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Multinucleon transfer reactions with Li+ Be in the exit channel
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The three-, four-, and five-nucleon transfers were investigated by studying the ' B(a, 'Li) Be,
"8('He, Li) Be, and ' C(d, Li) Be reactions, respectively. The measurements mere performed in the
entire center of mass angular region, at incident energies corresponding to 49.3 MeV in the center of
mass system of the exit channel. A distorted-seve Born approximation analysis vvas performed in-

cluding second-order transfer contributions for all investigated reactions.

Studies of direct multinucleon transfer reactions yield
interesting information on some aspo:ts of nuclear struc-
ture by shedding light on the problem of clustering in nu-

clei. On the other hand, they provide information on the
reaction mechanism as, e.g., the role of the higher order
processes.

In order to gain significant knowledge from such stud-
ies, however, a strong constraint should be applied on pa-
rameters of the reaction model used to analyze the experi-
mental data. This can be achieved by extending the inves-
tigations on interdependent reactions leading, e.g., to the
same final states.

Reactions with the I.i+ Be system in theexit channel
offer a particularly favorable opportunity for such investi-
gation. When studied in the forward and backward angu-
lar hemispheres, such reactions correspond to the effective
transfer of various groups of nucleons with the same
mass, i.e., 2nlp and ln2p in ' B(a, Li) Be, 3nlp and 2p2n
in "B(iHe, Li) Be, and 3n2p and 2n3p in ' C(d, Li) Be
reactions. Therefore, they enable one to make a direct
comparison of different cluster transfers in a single exper-
iment, e.g., H-like cluster transfer can be directly com-
pared with that of an a particle by measuring the reaction
'B{ He, Li) Be in the entire angular region. Further-

more, some of these transfers treated as one-step reactions
could be regarded as the first and/or the second step of
two-step sequential process in another transfer reaction.
A 90 symmetry in angular distributions for ' B(a, Li) Be
and ' C(d, Li) Be reactions can provide, according to the
Barshay-Temmer theorem, ' an additional test for the re-
action mechanis. A complex, consistent analysis simul-
taneously including all investigated reactions, performed

in the 0%HA model extended to the second order, would
deliver reliable information on the mechanism of transfer
of complicated, multinucleon structures.

The experiment was performed at the cyclotron JULIC
of the Kernforschungsanlage Jiilich. A deuteron beam of
E&,b

——78.0 MeV, a He-particle be un of Ei,b ——71.8 MeV,
and an a-particle beam of Ei,b ——91.8 MeV were focused
onto ' C {100pg/cm ), "B(160pg/cm with 98.55/o en-

richment), and ' B (60 pg/cm with 96.35% enrichment
on a 20 pg/cm ' C backing) targets, respectively. These
incident energies in the laboratory system were chosen to
achieve the same c.m. energy of 49.3 MeV in the exit
channels of all reactions investigated.

The outgoing reaction products were momentum
analyzed in the quadrupole-quadrupole-dipole-dipole-
quadrupole (QQDDQ) magnet spectrometer BIG KARL.
For the particle identification a &&-gas detector and an
E-plastic scintillator counter were used in the focal plane
of the spectrometer. The momentum spectra of Li and
78e, identified by events in the appropriate regions of the
two-dimensional && vs E spectra, were measured in two
multiwire proportional chambers. As can be seen from
Fig. 1, the resolution was sufficient to resolve the first ex-
cited states of Li or Be from the ground states, leaving,
however, unresolved excitations to the first excited state
0.478 MeV in Li or 0.429 MeV in Be.

The absolute cross sections were obtained by compar-
ison with known elastic scattering cross sections or by
knowledge of the measured target thickness, the solid an-
gle of the spectrometer, and the integrated charge calibra-
tion. The error of normalization was estimated to be
10'.
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FIG. 1. A momentum spectrum of 'Be particles for the reac-
tion "B('He, Be}Li at 10'.
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The measured angular distributions for the ground state
transitions are shown in Fig. 2. A DWBA analysis was
performed, including the important two-step transfer con-
tributions to each cluster transfer considered. The calcu-
lations were done using the exact finite range code
JUFITER —5 written by Tamura and Udagawa according to
the formalism in Ref. 3 and modified by Kamys et al. to
allow for particle spin in the entrance channel.

Special care was devoted to determine the essential
components of the model in the most consistent way.
Therefore, the parameters of the optical model potentials,
which were used for the calculation of the distorted waves
in different channels, were determined from elastic
scattering data wherever possible. A linear energy depen-
dence of the depth of the imaginary part was introduced
to allow for different energies in various reaction chan-
nels.

As no elastic scattering data exist for the Li+ Be sys-
tem, the interaction in the exit channel was approximated
by the optical model potential for the Be+ Li system
determined from the analysis of elastic scattering data at

=19.12 MeV, s however, with an energy dependent
term in the depth of the imaginary part, which was deter-
mined by reproducing the u-transfer data in the
"B( He, Be) Li reaction. The same potential was also
used for all Li+ Be partitions in the intermediate states
of two-step reactions.

The binding potential of the transferred particle to the
core was assumed to be of Woods-Saxon form with
the geometrical parameters R =0.85(A~ +A,' ) fm,
a =0.65 fm, while the depth was adjusted to obtain the
proper binding energy.

The spectroscopic amplitudes for all ground and excited
states needed in the calculations were calculated according
to the formalism outlined in Refs. 6 and 7.

Wherever possible, the cross sections of each of the sin-
gle steps of the two-step processes were compared with ex-
perimental data. This was done for the following reac-
tions: "B( He, Li) Be (the present experiment),
"B( He, a)' B (Ref. 8), ' C(d, Li) Be (the present experi-
ment), ' C(d, He)"B (Ref. 9), and ' C(d,t)"C (Ref. 10).

It was found to be impossible to simultaneously repro-
duce the energy dependence of the elastic scattering and
the one-nucleon transfer reactions (d, He), (d,t), and
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FIG. 2. Angular distributions for the reactions ' 8{a, Li) Be,
"8( He, Li) Be, and ' C(d, Li) Be leading to the ground states
of the final nuclei. The curves represent the theoretical calcula-
tions for one-step cluster transfer (dashed line), t~o-step transfer
contributions (dash-dotted line), and the coherent sum of both
(solid line).
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( He,a), in agreement with the ( He,d) analysis in Ref. 11.
Therefore a radial cutoff of about 4 fm was introduced in
the calculation of the transfer amplitudes for these pro-
cesses to reduce the contribution from the nuclear interior
and to increase the I-space localization.

The comparison of the results of the calculation with
experimental data for the ground state excitations is
shown in Fig. 2. The conclusions can be summarized as
follows:

1. In the ' B(a, Li) Be reaction (Ref. 12), only the
one-step triton- and helion-cluster transfers were con-
sidered in the DWBA calculations. They account well for
the measured differential cross sections, indicating the
dominance of the single-step processes in this reaction.
This reaction mechanism evidently conserves isospin,
leading to the 90' symmetry of angular distributions ob-
served with experimental accuracy up to 10%%uo, in full ac-
cord with the Barshay-Temmer theorem.

2. In the reaction "B( He, Li) Be, a-transfer contri-
butes dominantly in the backward angular range. The
two-step contributions, p-t, t-p, n-~He, and He-n, on the
other hand, were found to be relatively small. This justi-
fies our procedure for determining the imaginary part of
the Li+ Be optical potential by means of fitting the
single-step a transfer. The H-cluster one-step transfer
calculated with the same potential and with the shell
model spectroscopic amplitude reproduces only a fraction
of the measured cross section in the forward hemisphere,

leaving room for higher order processes. The second or-
der calculations for n-t, t-n, 2n-d, and d-2n sequential
transfers indicate a dominant role of the two-step transfer
mechanism in the ( He, Li) reaction. However, the agree-
ment is not satisfactory, which could be connected with
still other mechanisms than the assumed one; e.g., simul-
taneous transfer of H as four uncorrelated nucleons. No
90' symmetry in angular distribution is seen in this case,
since this reaction does not fulfill the assumption of the
Barshay- Temmer theorem.

3. In the ' C(d, Li) Be reaction, the contributions of
single-step He- and Li-cluster transfer reproduce almost
completely the measured cross section in the forward and
backward directions, respectively. The inclusion of the
two-step transfers, a-n and n-a accompanying ~He

transfer, and a-p and p-a accompanying Li transfer, lead
to a slight overestimate of the experimental angular distri-
bution. In accord with the Barshay-Temmer theorem, the
cross section shows a symmetry about 90' within the ex-
perimental accuracy of 8%.

It should be stressed that we have performed the
analysis of all the experimental data in as consistent a way
as possible. The constraint of reproducing the elastic
scattering, the one- and two-step processes simultaneous-
ly, leads to very little freedom in the choice of the param-
eters. It is then seen that we are able to draw some in-
teresting conclusions on the mechanism of heavy cluster
transfer.
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