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One- and two-proton transfer reactions in S + s Ni
and Si + Zn at near-barrier energies
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One- and two-proton transfer reactions were studied at bombarding energies around the barrier in

S + Ni and Si + Zn systems. The decrease of one- and two-proton stripping probabilities with
the distance of closest approach was observed to be slower than that expected from semiclassical
considerations, at above barrier energies, especially for two-proton stripping. The efFect of these
transfer channels on the sub-barrier fusion enhancement was investigated on the basis of semiclassical
theories. It was found that the couplings to the inelastic channels and the one- and two-proton
transfer channels cannot explain the observed enhancement, indicating the importance of the one-

and two-neutron transfer channels in explaining the fusion data.

PACS number(s): 25.70.Hi, 25.70.Bc, 25.70.Jj

I. INTRODUCTION

There are extensive data on the heavy ion fusion cross
sections for energies around the Coulomb barrier [1]. The
most pertinent result of these studies is the enhancement
of fusion cross sections over those expected on the basis of
one-dimensional tunneling through the barrier, known as
the one-dimensional barrier penetration model (OBPM),
a phenomenon observed for many systems where the
product of the atomic numbers of the projectile and the
target nuclei is more than 200. A related observation
is the broadening of the angular momentum distribution
in comparison to the OBPM prediction. There have been
several attempts to explain these features [2—7]. The
most commonly used prescription for the coupled chan-
nels approach to fusion is that due to Dasso, Landowne,
and Winther [7] incorporated into the code ccFUs [8]. In
such calculations, the coupling due to the inelastic exci-
tation to the collective quadrupole and octupole modes
of both the target and the projectile, together with the
few nucleon transfer channels, can be included. The rele-
vant form factors for the inelastic couplings are taken as
the sum of Coulomb and nuclear inelastic form factors.
The data on the transfer form factors are, however, not
available in many cases. As a result, in most of the exist-
ing analyses of the experimental data only the inelastic
channels are coupled. Such analyses account only partly
for the observed enhancement of the fusion cross sections
below the barrier. The isotopic difFerences of fusion en-
hancements in Ni + ' Ni [9] and ' S + ' Ni [10]
also indicate the importance of inclusion of the transfer
channels in the calculations. Often, the enhancement of
the cross section over the OBPM prediction is expressed
in terms of the barrier shift Do, which is the difference
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between the energy where the experimental or calculated
fusion cross section assumes a given small value (here
taken as 0.1 mb) and the energy where the OBPM pre-
dicts the same cross section.

Calculation of the transfer form factors is possible fol-
lowing the semiclassical approach of Broglia, Pollarolo,
and Winther [11] in a limited number of nuclei near the
shell closure. A few experimental attempts to include the
transfer couplings have been made. Corradi et al. [12]
studied various transfer reactions in the S + ' ' Zr
systems at two energies around the Coulomb barrier. Us-

ing a simplified semiclassical approach, they extrapolated
the small angle (corresponding to large distances of clos-
est approach) data on the basis of an expected functional
form of the form factor and used these form factors in
the ccFUs calculations. The barrier shifts so calculated
agreed reasonably well with the experiment. They fur-
ther found that the observed cross sections in multiparti-
cle transfers at large angles (small distances of closest ap-
proach) was smaller than the value extrapolated from the
small angle data and they attributed this missing cross
sections as leading to fusion and thus speculate that the
multinucleon transfers may be doorways to fusion.

The study of heavy ion transfer reactions, in itself, is of
interest [13,14]. For energies in the region of the barrier,
the reactions can be described by the semiclassical the-
ories [15,16]. However, in several cases, deviations from
the expected behavior were observed [17,18], particularly
for two-nucleon transfer reactions. The angular distri-
bution, which in the semiclassical theory can be trans-
formed to the dependence of the transfer probability on
the distance of closest approach, showed anomalous be-
havior giving rise to the so-called "slope anomaly. " It has
been suggested [17] that the anomaly can be attributed
to the inapplicability of the semiclassical theory and one
must consider the quantal diffractive effects.

In an earlier work, Dasgupta et al. [19] studied the fu-

sion excitation functions and average angular momenta
in 2S + Ni and Si + 6 Zn systems. Stefanini eP al.

[10] and Tighe et al. [20] also measured the fusion cross
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sections in S + Ni. The cCFUS calculations, per-
formed in Ref. [19], including only the inelastic channel
couplings, did not fully explain the enhancement over
the OBPM prediction, indicating the need to include
transfer channels. Stefanini et al. [21] also studied trans-
fer reactions in S + Ni. Including the transfer cou-
plings through effective inelastic form factors in the code
pToLEMY [22], they could achieve a reasonable fit to the
existing fusion data. The present work describes an ex-
perimental investigation of the charged particle transfer
reactions in S + Ni at two energies above the bar-
rier and in Si + Zn at six djHerent energies near the
barrier. The ground state Q values of up to four-nucleon
transfer channels in these two systems are listed in Ta-
ble I. As can be seen from the table, proton pickup (+Ip,
+2@) and neutron stripping (—1n, —2n) channels have
large negative q values and perhaps do not contribute
significantl to the coupled channels calculations. Sec-
tion II of this paper describes the experimental details
and the results. The semiclassical theory used to ana-
lyze the data is highlighted in Sec. III A and the transfer
probabilities observed are compared with the theoretical
predictions in Sec. III B. The effect of the measured one-
and two-proton transfer probabilities on the sub-barrier
fusion enhancement is studied in Sec. IIIC on the ba-
sis of CCFUS, where it is shown that inclusion of one-
and two-proton transfer channels does not explain the
enhancement of the sub-barrier fusion cross sections.

II. EXPERIMENTAL DETAILS AND RESULTS

Beams of SSi and 3 S in the energy range of 80—115
MeV were obtained from the BARC-TIFR 14UD Pel-
letron Accelerator facility in Bombay. The targets used
were s4Ni ( 98% enriched) and sZn ( 97% enriched) of
50 pg/cm and 125 yg/cm thicknesses, evaporated on
25 yg/cm2 thick carbon backing. The scattered heavy
ions were detected over 32'—57' laboratory angles at all
energies (83, 90, 95, 100, 110, and 115 MeV) in the Si
+ Zn system, at 100 and 110 MeV in the S + Ni
system, and in addition, over 70'—80' at 100 MeV in
the latter system, by a one-dimensional position sensi-
tive parallel grid avalanche counter (PS-PGAC) with an
angular resolution of about 0.5'. The PS-PGAC with an
angular acceptance of 30' was followed by a large area
Bragg curve spectroscopy (BCS) detector with nearly the

same angular acceptance. This was used to determine the
energy (E) and the atomic number (Z) of the scattered
ions along with the scattering angle (Oi b) information
&om the PS-PGAC. A detailed description of the detec-
tors in the above setup is given elsewhere [23]. During
most of the experiment, the detector system was placed
with its axis at a 6xed angle of 45' upstream to cover
32 —57 laboratory angles. During one experimental run
in the S + Ni system, the detector was placed at 75
upstream with an opening angle of 10' to cover 70'—80'
laboratory angles.

A two-dimensional plot of the energy of the detected
ions and height of the Bragg peak which scales with Z
of the ions is shown in Fig. 1. The bands corresponding
mostly to one-proton stripping and two-proton stripping
are clearly seen. The Z resolution of the BCS detector
b, Z/Z was about 1/35 for Z = 10—18 and the energy
resolution was about 1.6% full width at half maximum

(FWHM) for energies in the range of 30—100 MeV. The
count rate handling capability of the BCS detector was
limited by the large drift time ( 8—10 ps) of the electrons
in the 22 cm drift space of the BCS detector. The beam
current was therefore limited to about 2—4 particles nA
to eliminate the possibility of pulse pileup. No attempt
was made to measure the absolute cross sections and only
the transfer probabilities [see Eq. (7) for definition] were
measured in the present experiment.

Identi6cation of heavy ions by the BCS detector is lim-
ited to Z of the iona. The mass number (A) is normally
identified from a time-of-flight (TOF) measurement and
the energy of the ions. Since we did not have such a sys-
tem, we have attempted to identify the mass number of
the ions by detecting the characteristic p rays in coinci-
dence with the heavy ions. Two 15 cmx15 cm hexagonal
NaI(T1) detectors, placed at +90' with respect to the
axis of the BCS detector, were used for this purpose.
Although the energy resolution of a NaI(T1) detector is
much worse compared to HPGe detectors which are rou-
tinely used in larger arrays in such particle-p coincidence
experiments [24], we have used the NaI(T1) detectors be-
cause of higher efBciency. Further, the relatively large
level spacing in this mass region results in cleaner coin-
cidence p-ray spectra compared to those for higher mass
regions with smaller level spacings. The advantage of
recording the particle-p coincidence spectra in this situ-
ation is that one can resolve the population of the low-

lying levels in both the inelastic and transfer channels.

TABLE I. The ground state Q values (Qg, ) of up to four-nucleon transfer channels in the two systems studied in this
experiment. See text for nomenclature used for the transfer channels.

System

32S

+ Ni

zsS.

+ "Zn

Channel

—lp
+lp
—ln
+ln
—lp
+lp
—ln
+ln

Qg. .
(MeV)
—1.41

—10.27
—8.94
—1.02
—4.98
—7.24

-10.70
—1.72

Channel

—2p
+2p
—2n
+2n
—2p
+2p
—2n
+2n

Qg. .
(MeV)

0.22
-15.83
—13.02

3.56
—4.72

-11.41
-14.79

1.83

Channel

—lpln
+lpln
—lp2n
+lp2n
—lpln
+lpln
—lp2n
+lp2n

Qg.
(MeV)
—6.65
—7.25
—8.86
—1.20

—10.38
—5.04

—12.44
0.20

Channel

—2pln
+2pln
—2p2n
+2p2n
—2pln
+2pln
—2p2n
+2p2n

Qg. .
(MeV)
—3.34

—11.15
—1.62
—1.48
—8.40
—7.33
—4.98
1.62
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FIG. 1. Two-dimensional plot of Z and 8 of the ions inte-
grated over the observed angular range in Si + Zn. Small
yields of Z = 15 and Z = 16 can be seen but were not ana-
lyzed. Inset shows E gated Z spectrum.
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This advantage can be utilized to correct the observed
particle energy spectra for a given nucleus for contribu-
tions &om other nuclei with the same atomic number.

The coincidence data, with the master gate generated
by the prompt coincidence between the PS-PGAC and
either of the two NaI(T1) detectors, were recorded event
by event for off-line analysis. Three-parameter (E, Z,
t3II b) singles spectra were simultaneously recorded. From
the three-parameter singles data, the energy spectra were
sorted out for each Z at ten diferent 0~ b, each with a
width of 2.5, covering the angular range of the PS-
PGAC. The data at one extreme angle were not consid-
ered due to the edge eKect.

The energy spectra for the three major Z bands as
in Fig. 1, after correction for the energy losses in the
foils and the dead layers in the detector, were converted
to Q spectra at the corresponding center-of-mass (c.m. )
angles. In converting the laboratory energies and an-
gles into the corresponding c.m. quantities, the projec-
tile and the target mass numbers for the Z band in the
two-dimensional E-Z spectra corresponding to the inci-
dent channel designated by Z~ for the projectile were
taken as that for the incident channel, viz. , A~ for the
projectile and A~ for the target. The mass number of
the projectilelike nucleus in the Z~ —1 band was taken
as A~ —1 and that in the Z~ —2 band as A~ —2. This
is not strictly true because, for example, the Z~ band
consists of the neutron transfer channels as well. This,
however, introduces only a small error in the c.m. energy
and angle. A typical set of Q spectra obtained for the
three major Z bands in S + Ni is shown in Fig. 2.

The coincident p-ray spectra, gated by the three Z
bands in one of the two systems studied, are shown in
Fig. 3. An analysis of these p spectra and similar ones
for the 2sSi + 6sZn system showed the following features:
(i) The p-ray spectra corresponding to Z = Z~ clearly
show the p rays from the decay of the 2+ states in both

FIG. 2. Q spectra of one- and two-proton stripping at one
angle in the S + Ni system. The dashed lines show the
fitted Gaussians between Qs, and —oo. The optimum Q
values are indicated by the arrows.
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I'IG. 3. Coincidence p-ray spectra obtained by gating on
Z = 14, 15, and 16 and integrated over the angular range
of the heavy ion detector in the S + Ni system. The
characteristic p rays identified and used in the experiment
are indicated.
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the target and the projectile nuclei. The major p rays
&om deexcitation of the levels populated in the one- and
two-neutron pickup reactions can also be seen. The char-
acteristic p rays of the neutron stripping channels are
not seen in the spectra. (ii) The p spectra, in coinci-
dence with Z~ —1 and Zp —2 gates, showed mainly the
p rays from the nuclei obtained in one-proton and two-
proton stripping channels (—1p and —2p), respectively.
The major p transitions resulting &om the —lpln and
—1p2n channels are found to be less than 25% of the
yield of the major p transition of the —1p channel in
both the systems studied. Stefanini et al. [21] measured
the cross sections for up to four-nucleon transfer chan-
nels in s2S + s4Ni and did not report any yield of either
of the —lpln and —lp2n channels & 10% of the yield
of the —1p channel. The p rays coming &om the —2pln
and the —2p2n (or —1n) can also be identified. In s2S

+ Ni reactions, the relative yield of the 300 keV p ray
of svZn resulting &om —2pln, compared to that of the
1040 keV p ray of s Zn &om —2p, was 5—10%, and
the relative yield of the 1780 keV 2sSi characteristic p
ray from —2p2n (or —lo.), compared to that of the 2235
keV soSi p ray &om —2p, was found to be about 50%.
On the other hand, Stefanini et aL [21] found that the
total —2pln and —2p2n (or —la) cross sections were
40% and 15%, respectively, of the —2p cross section, indi-
cating that the relative populations of the excited states
and the ground states of the nuclei formed in the —2pln
and —2p2n channels are difFerent. Thus, about 65% of
the Z~ —2 inclusive measured yield is due to two-proton
stripping. (iii) There is a possibility that events observed
in the Z~ —2 band arise &om one-proton stripping to
states of high excitation energy (& 10 MeV) in Zp —1
nuclei, followed by single-proton evaporation. For these
events, the Q value in the Zp —2 gated spectrum would
be Q ( Qs, (—lp) —10 MeV, where Qs, is the ground
state Q value. Most of the Zp —2 spectrum has higher
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energy or less negative Q value than this in the 2sSi +
Zn case, ruling out this possibility. Similar arguments

apply to S + Ni also, even though not so strictly.
Further, if the targetlike nucleus is excited in this pro-
cess, the Z~ —2 spectrum would be in coincidence with
characteristic p rays of the ZT + 1 nucleus. These events
were found to be & 10% in both the systems studied.

The transfer probabilities Pq„defined in Eq. (7) in
Sec. IIIB, were obtained &om the inclusive spectra and
are plotted in Fig. 4 as function of the distance parameter
do ——ro/(Ai + A2 ), where ro is the distance of closest1/3 1/3

approach [see Eq. (4) later; Ai and A2 are the masses of
the interacting nuclei], for —lp and —2p channels in s2S

+ Ni at two energies. Similar plots for —1p and —2p
channels in Si + Zn at four bombarding energies are
shown separately in Fig. 5.

DISTANCE PARAMETER d (fm)

FIG. 5. One- and two-proton transfer probabilities, plotted
as function of distance parameter do at various bombarding
energies in Si + Zn. The solid and the dashed lines are
the 6tted curves through —1p (solid circles) and —2p (open
triangles) data points, respectively, for do&1.6 fm.

1.6 8.0 1.6 8.0
Distance Parameter d (fm)

FIG. 4. Transfer probability plots for (a) —lp, (b) —2p
channels of the S + Ni system. The data points at 100
and 110 MeV bombarding energies are shown by open and
solid circles, respectively. The solid lines are the least squares
St to all the data points. The —1p transfer probabilities at
E =64.9 MeV and 54.2 MeV. , e. stimated from Ref. [26],
are shown by the open and the solid squares, respectively.

III. ANALYSIS

The results presented in the previous section were an-
alyzed in terms of a semiclassical theory to describe the
transfer reactions [16] and its influence on the measured
fusion cross sections [7].



2582 S. SAHA, Y. K. AGAR%'AL, AND C. V. K. BABA

A. Semiclassical formalism

A semiclassical description of the heavy ion reactions
in a coupled channels approach is given by Broglia and
Winther [16]. In a first order perturbation approximation
for such a theory, the amplitude for the colliding system
to be in a channel P after the reaction (t = oo) is given
by

where o' = gh o.rp/2. Equation (6) gives the probability
of transfer to a given excited state P with Q value Qp.
From the Q-integrated transfer probability for each of the
channels, the effective coupling strength Fp, taken as the
average form factor at the barrier radius rp ——r~, was
evaluated using Eq. (6).

B. Transfer probabilities

OO

ap(oo) = —. Fp(r, Qp) e'~~~ ~"'l'/" dt
ih

The Q-integrated transfer probability Pq, (rp) is given
by the expression

where Fp(r, Qp) is a form factor describing the transition
from the incoming channel to the channel P, Qp is the
relevant Q value for the channel, and Q ~t is the optimum
Q value, which is given from simple considerations [25]
as

( Z~~Z~~

& Z~Zz )
(2)

where i and f refer to the initial and final nuclei. The
integral in Eq. (1) can be evaluated by considering the
trajectory around the distance of closest approach, rp, as
given by

r(t) = rp + 2 rpt,

where r'p is the acceleration at rp. The distance of clos-
est approach is calculated for the entrance and the exit
channels by assuming a Coulomb trajectory, using the
relation

rp ——
~

1+cosec
~

= dp(Ai +A& ).Zi Z2e' / 9CM ~ 1/3 i/3
2 )

(4)

Inclusion of nuclear potential modifies this relation for
dp + 1 6 fm. Using the expression for the trajectory
given by Eq. (3), the integral in Eq. (1) can be evaluated
in a closed form with the result

1 27r
ap(oo) = —.„Fp(rp,Qp) exp (Qp —Q.pt)'

2)Po.rp

P(«, Qp) = —,IFp(r p Qp) I
exp-vr 2 (Qp —Q pt)

(5)

In obtaining this equation, the radial dependence of
F(r, Q) is taken as F(r, Q) = F(rp, Q) e ~" "'l. The
transfer probability P(rp, Qp) = ~ap(oo)]3 is then given
by the relation

Pt, (rp) =
oel + 0+E

(7)

where o.,~, 0'qE, and o~, are the differential cross sections
for elastic, quasielastic, and the corresponding transfer
channel, respectively. The transfer probability for each
channel was obtained as the ratio of the respective mea-
sured yields, as the absolute cross sections were not de-
termined. In case of a direct reaction, the trajectories at
the entrance and the exit channels are different not only
because of the Q value, but also because of the change
in mass and charge as in a transfer reaction. For these
transfer channels, the outgoing trajectories are smeared
because of the spread in Q value. In other words, rp for
the exit channel has a spread in addition to the shift due
to difference in ZqZ2 as in the case of charged particle
transfer. The Q-integrated yield at a given 0~ b is associ-
ated with the corresponding Pt, for an average distance
of closest approach, which is the average of the distance
of closest approach for the incoming channel and that for
the outgoing channel corresponding to a Q value where
the Q spectrum peaks (see Fig. 2). The spread in the Q
values corresponds to a spread of +2% in r p values for the
cases studied in this experiment. Further, rp for the dif-
ferent transfer channels were found to be approximately
within +3% of the rp for the entrance channel.

As mentioned earlier, the measurements on the S +
Ni system were done at E, ~ = 66.7 and 73.3 MeV

which correspond to E, /V~ = 1.13 and 1.24 (where
V~ is the barrier height), while in 23Si + s Zn system,
they were made at E, = 58.8, 63.7, 67.3, 70.8, 77.9,
and 81.4 MeV with E, /V~ = 1.06, 1.14, 1.21, 1.27,
1.40, and 1.46. According to Eq. (6), the transfer prob-
ability depends on the bombarding energy through the
acceleration term rp. The values of rp at rp = 12 fm
vary only by factors of 1.6 and 1.2 for Si + 6 Zn and

S + Ni systems, respectively, in the studieci energy
ranges. Thus, one expects the probabilities to be almost
independent of energy for the Q-value ranges measured
and to fall on a common Pt, vs dp curve. This is approx-
imately borne out for the S + Ni at the two energies
and at the higher energies (E, = 77.9 and 81.4 MeV)
in Si + Zn. But as can be seen &om the Pt, vs dp

plots in Fig. 5 for Si + Zn, for a given dp, the values
of Pt, are lower at lower energies than at higher energies,
especially for large dp values. Further, the variation of
Pt, with dp, characterized by o. , also is seen to depend on
the bombarding energy. The values of o. vary from 0.3 to
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0.7 fm for —1p and &om 0.2 to 0.6 fm ~ for —2p for
the range of E, /V~ = 1.5—1.1 as shown in Fig. 6. The
situation is similar in the case of the S + Ni system,
if we combine the present data with that of Napoli et
al. [26], who measured —1p and +1n transfer reactions
around V~. While the higher energy (E, = 64.9 MeV)
data of Napoli et a/. for the —1p channel is consistent
with our data as can be seen &om Fig. 4(a), the value
of Pt, deduced &om their measurements at E, = 54
MeV is lower than those at higher energies. The slope
parameter a is also larger at lower energy than in our
measurements. Thus a common feature observed in both
the systems is an apparent dependence of the slope pa-
rameter n on the bombarding energy, a feature which is
not expected on the basis of semiclassical theory.

In the semiclassical theory, a depends on the binding
energy E~ of the transferred particle of reduced mass p
in the target or the projectile nuclei through the relation
ct = /2pEgy/h. If one considers an average for the target
and the projectile and corrects the binding energies for
the Coulomb potential in the case of proton transfers,
one can write [12]

1 05E 0.5E.
1 —

P +~T 1 —
T
B

where E&i are the effective binding energies for the
transferred particle in the projectile (target) nuclei, and
E is the mean excitation energy for the proton transfer
channel. The average o.'s estimated in this way for one-
and two-proton stripping in 28Si + Zn are o.yp 0.78
fm and o.2p

- 1.52 fm, respectively, consistent with
the relation between the slopes as o.2p 2o.1p. This
is expected if the two-proton transfer is considered as a
sequential process so that the relation between the prob-
abilities becomes Ppp Ig& Even a correlated two-

nucleon transfer is expected to result in a2p 2o,1p, since
the two nucleon binding energy is not very different from

twice that of one nucleon (the pairing energy is small
compared to 2E~) and the mass of the correlated pair
is twice that of one nucleon. It can be seen &om Fig. 6
that while uq~ approaches the estimated value (shown
by the dashed line in the figure) at energies below 1.2Vjy,

a2p still shows an increasing trend towards the value pre-
dicted by semiclassical theory (shown by the dotted line
in the figure), attaining a value which is approximately
half of the expected value at the barrier. A "hot" trans-
fer, in which the transfer takes place to highly excited
states where the particles are very loosely bound, can
result in smaller slope parameters. Such an explanation
for the observed smallness of a2p is not likely to be valid
since the observed slope does not show a marked depen-
dence on the Q value.

In the semiclassical picture, the width of the Q-value
distribution is related to the slope parameter n as o =
gh2r'oa/2, and can be calculated to be 0'q„=2.7 MeV
and 0'2„=3.7 MeV in the 2sSi + Zn system at 110
MeV, if the expected values of the slope parameters are
used. The observed values of the widths are 2.8 MeV and
4.2 MeV, respectively, and do not have a marked depen-
dence on the bombarding energy. The slope parameters
o. , on the other hand, have an unexpectedly large depen-
dence on the bombarding energy.

Slope anomalies have been observed earlier in several
cases [13]. Recently, Wuosmaa et al. [17] and Liang
et al. [18] observed such anomalies for two-neutron and
two-proton transfers, respectively, in ' S + Mo
systems for energies just above the barrier. In the en-

ergy regions studied, they do not observe an anomaly
for the one-nucleon transfer reactions. The present re-
sults also show similar features for two-proton strip-
ping in the 2 Si + Zn system. In addition, even
the one-proton stripping shows anomalous behavior for
E, /V~ + 1.3. The authors of Refs. [17,18] attribute
the slope anomaly to inapplicability of the semiclassical
theory arising out of localization in angular momentum
space. Vigezzi and Winther [27] pointed out that for an-

gles less than the Coulomb rainbow angle, more than one
impact parameter can contribute. They also showed that
for such angles, the contribution &om the so-called "nu-

clear branch, " while not so important for elastic scatter-
ing, becomes very important for transfer reactions. Baba
and Schindler [28] analyzed the above-mentioned cases of
slope anomaly and conclude that they can be understood
in terms of the nuclear branch.

0. 1

~ 1P STRIP P ING

2P STRIPPING

I

1.2
E / V

I

1.4

C. Effect on the sub-barrier fusion enhancement

The Pq, vs do plots shown in the Figs. 4 and 5 are Gtted
by the exponential function

FIG. 6. Effective slope parameters o. in one- and
two-proton stripping, plotted as function of E, /Vn in Si
+ Zn. The dashed and the dotted lines are the expected
values of n~„and o.z„from the semiclassical theory.

Ptr(ro) = Pt, (rgy) exp [
—2a(ro rgb)]

to obtain Pt, (r~), the transfer probability at the barrier
radius rB, and the slope parameter o.. In the case of Si
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+ sZn, the higher energy data (115—100 MeV) were used
for this purpose.

The effective coupling strengths of the —1p and —2p
channels, evaluated f'rom Eq. (6) and the Q-value spectra,
are used to estimate the role of these transfer channels
on the sub-barrier fusion enhancement using the simpli-
fied coupled channels forinalism of Dasso et al. [29] in-
corporated in the code CCFUS. In this formalism, the
form factors and the Q values of difFerent inelastic exci-
tation and transfer channels are given as input. In case
of the even-even nuclei considered in this experiment, the
2+ and 3 vibrational states in both the colliding nuclei
were included as inelastic channels. The corresponding
form factors used in the calculations were discussed in
Ref. [19].

The Q-value distributions and their efFect on the cou-
pling strengths that go into these calculations were taken
into account by binning the Q spectra for Qs, + Q +
(Qs, —5) MeV and appropriately weighing the strengths
by the Q-value spread of the respective bins.

From the experimental fusion cross sections, taken
from Refs. [19,20] for the S + 4Ni system, the observed
barrier shift Do is 3.5 MeV, of which 1.4 MeV can be
accounted for by the inelastic couplings. Inclusion of —lp
and —2p channels contributes only another 0.3 MeV
to the Do which clearly indicates the need to include the
neutron transfer channels. Of these channels, the +2n
channel with positive Qs, is expected to be more impor-
tant in this respect [29]. From the experimental fusion
cross section data on the Si + Zn system, taken from
Ref. [19), the observed barrier shift is 2.6 MeV, of which
an about 1.6 MeV barrier shift can be accounted for by
the inclusion of inelastic couplings alone. The —1p and
—2p couplings contribute an additional 0.2 MeV to Do,
clearly indicating the need to include the neutron transfer
channels. The important difference noticed in this regard
between the two systems is that while the inelastic cou-
plings account for almost 60% of the barrier shift in the
2sSi + ssZn, it can account only for about 40% shift in
the case of S + Ni. Thus, it is likely that coupling of
the neutron transfer channels is more important in S +
s4Ni, possibly because of the more positive Qs, and/or
significant coupling strength for the +2n channel.

IV. SUMMARY AND DISCUSSION

The one- and two-proton transfer probabilities in S
Ni and Si + Zn were measured at several energies

near the Coulomb barrier. The latter system was stud-
ied for energies ranging from E, /V~ = 1.1—1.5. The
effective slope parameter for the one-proton stripping re-
action varies from 0.7 to 0.3 fm over the above energy
range, as compared to a value of 0.8 fm estimated
on the basis of semiclassical theory. The slope parameter
for two-proton stripping varies from 0.6 to 0.2 fm over
that range in contrast to a semiclassical prediction of 1.5
fm '.

The effective coupling strengths for each of these pro-
ton transfer channels were obtained &om the measured
transfer probabilities using a semiclassical theory. These
were then used in the simplified coupled channels calcu-
lations program CCFUS to calculate the fusion cross sec-
tions at energies below and above the barrier. The results
of these calculations in both the systems studied clearly
show that inclusion of the one- and two-proton stripping
channels alone does not explain the enhancement of the
sub-barrier fusion cross section, despite significant cou-
pling strengths for these channels, indicating the impor-
tance of the one- and two-neutron pickup channels in ex-
plaining the sub-barrier fusion enhancement. Therefore,
it is important to study the neutron transfer reactions
for these systems studied here.
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