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Light and heavy transfer products in 58Ni¿208Pb at the Coulomb barrier
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Light and heavy reaction products in the58Ni1208Pb system were measured atElab5328.4 MeV. Light
products were identified with a time-of-flight magnetic spectrometer and heavy fragments with a multiwire
parallel plate detector. From the kinematic coincidence the survival probability of the heavy fragments against
fission was derived. Data are well described by semiclassical model calculations including, in addition to all
one particle transfers, a proton pair-transfer mode with a macroscopic form factor.
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I. INTRODUCTION

In low-energy heavy-ion collisions, the mass and cha
distributions from multinucleon transfer reactions are dom
nated by a quasi-elastic mechanism, where the transfe
nucleons is governed by nuclear structure andQ-value
matching conditions. In various systems~see, e.g., Refs
@1–6#! there is evidence, at least for the case of neutrons,
the main degrees of freedom in this regime are provided
single nucleon transfer modes, being the multinucleon tra
fer channels populated via a sequence of individual partic
The transfer of correlated nucleons, pairs or even clust
are also considered as significant degrees of freedom@7#. A
relevant but very poorly investigated aspect of these re
tions is if the description given in terms of the above degr
of freedom suffices when large energy losses appear. In
case the primary yields can be modified in a significant w
by secondary processes such as nucleon evaporation,
the Q values of the reaction get more and more negative
the number of transferred nucleons increases. The influe
of secondary processes may be even more important fo
heavy partner of the reaction due to fission. In addition to
mass and charge yields of the light transfer products, a
termination of the survival probability against fission of t
heavy targetlike fragments would help understanding h
effectively multinucleon transfer reactions populate hea
nuclei @8,9#.

The 58Ni1208Pb system is a good candidate for mul
nucleon transfer studies, since itsQ-value matching condi-
tions, close to optimum up to eight proton stripping, allo
one to investigate the mass and charge distributions of
light reaction products and to check if the same trans
mechanism is suitable for producing a significant yield of
corresponding highZ heavy partners. This projectile and ta
0556-2813/2002/66~2!/024606~7!/$20.00 66 0246
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get combination was already used in previous measurem
mainly focused on neutron transfer@1,10,11# and/or on
strongly damped collisions@1,12#.

We then felt interesting to measure, for the same syst
the final mass and charge yields of light reaction produ
differential and total cross sections, total kinetic ener
losses and the survival probability against fission of the
like fragment. All these experimental quantities are co
pared here with semiclassical models@13,14# that solve in an
approximate way the system of coupled equations includ
surface collective modes, single- and two-nucleon trans
modes. The survival probability against fission of the hea
reaction products is also computed within the same mo
and compared with the experimental data.

In Sec. II we present the setup and the details of
experiment. In Sec. III we discuss the experimental resu
and in Sec. IV we compare data with model calculatio
Conclusions are drawn in Sec. V.

II. THE SETUP AND EXPERIMENT

The experiment was done with the Tandem1ALPI
booster of the Laboratori Nazionali di Legnaro. A58Ni beam
was accelerated onto a208Pb target at the bombarding energ
of Elab5328.4 MeV, corresponding to.3% above the
Coulomb barrier. The target had a thickness of 200mg/cm2

and an isotopic enrichment of 99.8%, and was sandwic
between two 15mg/cm2 C foils. Light reaction products
were detected with the time-of-flight~TOF! spectrometer
PISOLO @5,15#, while the associated heavy partners pr
duced in the binary reactions were detected in kinematic
incidence using a transmission-type multiwire parallel-pl
avalanche counter~MWPPAC!.

PISOLO combines a large solid angle and good mass~A!
©2002 The American Physical Society06-1
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and nuclear charge~Z! resolutions for ions withA<100 at
energies>1 MeV/amu. TOF signals were derived from tw
microchannel-plate~MCP! detectors placed at a distance
.3.5 m between each other, whileZ and total energy sig-
nals were obtained with a multi anode transverse field i
ization chamber. Between the MCP, two doublets of m
netic quadrupoles are placed with a resulting effective s
angle of.3 msr. An example ofA-Z matrix obtained with
the spectrometer at the grazing angleu lab590° is shown in
Fig. 1. One can observe transfer channels up to the picku
eight neutrons (18n) and the stripping of eight proton
(28p). The average mass and nuclear charge resolution
DA/A.1/100 andDZ/Z.1/60, respectively.

The transmission of the spectrometer was determi
from the yield of quasielastic events as a function of
magnetic fields of the quadrupoles. The ratio of the yie
with the quadrupole fields switched on and off turns out to
.13.7, this giving directly the effective solid angle of th
instrument. For more details see Refs.@5,15#.

Absolute normalization of the cross sections and rela

FIG. 1. A-Z matrix at u lab590°. The most intense spot corre
sponds toZ528,A558.
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normalization between different runs were ensured by f
silicon monitor detectors placed in the sliding-seal scatter
chamber connected to the spectrometer. The MWPPAC
the detection of the heavy partners is an improved versio
the one described in Refs.@16,17#. It has an area of 8
38 cm2 and consists of a central cathode~providing timing
signals! between twoX andY grids ~providing position sig-
nals through the delay line method!. Timing and position
resolutions are.350 ps and 1 mm~for both X and Y),
respectively. The MWPPAC was positioned with its acti
surfaces perpendicular to the reaction plane and at a dist
of .30 cm from the target, as a compromise between s
angle, high rate capabilities and angular resolution nee
The covered angular range was.15° both in-plane and out
of-plane, and the solid angle was.70 msr, sufficient to
detect all the relevant coincident heavy partners produce
the multinucleon transfer process. The intrinsic efficiency
the MWPPAC was 100% for the detected ions over
whole surface.

In Fig. 2 ~left side! we show theX andY position spectra
for the events ungated and gated by the TOF spectrom
The largest fraction of the coincident events are due to
elastically scattered208Pb ions, and the width of the peak
mainly determined by the spectrometer angular integration
.1.5°. In the right side of the same figure we show theX
spectra with software gates made on specificZ,A events for
the light partner~identified with the spectrometer!. One sees
the kinematic shift of the peaks towards more forward ang
as more nucleons are transferred, as expected from the
ferent reactionQ values involved.

From the ratio of the events detected in coincidence
tween the spectrometer and the MWPPAC and those with
spectrometer in singles we could extract what we define
average survival probability against fissionPs of the heavy
fragment.Ps was obtained by gating on each specificZ and
A of the light products and getting the corresponding eve
in the MWPPAC produced in the binary reaction. From t
kinematics of the reaction it turns out that the average
ht
an-
el.
FIG. 2. X andY position event distributions in
the MWPPAC. Left side: ungated~near square
shape! and gated~shaded areas! over all transfer
events detected with the spectrometer. Rig
side: ungated and gated for specific transfer ch
nels. Calibration of the spectra is 0.05°/chann
6-2
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FIG. 3. Experimental~dots!
and theoretical~lines! Q value in-
tegrated angular distributions fo
some representative transfer cha
nels. The full lines are the CWKB
calculations and the dashed line
are the GRAZING predictions
~shown for selected cases!. Ex-
perimental errors include the sta
tistical and systematic ones. Th
cross sections for the differen
channels are laid out in a
(DN,DZ) matrix.
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locities of the heavy ejectiles~in the lab system! and those of
the fission fragments~in the c.m. of the heavy fissionin
nuclei! are quite similar and have values.1.3 cm/ns. Tak-
ing also into account the geometry of the experiment,
fraction of fission products from the heavy fragments in c
incidence with PISOLO and going into the MWPPAC is e
timated to be.2%, therefore corrections to the original e
perimental ratios were not done.

III. EXPERIMENTAL RESULTS

Angular distributions were measured in the laboratory
gular range 70° –110° that covers most of the total tran
flux. For some representative transfer channels angular
total kinetic energy loss~TKEL! distributions are shown in
Figs. 3 and 4, respectively. The TKEL are derived assum
a pure binary process and no correction has been applie
reconstructing the primary distributions. From Fig. 4 o
sees that the distributions for pure neutron pick-up chan
have their major contribution close to the optimumQ values
(Q.0 MeV), with a tail extending towards larger TKEL a
more neutrons are transferred. This trend is quite similar
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channels that involve the transfer of protons with the la
TKEL tail becoming more and more pronounced. These f
tures are almost angle independent and confirm the gen
evolution of the reaction already observed for other syste
@5,6# and show that even at energies close to the Coulo
barrier large energy losses take place@13#.

The total cross sections obtained by integrating the m
sured angular distributions are reported in Fig. 5. For ch
nels involving the stripping of few protons the isotopic di
tributions extend mainly along the neutron pick-up chain, b
as more protons are transferred the neutron flux tends to
in the stripping direction. Since for the present system o
mum Q-value arguments favor the pick-up of neutrons a
the stripping of protons, the trend observed in the data m
be attributed, at least partly, to the effect of neutron eva
ration from the primary fragments. Indeed, we plot in Fig
the total cross sections, now as a function of the transfe
number of protons (DZ), for channels involving neutron
pickup ~left side! and neutron stripping~right side!. It is evi-
dent that cross sections for neutron pickup channels decr
very smoothly as a function of the number of transferr
protons, while neutron stripping channels have a v
e

e

t

FIG. 4. Experimental~histo-
grams! and theoretical~lines! total
kinetic energy loss~TKEL! distri-
butions atuL590° for some rep-
resentative transfer channels. Th
full lines are the CWKB calcula-
tions and the dashed lines are th
GRAZING predictions ~shown for
selected cases!. The spectra for
the different channels are laid ou
in a (DN,DZ) matrix.
6-3
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FIG. 5. Total angle andQ-value integrated cross sections for the transfer channels observed. Points and histograms are the exp
and theoretical values, respectively. Experimental errors include the statistical and systematic ones. The calculations shown in th
include only single nucleon transfer modes, those in the middle row have in addition a proton pair mode, and in the bottom
evaporation effects are taken into account~see text!.
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different behavior, indicating that two kinds of reactio
mechanisms are involved. While the neutron pickup tre
supports the idea of a direct population in terms of an in
pendent transfer of neutrons and protons, the neutron s
ping side shows a strong influence of some other mechan
that we identify with neutron evaporation. This differen
between pickup and stripping of neutrons was also obser

FIG. 6. Total experimental cross sections for channels involv
pickup ~left side! and stripping~right side! of neutrons, as a func
tion of the number of transferred protonsDZ. The open stars on the
left part are the pure proton transfer channels.
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even in a more marked way, in the study of the64Ni
1238U system@5#.

As discussed in the previous section, from the experim
tal ratios between coincidences and singles with the sp
trometer we could obtain the survival probability against fi
sion (Ps) of the heavy fragments. We observed that thePs
values have little dependence, for a specificZ, on the number
of transferred neutrons. In Fig. 7 we then plotPs as a func-
tion of the number of transferred protonsDZ, averaged over
the neutron numbers, together with the calculations
scribed in the following section. One sees thatPs is close to
1 up to the transfer of.3 protons, then a significant devia
tion occurs forDZ<24 with an increase of the fission prob
ability as more protons are transferred. It turns out that
presentPs values are very similar to the ones quoted in R
@12#, where the study was performed at a center of m
energy.80 MeV above the Coulomb barrier.

IV. COMPARISON WITH CALCULATIONS

The data are analyzed using the semiclassical Com
WKB ~CWKB! model, described in Ref.@14#. The model is
well suited for the study of transfer reactions at Coulom
barrier energies and was already successfully used in
comparison with experimental data for various syste
@6,17,18#. The formalism involves the same approximatio
which were used to calculate the absorptive@19# and polar-

g
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LIGHT AND HEAVY TRANSFER PRODUCTS IN . . . PHYSICAL REVIEW C66, 024606 ~2002!
ization @20,21# components of the optical potential and t
off-diagonal inelastic couplings. The model was first dev
oped to deal with one-particle transfer@14,17# and later gen-
eralized to compute cross sections of multinucleon tran
channels via a sequence of single nucleons and of
modes. The nucleon pair degrees of freedom are include
the calculation by using a macroscopic formfactor@18#. We
refer to the cited references for details.

We employ the single-particle levels of projectile and t
get ~for neutrons and protons! as shown in Fig. 8 to calculat
the single particle formfactors which constitute the main
gredients for the determination of the transfer amplitudes
order to cover the full range ofQ values one has to includ
all single-particle levels above the Fermi surface and a
shell below. Hence, some other levels are obtained by dia
nalizing a shell model potential~we used the Stockholm pa
rametrization@22#! and added to the experimental singl
particle levels obtained with the standard procedure from
binding energies and spectra of neighboring nuclei. For
case of neutrons in nickel, the states are treated as quas
ticle and quasihole states, and this is the reason why
2p3/2 level appears twice in Fig. 8~the Fermi energy is here
represented by a broken line!.

For the real part of the optical potential we used a Woo
Saxon form with the parameters from the empirical poten
of Ref. @23# ~we recall that this empirical potential was o
tained from a best fit procedure over many elastic scatte
data! and for the imaginary part we kept the same geome
with a strength reduced to 1/3 of the real part.

In the top row of Fig. 5, we show~histograms! the calcu-
lated total cross sections for all relevant mass and cha

FIG. 7. Survival probability against fissionPs for the heavy
targetlike fragments as a function of the number of transferred
tons DZ ~detected with the spectrometer! averaged over neutron
numbers. Points and histograms are the experimental and the
cal values, respectively. Experimental errors are only the statis
ones.
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partitions, in comparison with experimental data. All sing
nucleon transfer modes, compatible with the above choic
single-particle levels, are used. The multinucleon transfer
calculated in a successive approximation considering all
transitions as independent. A good agreement between
and theory is obtained for the transfer of pure neutrons
for channels involving the stripping of one proton (21p).
Noteworthy is the fact that the shape of the mass yield for
(21p) case is very well reproduced on the neutron pick-
side. As more protons are transferred the calculations are
able to follow the trend of the data which tend to develop
population on the light isotope side.

The data were also compared with the results of the p
gramGRAZING @24# based on the semiclassical model dev
oped in Ref.@13#. The model treats on the same footin
quasielastic and deep inelastic processes and describe
transfer reaction as a sequence of independent single-nuc
transfer modes; nucleon evaporation from the primary fr
ments is also taken into account in a simple way. The mo
was already successfully applied in the comparison of diff
ent multinucleon transfer data@5,6# and, recently, of fusion
excitation functions and barrier distributions@25#. The total
cross sections obtained withGRAZING for the present system
are in quantitative agreement with the ones calculated w
the CWKB model and are not reported in the figure~for the
angular distributions and excitation energy spectra see
corresponding figures discussed below!.

The discrepancies between data and calculations may
dicate that degrees of freedom beyond single-particle tran
modes have to be incorporated in the theory or, as poin
out in the previous section, that more complex proces
play an important role. In order to understand which imp
tant degrees of freedom are missing in our treatment,
show in Fig. 9 the total cross sections for pure proton tra
fer ~left side! and pure neutron transfer~right side!. For pure
proton transfer the results of the calculation are shown wit
dotted line. It is clear from this figure that the neutron cha
nels are well described by a sequence of single-neu
transfers while, starting from the (22p) channel, the protons
are strongly underestimated. It is thus natural to try addin
new degree of freedom, namely, the transfer of a pair
protons. This may be easily incorporated in the CWK
model by using the macroscopic form factor

f p~r !5bp

dV~r !

dr
, ~1!

whereV(r ) is the optical potential andbp is a deformation
parameter that measures the collectivity of the mode. In p
ciple, one should use several pair transfer modes with dif
ent Q values and different angular momentum transferl,
but, to reduce the number of parameters, we decided to
clude one pair transfer mode at the optimumQ value and for
l50. Fixing thebp parameter to reproduce the pure22p
channel we obtain the results shown as a dashed line in
9 for pure proton transfer and in the middle row of Fig. 5 f
the full isotopic distribution. It is interesting to notice tha
once the yield of the (22p) channels are reproduced, th
predictions for the other charge transfer channels are

o-

eti-
al
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FIG. 8. Single-particle levels for projectile and target. The shaded areas indicate the occupied levels.
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much better indicating that the proton pair mode may be
important degree of freedom in the transfer process. Its tr
ment is, at present, only at a phenomenological level and
difficult to relate microscopically its strength to the pair co
relations in target and in projectile~both enter in the defini-
tion of the form factor!.

FIG. 9. Total cross sections for pure proton stripping~left side!
and pure neutron pickup~right side! channels. The dotted line is th
CWKB calculation including single nucleon transfer modes. T
dashed line represents the result with an additional two-proton
mode and the solid line includes also the effect of nucleon eva
ration from the primary fragments. For the pure neutron transfe
pair transfer was included and the cross section represented b
dashed and the dashed-dotted lines~not shown! are very close to the
full line.
02460
n
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In Figs. 3 and 4 we report the CWKB calculations~full
lines!, including both single nucleon and proton pair trans
modes, for the angular distributions and TKEL, respective
The experimental angular distributions are quite well rep
duced by the theory, both in absolute scale and in shape
the same figures, for selected channels, we report the re
of the codeGRAZING. In Fig. 3, one sees that the prediction
of GRAZING ~dashed lines! for the cases involving pure neu
tron and~21p! transfer channels give very similar results
those based on the CWKB theory. The TKEL are calcula
for a specific partial wave and not at a specific angle
which the contribution of several partial waves are imp
tant. This may easily explain why in the TKEL spectra w
are missing strength at large energy losses.

As observed in the figure the transfer strength extend
quite high excitation energies, therefore the final yield can
considerably altered by evaporation. To estimate the effec
the evaporation on the fragment distribution, we first e
tracted the excitation energy and final angular momenta
the different light and heavy products from the CWK
model. These values, for eachZ and A, were then used as
inputs in the evaporation codePACE2 @26#, which provides
the final mass and charge partitions computing the evap
tion of nucleons according to the statistical model. Using
default parameters ofPACE2, the final cross sections obtaine
for the light fragments are shown in the bottom row of F
5. Here one sees that the theoretical mass distributions
now closer to the data, especially for the cases of many tra
ferred protons. In particular the pure proton transfer ch
nels, shown with a full line in Fig. 9, are very well repro
duced.
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Calculations withPACE2was also performed for the heav
transfer products adopting the same procedure as for the
partners. In this case we were interested in the survival p
ability against fission, which is the quantity to be compar
with the experimentally derivedPs . In Fig. 7, the experi-
mental and theoretical values are shown for the differ
heavy partners produced via proton stripping reactions.
overall agreement between data and theory is good, con
ering that no attempt has been done to fit the data by var
the parameters.

V. CONCLUSIONS

Multinucleon transfer reactions in58Ni1208Pb were stud-
ied atElab5328.4 MeV. The final mass, charge andQ-value
distributions of light reaction products were measured wit
time-of-flight spectrometer, and the survival probabilities
the associated heavy fragments were obtained via a
resolution kinematic coincidence. The experimental obse
ables, i.e., mass and charge yields, differential and total c
sections, total kinetic energy losses and fission survival pr
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abilities, were compared with semiclassical models, wh
give an overall good description of the data.

The inclusion of a proton pair mode, by using a pheno
enological form factor, in addition to the transfer of indepe
dent nucleons allows a much better description of the d
This indicates that pair modes may constitute an import
degree of freedom in the transfer process, but much m
experimental and theoretical efforts are needed in orde
fully understand its consequences both from the reaction
structure point of view. The experimental values of the s
vival probabilities of the heavy fragments show that in s
lected cases multinucleon transfer via proton stripping m
be effective in populating highZ heavy nuclei.
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