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Multinucleon transfer reactions in 3~S+ Pb close to the Coulomb barrier
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Elastic scattering and transfer reactions for the system S+ Pb have been measured at the
laboratory energy of 173.4 MeV. q-value distributions and angle difFerential cross sections have
been obtained for a variety of transfer channels. The experimental results for the different charge
and mass partitions are analyzed in terms of multiple single-particle and pair-correlated transfer
processes.
PACS number(s): 25.70.Bc, 25.70.Hi, 25.70.Pq

Elastic, inelastic, and transfer reactions provide impor-
tant information for the description of several phenom-
ena occurring in collisions between heavy ions and are
especially important at energies close to the Coulomb
barrier [1]. In particular, multinucleon transfer processes
yield valuable information about pairing correlations in
nuclei [2—4], the transition f'rom the quasielastic to the
deep-inelastic regime [5,7], and the energy dependence
of fusion cross sections [8—13]. Thanks to the improve-
ment of high-resolution experimental setups some mul-
tinucleon transfer data have recently become available
[10—17], but are still too scarce to delineate a consistent
systematic. Moreover, and most important, a theoretical
microscopic description of situations involving complex
transfer reactions is still lacking. Reliable calculations
can only be made for the transfer of one nucleon [by us-

ing, e.g. , distorted-wave Born approximation (DWBA)
or a coupled-channel formalism [18,19]].For cases where
many nucleons are involved, mostly semiphenomenologi-
cal approaches have been used until now [5,15].

In this Rapid Communication we report on the results
of an experiment whose main aim was to investigate the
multinucleon transfer processes for the system S+ Pb
at bombarding energies close to the Coulomb barrier. Ex-
tensive data on heavy-ion reactions with lead as the tar-
get already exist (see [14] and references therein), but
we have tried in this work to perform a measurement as
complete as possible of the one and many-nucleon trans-
fer channels as well as of the elastic scattering. A combi-
nation of spherical nuclei was chosen in order to perform
easier and more reliable calculations. The double-magic
lead nucleus is, &om this point of view, an ideal candi-
date. Moreover, being its Grst excited level at an excita-
tion energy of 2.62 MeV and that of sulphur at 2.23 MeV,
the resolution of our detector makes it possible to isolate
pure elastic scattering events. This allows, in turn, de-
termining quite safely the nuclear potential parameters
to be used in the transfer calculations. In these, a mi-
croscopic formalism was applied which reproduces the
main features of the angular and Q-value distributions
for the numerous transfer channels observed in the ex-

periment. The same system was recently studied with
a high-resolution p-particle coincidence setup, and the
population strength of individual levels near the ground
state of the transfer products has been investigated [20].

The present experiment was performed at the XTU
tandem accelerator of the Laboratori Nazionali di Leg-
naro. A S beam with intensity of 10 pnA was deliv-
ered at an energy of 173.4 MeV (referred to the center
of the target), corresponding to 1.01 times the nominal
Coulomb barrier [21]. A ~MPb target with a thickness
of 200 p,g/cm was placed inside a sliding-seal scatter-
ing chamber; this was connected to a time-of-Bight sys-
tem consisting of two microchannel-plate detectors and
a AE-E„, position-sensitive ionization chamber, giving
good mass, charge, and Q-value resolutions. A full de-
scription of the setup can be found in a previous paper
[12]. Two silicon detectors were placed at +15' with re-
spect to the beam line for the relative normalization of
difFerent runs. Angular distributions were measured from
30' to 135 in the laboratory system, covering most of
the total transfer Bux.

The good energy resolution of the ionization chamber
allowed, by a careful fit procedure, discriminating pure
elastic scattering from inelastic events. Only at the most
backward angles the big intensity of the inelastic channels
and the low statistics introduce large errors (up to 30'%%uo).

Figure 1 shows examples of mass and Q-value spectra ob-
tained with a software gate on the nuclear charge Z=16.
The Q-value distribution was produced with a further
gate on mass A=32 and a correction procedure that elim-
inates a tail in the total energy spectra, due to Geld inho-
mogeneities of the chamber. To this end, position infor-
mation was used which also reduces the kinematic shift
efFects.

The angular distribution for elastic scattering is shown
in Fig. 2 (left-hand side), where the points at the most
forward angles have been normalized to the Ruther-
ford cross section. The full line is the result of a
coupled-channel calculation [22] made by coupling the
elastic channel to the first quadrupole (Eq+=2.23 MeV,
P2 ——0.27) and octupole (Es- ——2.62 MeV, Ps ——0.094) ex-
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than the one given in [23].
In the following we perform an analysis of the reaction

processes based on the same approximations which were
successfully exploited to calculate the absorptive [26,27]
and polarization [28] component of the optical potential
and the oif-diagonal inelastic couplings [2g]. We start
the analysis of the transfer data &om the one-neutron
pick-up (+1n) and one-proton stripping (—1p) channels. ~

Following previous work [24] we analyze these data with
complex WKB theory [25], which is adequate both below
and above the Coulomb barrier. In this approximation
the cross section for one-particle transfer can be written
in the form
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where, for the partial wave l, c"" (E) is the first-order
semiclassical amplitude for the transition &om the single-
particle level a, = (n;, 1;,j,) to the single-particle level
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cited states od t t f S and Pb, respectively. The nu-

clear potential (Vo = —85 MeV, Wp —— —50 e
= vi=1.18 fm and a+ = ai = 0.68 fm) was obtained

with a best-Bt procedure starting &om the real empirica
otential of Ref. [23], keeping for the imaginary part the

same geometry and searching for Vo and S'0. This proce-
dure leads to a potential that is about 7% more attractive

T()) 2i[bgq(l)+bc(&)] (2)

The sum in (1) has to be performed over all the single-
particle levels of both reaction partners, since the ex-
periment does not discriminate individual transitions.
The semiclassical amplitudes c"" (l) are evaluated in
the complex % KB approximation by utilizing the single-
particle form factors of Refs. [26,27]. For more details see

Employing all the known single-particle levels of target
and projectile reported in Table I and their corresponding
spectroscopic factors one obtains for the neutron pickup
and proton stripping channels the results shown in Fig. 2
(right-hand side). To calculate the T matrix T(l) we have
used the nuclear potential obtained &om the calculation
discussed above.

Figure 3 shows the q-integrated angular distributions
for almost all the transfer channels identi6ed in the exper-
iment. The cross sections were obtained by integrating
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FIG. 2. The elastic angular distribution
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TABLE I. Single-particle levels of projectile and target used in the calculation. The Fermi energy
for neutrons is after the first three levels of S and after the first seven levels of Pb, whereas for
protons it lies after the first level of S and after the first six levels of Pb.

32S
(n, l, j)„

1fs/2
2p3/2
1f7/2
2sl/2
1dS/2
2s1/2
1ds/2
1pl/2

B.E. (MeV)
—3.74
—5.42
—5.71
—7.79
—8.64

—15.08
—17.31
—24.67

U2 (Q2)
1.000
0.875
0.530
0.325
0.875
1.000
1.000
1.000

(n, l, j)
ld3/2
2sl/2
1dS/2
1d5/2

B.E. (MeV)
—2.28
—8.86

—10.13
—11.10

U (V )
1.000
0.782
0.831
1.000

208Pb 3d3/2
2gS/2
4sl/2
Sds/2
jjls/2
1i11/2
2g9/2
Sp1/2
2fS/2
SpS/2
li13/2
2f7/2
1h9/2
1hll/2
Ssl/2

—1.40
—1.45
—1.91
—2.37
—2.51
—3.16
—3.94
—7.37
—7.94
—8.27
—9.00
—9.71

-10.78
—14.58
—14.89

1.0GO

1.000
1.000
1.000
1.00G

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

lpl/2
SpS/2
2fS/2
li9/2
2 f7/2
1h9/2
1dS/2
1hll/2
2dS/2
1g7/2
1g9/2
2pl/2
2p3/2

—0.17
—0.68
—0.98
—2.19
—2.90
—3.80
—8.37
—9.36
—9.69

—11.49
—14.61
—14.96
—15.88

1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

over the whole observed Q-value interval. Beyond the
"usual" pickup of neutrons (+en) and stripping of pro-
tons (—xp), the presence of complex channels like single
and double "charge-exchange" (—1p+1n, —2p+2n) and
still more complicated configurations (—1p+2n, —lp+Sn,
etc.) is noteworthy. The angular distributions are in al-
most all cases bell-shaped, underlying the grazing char-
acter of the reactions; under these conditions it is possi-
ble to describe the complicate multiple-transfer channels
in terms of single-nucleon stripping and pickup reactions

When the two ions are brought in close contact many
single-particle transfer transitions (a; ~ ay) become
open and take place simultaneously with the collective
excitation of inelastic and pair-transfer modes. Although
there are cross couplings among all these elementary pro-
cesses their effect is relatively unimportant in the grazing
regime. Here the probability for each individual transi-
tion is rather small and all these reaction channels can
be considered. as independent modes of excitation.

In this approximation the probability for n~;(= 0, 1)
transitions of type fi (i.e., a; ~ ay) can be written as

The amplitude c"" (l) is here evaluated in first-order
perturbation theory as in (1). For independent excita-
tions the probability that a given member of the ensem-
ble (ny;) of transitions (involving difFerent single-particle
orbitals fi) occurs is given by

p(( f ') l) pf (f l) ~''
~ h ~ h

fi
(5)

With these expressions the probability of generating a
given charge transfer AZ can be calculated via a Monte
Carlo procedure where, for each l, the family of sequences
(ny; j leading to that particular value b,Z is statistically
sampled. Thus,

P(AZ, l) = ) b(AZ —) nf Szf )p((ny;), l), '(6)'
~u(~&;) i,f

where bzyi is the charge "quanta" pertinent to the tran-
sition ai -+ ay. For proton stripping bzy; ———1 while
for proton pickup bzyi ——+1. The corresponding angular
distribution is constructed using

80
(3) dn

AZ

= —) . QP(AZ, l)e'~~ ~'~1P (cos 8)
K 21K

where

(4)

where P(T(l)) is the phase of the T matrix in Eq. (]),
calculated in the WKB approximation for the average
trajectory [24] between initial and final channels. In a
similar way one may construct the probabilities and the
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cross sections for all other relevant quantities, such as
EM, E~ „,E', . . . specifying the exit channel.

Equation (5) describes the population of multiple-
particle transfer channels like +2n, —2p, +2n —1p, . . .
via a succession of independent single-particle transition
steps. However, the spatial correlation of pairs is ex-
pected to give an increase in the transfer of two nucleons,
which we may estimate using the macroscopic prescrip-

FIG. 3. Angular distributions for all the measured transfer
channels. In each frame we have plotted the cross sections
correspoadiag to the different isotopes of the indicated ele-

ment in comparison with the theoretical calculations. The
full circles (full lines) correspond to S, P, Si, and Al,
the open circles (dashed lines) to S, P, and Si, the full

squares (long dashed-dot lines) to P and Si while the open
squares (dotted line) correspond to the P.

BV(r) (Py R BV(r)
BA 3A Br (8)

where the pair-deformation parameter PJ gives a mea-
sure of the correlation strength. To obtain the results
shown in Fig. 3 we used P~(n) = 25 and P~(p) = 30.
These values correspond to an eHective enhancement fac-
tor [2] of about 5 for both proton and neutron pair-
transfer channels.

In Fig. 4 we show, for various exit channels, the calcu-
lated Q-value spectra (hatched histograms) for the graz-
ing partial wave l = 40. This partial wave corresponds
approximately to a scattering angle 8, = 110 and
we have here compared the calculated spectra with the
measured ones (open histograms) using a comparable en-

ergy bin. Apart from the channels where the pair-proton
transfer plays a role the agreement is quite good, suggest-
ing that the configuration space we are using for neutrons
is quite adequate. For the —2p channel we underesti-
mate the Q window considerably; perhaps one should
add transitions to the continuum (this need is not appar-
ent from the —1p channel) or, more simply, one should
include several proton pair modes at different Q values.
In the shown cross sections, to keep the parameters at a
minimum, we used only one pair mode at a Q value of
—16 MeV. Remember that the macroscopic form factor
(8) has been tested [30) only for ground-state transitions.
Since these inclusive reactions contain also transitions to
excited states one should feel free to modify the slope of
the form factor. This is also demanded by the angular
distribution in Fig. 3.

From the spectra one sees that the transfer proceeds
via large Q values so that the reaction products are pro-
duced at high excitation energies. The subsequent nu-
cleon evaporation may in6uence the cross sections. To
investigate this problem we have calculated the excita-
tion energy spectra for the projectilelike and targetlike
&agments. At this bombarding energy and in all shown
cases the excitation energy for the light partner is be-
low the neutron and proton separation energy so a direct
comparison between the calculated cross section and the

30

(+2n} (-2 p} (-2p +1n}

R
10

0
-20

Gi

80

40

(x1l

-16 -10 -6 0 6 10

(+1n}

{~)
~~HL

-26 -20 -16 -10 -6 0 -30 -25 -20 -16

(-1p} (-1p +1n}

(xs) (xylo) P

{x4)

-10 -6

FIG. 4. The Q-value spectra at
8, = 110 are showa for the indicated
channels in comparison with the theoretical
histograms (hatched) calculated for the graz-
ing partial wave i=40. To be able to place
the different histograms on the same scale we
multiplied the counts for the number quoted
ia parentheses. The theoretical ones have
been normalized arbitrarily.
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measured one is possible.
We have measured the elastic scattering and transfer

reactions at an energy close to the Coulomb barrier for
the system S+ Pb. The elastic scattering data were
compared with a coupled-channel calculation and the in-
ferred nuclear potential parameters were then used for
the transfer calculations. On the basis of the good agree-
ment obtained between experimental and theoretical an-
gular distributions for the (+ln) and (—1p) channels, a
simple model was then applied that reproduces the main
features of the more complex multiple-transfer channels.
Although discrepancies are evident for some of them the

overall comparison with the data is quite satisfactory.
Also the calculated Q-value distributions show a general
good agreement with the experimental data, con6rming
that in the grazing regime it is possible to generate con-
siderable energy losses. It would be interesting to extend
this study to other bombarding conditions and follow the
energy dependence of the reaction cross sections. Exper-
iments in this direction are in progress.
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dation and the DFG Grant Boll09/1.
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