfer of a *H or a “He cluster
produces the same final states as the ICF of the corresponding
fragment, after °Li breakup. From the experimental point of
view, these processes cannot be distinguished and usually,
when one reports the measurement of ICF, the measurement
was actually of the sum of both processes.

On the other hand, from the theoretical point of view,
transfer and ICF are very different processes. The former
takes place in a single step whereas the latter is a two-step
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process (breakup and then partial fusion). At subbarrier
energies, ICF occurs after a tunneling of part of the projectile
whereas in direct transfer no tunneling is required. Since
direct transfer and breakup processes do not need to tunnel
through the barrier, their excitation functions do not drop as
fast as the fusion excitation function at subbarrier energies,
and those processes may have larger cross sections than
fusion at energies below the Coulomb barrier. This fact can
also be indirectly observed in some precise elastic scattering
experiments with weakly bound nuclei, where it is clear that
the Coulomb barrier is not the threshold for reactions, since
the imaginary part of the optical potential vanishes at energies
around 15% to 20% lower than the Coulomb-barrier energy
[11].

Transfer reactions are particularly important in collisions of
neutron-halo nuclei, such as ®He, when the neutron-stripping
cross sections are very large, mainly at subbarrier energies
[12-21]. For experiments with neutron halo projectiles it was
found that the one- and/or two-neutron transfer channels are
the dominant processes below the Coulomb barrier and are
still important at energies above the barrier.

Similar conclusions were reached for collisions of stable
weakly bound projectiles, especially at subbarrier energies.
Shrivastava et al. [22] measured one-neutron stripping and
one-neutron pickup in the °Li+ '"®Pt collision. They have
shown that the direct reaction cross section is much larger
than the fusion cross section at energies below the barrier. They
also investigated the "Li+ '"®Pt system [23] and found that
the one- and two-neutron stripping and the one-neutron pickup
reactions have important cross sections. Palshetkar ef al. [24]
investigated ®’Li + '°7 Au collisions and found sizable transfer
cross sections for reactions induced by °Li (one-neutron
stripping and one-neutron pickup) and by ’Li (one- and
two-neutron stripping). Di Pietro et al. [25] investigated the
7Li+%Zn collision. They concluded that CF is the main
process at above-barrier energies whereas transfer is the
dominant processes below the Coulomb barrier [26].

However, for “Be-induced reactions, there are very few
reported works on transfer reactions above or below the barrier,
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all of them for one-neutron-stripping measurements [27-29].
Our group has reported the measurement of one-neutron
stripping of *Be to W at only one energy above the barrier
[30]. To contribute to the investigation of transfer reactions
induced by the °Be nucleus, we performed experiments with
the 169Trn, 181Ta, and '¥Re targets at energies near the
Coulomb barrier (above and below), using the off-line y-ray
spectroscopy method. Direct one-neutron-stripping transfer
could be identified and their cross sections measured. The
transfer Q values for the tree systems are similar and very
positive: +4.93, +4.40, and +4.21 MeV for 169, 181y,
and '®"Re, respectively.

From the theoretical side, since the breakup feeds states
in the continuum, and transfer may also feed states in the
continuum, the most suitable theoretical approach to describe
breakup and its influence on fusion might be the continuum
discretized coupled channel (CDCC) method. However, the
CDCC method is still far from giving a satisfactory description
of collisions of weakly bound nuclei. In most cases it does
not lead to individual CF and ICF cross sections nor can it
take into account bound and continuum states of the projectile
simultaneously with nucleon transfer or inelastic channels in
the target. When the projectile breaks into three particles,
such as ®He into *He +n +n or °Be into n + o + «, the
four-body CDCC calculations are even more difficult to
do. Transfer reactions are usually theoretically investigated
through coupled reaction channel (CRC) or distorted wave
Born approximation (DWBA) calculations, as we do in the
present work.

In the present paper, in Sec. II we describe the experimental
setup. In Sec. III we show the experimental one-neutron
transfer cross sections obtained for the three systems. In
Sec. IV we compare our data with CRC calculations. In
Sec. V we discuss the relations between the fusion and transfer
excitation functions and the transfer coupling effect on the
fusion cross section. Finally, we summarize our work and
present some conclusions.

II. EXPERIMENT PROCEDURE

The neutron-stripping cross sections for the °Be + '%Tm,
181Ta, and '®’Re systems were obtained through a standard
stacked-foil irradiation followed by off-line measurement
of the y ray of the activation products by using high-
resolution high-purity Ge (HPGe) setups. A full description
of the experimental technique and setup has been presented
in Ref. [31]; here only a brief description and additional
information relevant to the neutron transfer cross sections
are given. The experiments were performed at the sector
focusing cyclotron in the Heavy Ion Research Facility Lanzhou
(HIRFL), China. Stacks of '®Tm, ®!Ta, and "®"Re targets
were irradiated with a collimated °Be beam with an initial
energy of 50.4 MeV. For each type of target, two stacks were
prepared with each stack having eight targets. To trap the
recoiling residues produced during irradiation as well as to
reduce the energy of the beam on the subsequent target of the
stack, each target was backed with Al foil of thickness around
1 mg/cm?. The typical average thickness of '®Tm targets was
around 600 pg/cm?, while the thickness of ! Ta and '*'Re
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targets were in the range of 430 to 590 ug/cm? and 310 to
370 pug/cm?, respectively. To obtain the irradiation at beam
energies of 32-40 MeV, an Al degrader foil with a thickness
of 11.1 mg/cm? was placed in front of the stack. The energy
losses in the target layer, in the Al backing, and in the Al
degrader foil were determined by using ATIMA calculations
within the LISE++4 program [32,33]. The beam current was
determined from the charge collected in a Faraday cup behind
the target stack by using a precision current-integrator device.
The current-integrator counts were recorded in the acquisition,
stepping every second, to obtain the beam current as a function
of time during the irradiation.

After the end of the irradiation, the activity of the targets was
measured by using HPGe detectors. For the residue nucleus
188Re in the “Be + '*'Re system, the same HPGe setup was
used as in our previous paper [31]. As for the residue "°Tm,
since it has a long half-life (71, = 128 d, I” = 17) and only
a weak (2.48%), low-energy 84.3 keV y line is emitted in
its decay, the activity measurement was carried out about one
month after the irradiations by using a commercial ORTEC
Compton Suppression Counting Systems (to this end, the
average laboratory background count rate is reduced to about
3 s7!). During the cooling period of more than one month, the
activities of other reaction products formed in the Be + ' Tm
system decreased by a factor of more than 1000; therefore,
the background is significantly suppressed in the low-energy
region. The same ORTEC Compton Suppression Counting
Systems was used to measure the activity of '®2Ta in the
9Be + !81'Ta system, but a longer cooling time of two months
was chosen. Typical measured y-ray spectra are shown in
Fig. 1, where the y lines of interest are clearly identified. To
confirm that the y lines observed are coming from the residues
of interest, the half-life for each residue was followed. As an
example, in Fig. 2 we show the activity curve for the '®*Re peak
(155 keV line); the half-life extracted from our measurements
is in agreement with data in the literature [34].

III. EXPERIMENTAL RESULTS

The experimentally measured one-neutron stripping cross
sections in *Be + '°Tm, '8!Ta, and '¥Re systems are given
in Table I. As the experimental method used was the off-line
y-ray spectroscopy, the transfer cross sections measured are
the total cross sections to the ground state and to all excited
states.

Figure 3 shows the one-neutron-stripping excitation func-
tions for the three systems investigated. The Coulomb-barrier
energies are indicated in the figure with arrows. One can
observe that, at energies below the Coulomb barrier, the
excitation functions do not drop as fast as one usually observes
for fusion excitation functions. This may be explained by
the peripheral character of direct transfer reactions, which
do not require tunneling through the barrier. One observes
a saturation of the transfer cross sections around 150 mb for
the three systems, at high energies. One can also observe some
small decrease for the '3!Ta target at the two highest energies,
corresponding to 1.33Vp and 1.36V and for the '®Tm target
at the highest energy, corresponding to 1.36Vp. This might be
explained by the competition with other reaction mechanisms
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FIG. 1. Off-line y-ray spectra (a) for °Be + ' Tm system showing the 84 keV y line emitted in the decay of '"*Tm, measured 37 days
after the end of activation with a collection time of 2 days, (b) for *Be + '®!Ta system showing the 1121, 1189, 1222, and 1231 keV y lines
emitted in the decay of 'Ta, measured 60 days after the end of activation with a collection time of 2 days, and (c) for *Be + '*’Re system
showing the 155 keV y line emitted in the decay of '**Re, measured 8 hours after the end of activation with a collection time of 1 hour.

at this energy region. For the '8’Re target one cannot see
the decrease, but for this system the highest energy measured
corresponds to 1.31Vp, for which there is also no decrease of
the transfer cross section for the other two systems.

The one-neutron transfer excitation functions are very
similar for the three systems. This behavior is somehow
expected, since they have similar transfer Q values and we
were able to measure only the total transfer cross section,
rather than transfer to specific states.

The small differences between the three excitation functions
may be partially explained by the fact that the sizes and heights
of the Coulomb barrier are slightly different. A solution to
compare different systems would be the use of some reduction
procedure. However, recently it has been shown [35,36]
that, although there is a suitable method to reduce fusion
excitation functions [37], there is not an available method that
can properly reduce direct reaction and total reaction cross
sections. Thus, we did not use any reduction method in the
present work.
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FIG. 2. Activity curve for the '®Re nucleus formed in
9Be + ¥Re reaction by using the 155 keV line.

IV. COMPARISON OF TRANSFER CROSS-SECTION DATA
WITH COUPLED REACTION CHANNEL CALCULATIONS

In this section we show the comparison of the experimental
data shown in the previous section with the results of
calculations. We performed coupled reaction channel (CRC)
calculations for the 1n stripping reaction of °Be and '®Tm.
We performed the calculations for only one system because
they are very computer time consuming and we believe that the
verification whether our transfer data could be explained by
the calculations would be similar for the three systems. There
was no particular reason for the choice of the system with the
1Tm target.

To perform this calculations there are various impor-
tant ingredients such as the optical potential, spectroscopic
amplitudes, and form-factors needed for coupled channel
calculations. For the real and imaginary parts of the optical
potential, the double-folding Sad Paulo potential was used
[38,39]. Atnear barrier energies this potential is a usual double-
folding potential with the advantage that has a comprehensive
systematic for the matter densities. For this reason this is a
parameter-free potential.

Because the breakup channel was not considered in our
calculations, polarization potentials that account for this
important reaction channel have to be added to the potential
of the entrance partition (to the optical potential of the elastic
channel). This was achieved by the inclusion of the strength
coefficients Np = N; = 0.6. The strength coefficients for the
real parts have been shown to account for the repulsive
character of the real part of the breakup polarization potential
[40,41]. The strength for the imaginary part was introduced
by Pereira et al. [42] to account for the loss of flux due
to dissipative processes. In the case of breakup channels, it
accounts for the imaginary part of the polarization potential
[40]. A Woods—Saxon imaginary potential with parameters
W = 50.0 MeV, r,, = 1.06 fm, and a,, = 0.2 fm for the depth,
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TABLE L. Measured cross sections for the production of one-neutron-stripping residue in the *Be + ' Tm, '®!Ta, and '®"Re systems.

9Be+169Tm 9Be+]81Ta 9B€+187Re
Ern (MeV) OTm (mb) Eip (MeV) 82T (mb) Ein (MeV) 188Re (mb)
48.0 148.5 + 12.3 50.3 1249 + 11.5 49.1 157.7 + 11.3
46.9 155.9 + 15.9 492 131.7 + 8.0 48.1 155.6 + 10.4
45.7 153.2 + 13.0 48.1 1453 + 10.2 47.2 161.4 + 10.9
445 156.0 + 12.5 47.0 147.6 + 9.4 46.2 1513 +£ 9.2
432 1523 + 9.6 45.9 150.2 + 19.1 45.0 147.7 + 9.9
42.0 153.9 + 10.1 447 1424 + 11.7 44.0 152.3 + 8.8
40.2 137.1 £ 9.5 43.5 140.8 + 9.1 427 157.9 + 9.2
38.9 143.8 + 8.8 423 147.4 + 10.0 40.3 153.1 + 9.1
37.7 120.0 + 7.1 40.3 1414 + 8.9 39.2 149.6 + 9.5
36.3 116.8 + 6.6 39.0 130.1 + 8.5 38.0 1225 + 7.6
35.0 90.8 + 5.8 37.8 1252 + 75 36.8 953 + 6.1
33.5 64.2 + 4.5 36.5 98.1 + 5.4 35.5 75.6 + 4.5
32.1 423 + 3.0 35.3 715 + 5.3 34.2 51.6 + 3.2
33.9 70.1 + 19.2 32.9 343 + 2.1
32.5 38.0 + 10.0

reduced radius, and diffuseness, respectively, was considered
in the entrance partition (°Be + 199Tm) to account for the loss
of flux to fusion (but not included in the solution of the system
of coupled equations). This potential is internal to the barrier
and guaranties that the flux that passed through or over the
Coulomb barrier is accounted for fusion.

For the final partition (8Be + 17OTm), the Sad Paulo
potential was used for both real and imaginary parts with
strength coefficients Nz = 1.0 and N; = 0.78, respectively.
This approach has been proved to be suitable for describing
the elastic scattering cross sections for several systems [43]
over a wide energy interval.

The spectroscopic amplitudes for projectile and target
overlaps were set equal to 1.0. The reason for that is that, to
calculate the overlaps between nuclei with charge larger than
28 (Ni isotopes), usually it is required to use a very large model
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FIG. 3. Measured one-neutron-stripping excitation functions for
°Be + '“Tm, '8'Ta, and '*Re systems.

space, which is quite difficult to handle even with the computer
facilities that are available nowadays. This is the case of the
present target overlaps. In the case of the projectile overlaps,
although the model space is much smaller, we decided to set
the spectroscopic amplitudes also equal to 1.0 and to interpret
our results as an approximate.

The projectile overlaps considered in the calculations are
shown in Fig. 4. One should notice that two-step processes
were also included in the coupling scheme; that is, the transfer
from the 5/2~ resonance state at 2.429 MeV to the 2% resonant
state of ®Be at 3.030 MeV. For the excitation of this L = 2
resonant state, we considered that this is a bound state, because
it lives for a time larger than the reaction time. The rotational
model has been used to describe this coupling, including the
reorientations terms. The deformation parameter was taken
from Ref. [44] as equal to 8, = 0.92.

The target overlaps considered in the CRC calculations are
shown in Fig. 5. The second-order overlaps from the excited
state 3/2% at 0.008 MeV of '®*Tm are identified as dot-dot-
dashed lines in this figure to facilitate their identification, since
several other overlaps have been considered in the calculations.
For the excitation of the L = 2 3/27 state, the rotational model
was considered. The deformation parameter 8, = 0.326 [45]
of the neighbor 170Yb was taken, similar to what has been
done in our previous study of the fusion cross section [31].

For both projectile and target, Woods—Saxon form factors
were used with reduced radii ro = 1.2 fm and diffuseness

2.429 5/2- 3.030 2*
0.0 3/2, 00 0
9Be g 8Be

FIG. 4. Scheme of coupling for the projectile overlaps considered
in the CRC calculations.
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FIG. 5. Scheme of coupling for the target overlaps considered in
the CRC calculations.

ap = 0.65 fm to generate the single-particle wave functions
of the neutrons. The depth of the potential was varied to fit
the experimental neutron binding energies. The spin-orbital
interaction was also included with standard depth of 7 MeV.
For the CRC calculation, the prior exact finite-range
approximation was used, including the full complex remnant
terms and nonorthogonality corrections. All calculations were
performed by using FRESCO code [46]. In Fig. 6 the results

[ f [ ' | ' | ' |
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5 | e i
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1x10" | ! | ! | I | 1 |
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FIG. 6. Comparison of experimental transfer (one neutron strip-
ping) cross sections measured in the present work for the °Be + ' Tm
reaction (symbols) and the results of our CRC calculations (curve).
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of CRC calculations are compared with the experimental data
of the one-neutron transfer reaction 169Trn( ‘Be, 8Be) 170Tm,
One can see a rather good agreement between the theory and
the experiment in the whole energy interval studied in the
present work.

V. DISCUSSION OF TRANSFER AND FUSION
CROSS SECTIONS

It would be interesting to compare the transfer excitation
functions measured in the present work for the three systems
with the fusion cross sections for the same systems. The fusion
data are already available [31,47]. Figure 7 shows the transfer
and complete fusion excitation functions for the three systems,
separately. The behavior for the three systems is similar. One
can observe that, at subbarrier energies, the transfer cross
sections are much larger than the fusion cross sections. This is
expected since direct transfer is a peripheral process and does
not require the tunneling of the barrier to occur. On the other
hand, for energies above the barrier, the fusion process clearly
predominates over direct transfer, which saturates at energies
not too much above the Coulomb barrier.

One can notice that, with the logarithmic scale of Fig. 7,
one cannot observe the small decrease in the transfer cross
sections at the highest energies, as was possible with the linear
scale of Fig. 3.

The comparison between transfer and fusion cross sections
as a function of the energy can be more clearly investigated by
the plot of the ratio between these cross sections as a function
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FIG. 7. Transfer (one-neutron stripping) cross sections measured
in the present work for the three systems and the complete fusion
excitation functions for the same systems, reported in Refs. [31,47].
The energies of the Coulomb barriers are represented by the dashed
vertical line.

034615-5



Y. D. FANG et al.

N l. ! L] l9 L] 169' .
10 : Be+ "Tm ,
3 o 3
e
1 —e—¢
[ )
[ ..‘o. ]
0.1; : 1
i L .i P R | P | sl ]
} + L B T B
: 9 181
. 10 g 4‘( Be+ "Ta =
bU *5*
\s 1 **
= *
§ [ : * Kok ]
© 01 :
.....:::::é:...:.::.::::::...::::::.
[ : 9 187
10F t Be+ Re 1
E a
1 ZAA
3 A
i : MEY YN ]
0.15- : 1
i PR Y ; PR BEET R RN B 1 1 3
08 09 10 11 12 13 14 1.5

ELAB/\/B

FIG. 8. Ratios between transfer (one-neutron stripping) cross
sections measured in the present work for the three systems and the
complete fusion excitation functions for the same systems, reported
in Refs. [31,47], as a function of the energy relative to the Coulomb
barrier.

of the quantity E,,/ Vg, where Vg is the Coulomb barrier. The
results are shown in Fig. 8. One can observe that, for the three
systems, this ratio is around 20% at the highest energy, which is
around 35% above the Coulomb-barrier energy. At the barrier
energy, the transfer cross section is around twice the fusion
cross section, and at the lowest energies, of the order of 0.87
to 0.90Vp, the transfer cross section is around ten times the
fusion cross section, or even more than that. We interpret these
results, as already mentioned, by the fact that, for the fusion
process at subbarrier energies to occur, tunneling through the
barrier is required, whereas the direct one-neutron-stripping
transfer process does not require tunneling.

Finally, we make comments on the role of the coupling
of the one-neutron transfer channel on the complete fusion
excitation function. Although there are signatures that transfer
channels with large Q values or large cross sections may
couple with fusion and contribute to its enhancement at
subbarrier energies, the relationship between transfer cross
section and the effect of transfer channels on fusion is not
straightforward, because they take place at different distances
or correspond mostly to different angular momenta. Only
transfer reactions which occur at distances not so far from
the position of the Coulomb barrier are the natural candidates
to behave as a doorway to fusion and enhance the subbarrier
fusion cross section [48]. For the three systems investigated
in the present work, it has been previously shown [31,47]
that coupled channel calculations including only inelastic
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excitations were able to explain the full complete fusion-
excitation functions. This means that the one-neutron transfer
channels, although they have large cross sections at subbarrier
energies, do not significantly influence the coupling scheme
to the fusion process. The reason, as explained by Gomes
et al. [48] from a semiclassical approach [see Fig. 4(d) in that
paper], is that the transfer form factor for this transfer channel
might not be too steep; that is, its value at the Coulomb-barrier
region is not too high. For transfer processes of two or more
particles, the transfer form factors are usually steeper and have
more influence on the fusion process if they have a reasonable
cross section. In summary, for the transfer cross section, the
integral of transfer form factors at any distances outside the
barrier is the important parameter, whereas for the influence of
transfer on fusion (or effect of transfer couplings on fusion),
what really matters is the integral of the form factor at a small
region close to the Coulomb-barrier position. For the systems
investigated in the present work, the transfer couplings do not
play an important role in subbarrier fusion.

VI. SUMMARY AND CONCLUSIONS

We measured the excitation functions of one-neutron
stripping of Be to three different nuclei, in the range from
subbarrier to above-barrier energies, by using the activation
technique and detection of off-line y rays. The results show
that the total transfer cross sections for the three systems
investigated are similar and they are much larger than the
corresponding fusion cross sections at subbarrier energies,
whereas fusion predominates at energies above the barrier.
At energies around 10% below the Coulomb barrier, the
ratio between transfer and fusion cross section is around ten,
decreasing to two at the barrier energy and becoming around
0.2 at energies of the order of 30% above the barrier. This
is interpreted as owing to the fact that, contrary to the fusion
process, direct transfer processes do not need to tunnel through
the Coulomb barrier.

CRC calculations for one of the investigated systems are in
good agreement with the data. It is important to mention that, in
the calculations, we assumed the spectroscopic amplitudes of
projectile and target as equal to one and we also included in the
coupling scheme the *Be 5/2~ resonance state at 2.429 MeV
to the 2 resonant state of 5Be at 3.030 MeV, which has a
significant role in the results.

Although the one-neutron-stripping transfer cross sections
are significant at subbarrier energies, the effect of this channel
on the subbarrier fusion excitation function is negligible,
since it has already reported that the couplings of inelastic
excitations are enough to explain the behavior of the fusion
excitation functions for the three systems under investigation.
We interpret that the reason is that most of the transfer reactions
might occur at distances much larger than the Coulomb-barrier
position.
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