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One and two charge stripping reactions in the12C1 197Au
and 16O1 197Au systems at large distances

D. Tomasi, J. O. Ferna´ndez Niello, A. J. Pacheco, D. Abriola, J. E. Testoni, A. O. Macchiavelli, O. A. Capu
D. E. DiGregorio, M. di Tada, G. V. Martı´, and I. Urteaga

Laboratorio TANDAR, Departamento de Fı´sica, Comisio´n Nacional de Energı´a Atómica, Avenida del Libertador 8250,
1429 Buenos Aires, Argentina
~Received 11 January 1996!

One- and two-charge-transfer reactions were studied in the12C1197Au and 16O1197Au systems at bom-
barding energies around the Coulomb barrier. Transfer probabilities for the same Coulomb reduced radius,
extracted from angular distribution measurements, show a strong dependence on the bombarding energy and
are interpreted within a semiclassical model. Quasielastic scattering data are analyzed in terms of an energy-
dependent optical model.@S0556-2813~96!01608-1#

PACS number~s!: 25.70.Hi, 24.10.Ht, 25.70.Bc
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I. INTRODUCTION

Heavy-ion-induced transfer reactions at bombarding en
gies close to the Coulomb barrier are a subject of curr
interest in the field of nuclear reactions in the last yea
Particular attention has been concentrated in connection
the behavior of the transfer probability as a function of t
distance of closest approach when one or two neutrons
involved in the reaction@1–3#.

A deviation of the behavior of the transfer probabiliti
from the predictions of a simple semiclassical description~a
barrier penetration model! when two neutrons are transferre
has been reported previously@4–6#. Several recent experi
ments have pointed out possible deviations from the tun
ing picture. In some cases, the observed anomalies w
linked to interference effects between transfer to the grou
state band and transfer to bands of other intrinsic states@6,7#.

In order to investigate to what extent these effects are
present in charge-transfer reactions we have examined
12C1197Au and 16O1197Au systems at energies close to t
Coulomb barrier where semiclassical approaches are
pected to be valid. Transfer reactions in these systems h
already been studied by Yokoyamaet al. @8# and Eyalet al.
@9# at energies well above the barrier.

Detailed measurements of angular distributions of
ejectiles at different bombarding energies have been
formed as well as particle-gamma coincidence in order
achieve mass discrimination. In Sec. II the experimen
setup and data analysis are described. Section III addre
the semiclassical calculations of transfer probabilities.
energy-dependent optical model analysis of the quasiela
scattering data obtained in this study is also presented in
section. Section IV summarizes the main results of this
vestigation.

II. EXPERIMENTAL METHOD

A. Experimental setup

Measurements were carried out at the 20 UD tandem
celerator of the TANDAR Laboratory in Buenos Aires. Ta
gets of 197Au ~90 mg/cm2 thick! were bombarded with12C
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and 16O projectiles at energies ranging from 56 to 82 MeV
and from 74 to 110 MeV, respectively. The calculated Cou
lomb barriers in the laboratory frame are 57 MeV for12C
1197Au and 77 MeV for 16O1197Au @10#.

Two different experimental arrangements were used
this work. In the first experiment, angular distributions o
transferred particles for both systems have been measu
using a telescope detector consisting of a gas ionizati
chamber followed by a solid-state position-sensitive detecto
Two-dimensionalDE-Eres spectra for charge identification,
as well as energy spectra for fragments with different atom
numbers, were obtained in the laboratory angular ran
u535°–165°. Absolute cross sections were obtained by no
malizing the transfer yields to the elastic scattering yie
measured in two monitor detectors placed atu5630° rela-
tive to the beam direction.

In a second complementary experiment, the reactio
channels were identified by characteristic gamma-ray tran
tions measured in coincidence with the scattered projecti
like particles. For this purpose two telescopes, each cons
ing of two surface barrier detectors, were placed at differe
angular positions and a HP-Ge counter was placed at 9
with respect to the beam direction. The absence of strong
converted low-lying transitions in nuclei around the197Au
isotope makes this technique adequate. A thick197Au target
of about 1 mg/cm2 was used in order to obtain a satisfactor
rate of coincident events.

B. Analysis

Figure 1 shows aDE-Eres scatter plot corresponding to
the reaction12C1197Au at a bombarding energyElab565
MeV. The predominant reaction channels were associat
with charge stripping reactions (Z54, 5). No evidence of
charge pickup (Z57, 8) was found, in agreement with opti-
mumQ-value considerations. From these plots and gating
eachZ, Q-value spectra were produced assuming binary k
nematics. In order to test the sensitivity of theseQ-value
spectra with respect to the mass of the detected particle, s
eral calculations were performed assuming different valu
of mass numberA for each atomic numberZ. Typically,
variations of61 amu result in a variation of60.4 MeV. The
1282 © 1996 The American Physical Society
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54 1283ONE AND TWO CHARGE STRIPPING REACTIONS IN . . .
procedure to obtainQ-value spectra was evaluated by check
ing that the elastic peaks are centered atQ;0 MeV.

By setting appropriate gates on theDE-Eres plots,
Q-value spectra and gamma ray energy spectra in coin
dence with different atomic numbersZ were obtained. The
simultaneous analysis ofQ-value and gamma-ray energy
spectra was used for a tentative identification of the vario
reaction channels, as is discussed in what follows.

1. Gamma-ray energy spectra

Figure 2 shows gamma-ray spectra gated on projectileli
fragments withZ55 andZ54 for the 12C1197Au system at
Elab565 MeV. The spectrum for the transfer of one charg
@Fig. 2~a!# shows peaks atEg5411.8, 587.2, and 636.7 keV,
corresponding to the 21→01, 52→41, and the 41→21

transitions, respectively, in the198Hg nucleus@11#, which
indicates the occurrence of one-proton transfer. No eviden
was found of the 158.4 keV gamma ray corresponding to
E2 transition from the first excited state to the ground sta
of 199Hg, which would correspond to the one-deuteron strip

FIG. 1. Scatter plot DE-Eres obtained for the reaction
12C1197Au at Elab565 MeV andQ5112.1°.
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ping reaction. Similar conclusions can be drawn from th
analysis of the gamma-ray spectra obtained at other energ
as well as from spectra measured for the16O1197Au system.

For the 12C1197Au reaction, the gamma-ray spectrum
corresponding toZ54 @Fig. 2~b!# shows only one relatively
strong peak atEg5366.7 keV produced by the 3/21→1/21

transition in 199Tl @11#, the heaviest reaction product of the
two-proton stripping channel. Although the transfer ofa par-
ticles cannot be ruled out, this channel is not present in the
data because the corresponding projectilelike fragment8Be
decays promptly and, therefore, it does not trigger the acq
sition. The same remark is valid for the two-proton–one
neutron reaction channel because the excited states of9Be
decay by particle emission. The transfer to the ground st

FIG. 3. Q-value spectra of the projectilelike fragments.~a! and
~b! correspond to12C projectiles atQ5112.1° andElab565 MeV,
while ~c! and ~d! correspond to16O projectiles atQ5109.1° and
Elab585 MeV. The labels indicate the detected ejectiles. In th
cases of one-charge-transfer reactions@~a! and ~c!#, the solid and
dashed arrows indicate the value ofQgg for one-proton and one-
deuteron stripping, respectively. For two-charge-transfer reactio
@~b! and ~d!# the solid and dashed arrows indicate the value
Qgg for two-proton anda stripping, respectively.
FIG. 2. Gamma-ray spectra in coincidence
with Z54 and Z55 fragments for the
12C1197Au system at Elab565 MeV and
Q5112.1°.
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TABLE I. Differential transfer cross sections for one- and tw
charge transfer in the16O1197Au system.

Q ds/dVDZ51 ds/dVDZ52

@deg# @mb/sr# @mb/sr#

Elab5110 MeV
39.3 6.36 0.3 206 1
43.5 7.56 0.4 276 1
47.8 11.36 0 .5 346 2
49.8 236 1 336 2
54.0 256 1 366 2
55.0 296 2 296 1
58.2 286 2 296 1
59.2 266 1 266 1
63.4 216 1 196 1
70.7 9.86 0.5 10.46 0.5
74.8 5.26 0.3 7.16 0.4
78.9 3.06 0.2 4.46 0.2
81.0 2.36 0.1 3.26 0.2
85.1 1.586 0.08 2.36 0.1
89.1 0.736 0.04 1.486 0.07

Elab590 MeV
65.6 1.246 0.06 5.06 0.2
69.8 1.816 0.09 7.06 0.3
73.9 3.26 0.2 9.86 0.5
81.1 8.26 0.4 12.06 0.6
85.2 9.66 0.5 12.86 0.6
89.2 9.66 0.5 10.86 0.5
91.8 13.56 0.7 12.76 0.6
95.5 11.76 0.6 10.76 0.5
99.8 9.66 0.5 10.36 0.5
103.7 7.96 0.4 8.46 0.4
107.5 5.96 0.3 6.56 0.3
111.3 3.46 0.2 4.46 0.2
114.9 2.66 0.1 3.26 0.2
117.9 2.26 0.1 2.86 0.1

Elab585 MeV
81.1 0.656 0.03 3.16 0.1
85.2 1.226 0.06 4.26 0.2
89.2 2.16 0.1 5.06 0.2
97.4 7.16 0.4 6.66 0.3
101.1 7.76 0.4 7.46 0.4
105.3 7.96 0.4 7.76 0.4
109.1 7.66 0.4 7.26 0.4
112.9 6.86 0.3 6.36 0.3
117.0 5.86 0.3 6.26 0.3
120.7 5.36 0.3 5.66 0.3
124.9 4.46 0.2 5.26 0.3
128.7 3.46 0.2 4.16 0.2
132.4 2.96 0.2 3.66 0.2
136.1 2.96 0.2 3.86 0.2
139.5 2.66 0.1 3.76 0.2
141.1 2.06 0.1 2.86 0.1
143.1 2.16 0.1 3.26 0.2
146.3 1.716 0.09 2.56 0.1
- TABLE I. ~Continued.!

Q ds/dVDZ51 ds/dVDZ52

@deg# @mb/sr# @mb/sr#

Elab580 MeV

110.1 3.16 0.1 2.96 0.2

113.8 3.56 0.2 3.26 0.2

117.9 4.76 0.2 3.86 0.2

121.6 4.96 0.2 4.16 0.2

125.4 5.06 0.2 4.16 0.2

129.4 5.46 0.3 4.86 0.2

133.0 5.26 0.3 4.36 0.2

137.0 5.46 0.3 4.96 0.2

140.6 4.96 0.2 4.46 0.2

144.3 4.66 0.2 4.26 0.2

148.3 4.96 0.2 4.56 0.2

151.8 4.16 0.2 3.86 0.2

154.6 4.16 0.2 4.16 0.2

Elab577 MeV

105.9 1.396 0.07

109.8 1.566 0.08 0.106 0.01

113.7 1.866 0.09 0.376 0.02

120.2 2.96 0.1 0.896 0.04

124.0 3.46 0.2 1.376 0.07

127.9 3.36 0.2 1.536 0.08

134.8 3.96 0.2 2.36 0.1

138.6 4.76 0.2 2.96 0.1

142.3 4.76 0.2 3.16 0.2

146.2 3.86 0.2 3.26 0.2

149.9 4.66 0.2 3.46 0.2

153.6 4.56 0.2 3.46 0.2

Elab576 MeV

122.7 0.966 0.05 0.256 0.01

126.3 1.036 0.05 0.326 0.02

130.4 1.396 0.07 0.596 0.03

134.0 1.626 0.08 0.796 0.04

137.7 1.786 0.09 0.896 0.04

141.7 2.36 0.1 1.276 0.06

145.2 2.46 0.1 1.226 0.06

149.2 2.96 0.2 1.776 0.09

152.8 3.16 0.2 1.876 0.09

156.4 2.96 0.1 1.856 0.09

Elab575 MeV

120.8 0.096 0.01

124.6 0.196 0.01

128.4 0.226 0.01

135.1 0.306 0.02 0.246 0.01

138.9 0.536 0.03 0.366 0.02

142.6 0.626 0.03 0.486 0.02

145.8 1.026 0.05 0.486 0.02

149.5 1.276 0.06 0.726 0.04

153.3 1.276 0.06 0.906 0.04
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54 1285ONE AND TWO CHARGE STRIPPING REACTIONS IN . . .
of 9Be appears to be very unlikely since the 147.6-k
gamma ray in200Tl is not observed. Again, similar spectr
were obtained for all the studied energies for both system

2. Q-value spectra

The information furnished by the gamma-ray spectra
garding mass identification is complemented by
Q-value spectra. As an example, Fig. 3 showsQ-value spec-
tra gated onZ54 and 5~6 and 7! for 12C (16O! projectiles.

The Q values for the transitions to the ground state
various exit channels,Qgg , are shown by arrows. The en
ergy resolution of the spectra was about 1 MeV. In the c
of DZ51, Figs. 3~a! and 3~c!, the energy spectra are in re
sonable agreement with those corresponding to the o
proton stripping for both projectiles. Transfer of one de
teron is negligible for 12C projectiles at the lowes
bombarding energy~56 MeV! but this channel cannot be i
general ruled out, particularly at the highest bombarding
ergies for 16O projectiles. However, as was previously d
cussed, the absence of low-lying199Hg transitions in the
gamma-ray spectra does not support the presence of
channel. In the case ofDZ52, Fig. 3~b! corresponding to the
12C projectile shows only two-proton-transfer events tak
into account the arguments mentioned above. On the o
hand, the events shown in Fig. 3~d! (16O projectile! are com-
patible with two-proton as well as with alpha pickupQ val-
ues.

III. RESULTS

Differential cross sections for charge-transfer reactio
were obtained~see Tables I and II! by grouping events in
angular bins ofDu54°. These angular distributions are be
shaped~see Fig. 4! and they peak slightly above the grazin
angle. Total cross sections for one- and two-charge tran
in 12C1197Au and 16O1197Au systems~see Fig. 5 and Table
III ! were obtained by integration of a smooth curve interp
lating the experimental points for each angular distributi
The quoted error bars include the statistical uncertainties
an estimate of the systematic errors. Systematic errors a
from the absolute normalization based on Rutherford sca
ing (,2%! and the statistical errors come from the determ
nation of the peak areas (,3%!. The bombarding energy
was determined with an accuracy of 1%.

Figure 5 shows that the transfer cross sections are q
constant at energies above the Coulomb barrier and they
hibit a sharp falloff as the energy decreases below the

TABLE I. ~Continued.!

Q ds/dVDZ51 ds/dVDZ52

@deg# @mb/sr# @mb/sr#

Elab574 MeV
134.8 0.186 0.01 0.046 0.01
138.6 0.246 0.01 0.096 0.01
142.3 0.316 0.02 0.146 0.01
146.3 0.496 0.02 0.216 0.01
150.1 0.716 0.04 0.316 0.02
153.8 0.936 0.05 0.396 0.02
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TABLE II. Differential transfer cross sections for one- and two
charge transfer in the12C1197Au system.

Q ds/dVDZ51 ds/dVDZ52

@deg# @mb/sr# @mb/sr#

Elab582 MeV
49.0 9.36 0.5 8.46 0.4
53.1 12.36 0.6 7.96 0.4
57.3 14.46 0.7 7.56 0.4
69.8 7.46 0.4 3.56 0.2
73.9 4.26 0.2 2.06 0.1
78.0 3.16 0.1 1.486 0.07
85.0 1.66 0.1 0.816 0.04
89.1 0.896 0.04 0.446 0.02
93.1 0.616 0.03 0.366 0.02
99.9 0.316 0.02 0.156 0.01
103.9 0.196 0.01 0.096 0.01
107.8 0.146 0.01 0.076 0.01

Elab570 MeV
71.9 3.16 0.2 2.56 0.1
75.7 4.66 0.2 2.56 0.1
80.1 6.46 0.3 3.36 0.2
83.9 7.06 0.3 2.76 0.1
87.9 6.56 0.3 2.56 0.1
92.1 6.56 0.3 2.86 0.1
95.9 5.26 0.3 2.06 0.1
100.1 4.06 0.2 1.96 0.1
103.9 3.16 0.2 1.336 0.07
107.8 2.56 0.1 1.076 0.05
112.0 1.806 0.09 0.916 0.05
115.6 1.586 0.08 0.756 0.04
118.7 1.116 0.06 0.606 0.03

Elab565 MeV
92.3 2.66 0.1 1.196 0.06
96.1 3.16 0.2 1.356 0.07
100.3 3.76 0.2 1.496 0.07
104.1 3.76 0.2 1.436 0.07
108.0 3.86 0.2 1.676 0.08
112.1 3.86 0.2 1.606 0.08
115.8 3.36 0.2 1.416 0.07
119.9 3.06 0.2 1.446 0.07
123.7 2.46 0.1 1.036 0.05
127.4 2.36 0.1 0.976 0.05
131.5 1.876 0.09 0.946 0.05
135.1 1.736 0.09 0.826 0.04
138.1 1.556 0.08 0.826 0.04

Elab560 MeV
112.2 0.696 0.03 0.186 0.01
115.8 0.866 0.04 0.216 0.01
120.0 1.166 0.06 0.316 0.02
123.7 1.316 0.07 0.316 0.02
127.5 1.476 0.07 0.386 0.02
131.5 1.716 0.09 0.486 0.02
135.1 1.766 0.09 0.516 0.03
139.2 1.856 0.09 0.596 0.03
142.9 1.746 0.09 0.546 0.03
146.5 1.836 0.09 0.606 0.03
150.6 1.736 0.09 0.626 0.03
154.1 1.636 0.08 0.556 0.03
157.0 1.616 0.08 0.556 0.03
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1286 54D. TOMASI et al.
rier. This figure also shows the data obtained by Yokoya
et al. @8# and by Eyalet al. @9# which were taken at much
higher bombarding energies. Whereas the data of Eyalet al.
@9# are consistent with the trend of the excitation functio
measured in the present work, the results of Yokoyamaet al.
@8# in the 16O1197Au system atE/Vc51.83 fall well above
the values we have measured.

In what follows a semiclassical description of the trans
data will be given. In all cases, theoretical calculations h
been done assuming one-proton- and two-proton-transfe
actions forDZ51 andDZ52, respectively. Morover, sinc
the collected data also contain information from the qu
elastic scattering, these results will be discussed in the fra
work of the optical model.

A. Semiclassical description of the transfer reactions

In a semiclassical approach, the differential transfer cr
section at energies below the barrier is given by@10#

FIG. 4. Differential cross sections for transfer reactions m
sured in the12C1197Au system atElab565 MeV and 16O1197Au
system atElab585 MeV. Solid squares are one-charge-transfer
open circles are two-charge-transfer channels.

TABLE II. ~Continued.!

Q ds/dVDZ51 ds/dVDZ52

@deg# @mb/sr# @mb/sr#

Elab557 MeV
131.4 0.226 0.01 0.016 0.01
135.0 0.256 0.01 0.016 0.01
139.1 0.306 0.01 0.036 0.01
142.7 0.316 0.02 0.046 0.01
146.4 0.396 0.02 0.046 0.01
150.5 0.446 0.02 0.056 0.01
154.0 0.456 0.02 0.066 0.01
156.9 0.496 0.02 0.056 0.01

Elab556 MeV
134.3 0.096 0.01
138.1 0.106 0.01
141.9 0.166 0.01
145.5 0.146 0.01
149.3 0.236 0.01
153.0 0.186 0.01
ma
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S ds

dV D
tr

5Ptr~Q!S ds

dV D
R

, ~1!

where (ds/dV)R denotes the differential reaction cross se
tion and

Ptr~Q!5CsinS Q

2 Dexp$22kD~Q!% ~2!

is the transfer probability expected for nucleon tunneling b
tween two potential wells as a function of the scatteri
angleQ. The amplitudeC depends, essentially, on the initia

ea-

nd

FIG. 5. Charged-particle-transfer cross sections for
12C1197Au and 16O1197Au systems. Solid circles are one-charg
transfer and open circles are two-charge-transfer channels meas
in this work, and open squares and triangles are one- and t
charge-transfer channels, respectively, from Ref.@9#, while solid
and open stars are one- and two-charge-transfer channels, re
tively, from Ref. @8#. Solid and dashed lines are theoretical expe
tations from Eq.~7! for one- and two-proton stripping, respectively

TABLE III. Total transfer cross sections for one- and two
charge-stripping reaction channels for both systems.

System Elab @MeV# s tr
DZ51 @mb# s tr

DZ52 @mb#

12C1197Au
82 346 2 246 1
70 246 1 11.66 0.6
65 16.06 0.8 6.86 0.4
60 6.06 0.4 1.76 0.2
57 1.26 0.1 0.096 0.02
56 0.46 0.1 0.016 0.01

16O1197Au
110 616 4 826 3
90 366 2 516 1
85 276 1 356 1
80 186 1 19.06 0.7
77 15.06 0.7 8.66 0.5
76 7.06 0.7 3.66 0.3
75 2.66 0.3 1.66 0.2
74 1.76 0.4 0.66 0.2
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54 1287ONE AND TWO CHARGE STRIPPING REACTIONS IN . . .
and final states as well as on the kinematics of the reacti
The value of the propagation numberk is defined through
the WKB approximation as

k5
1

\~x12x2!
E
x1

x2A2m@B1U~r !#dr, ~3!

whereB is the binding energy of the transferred particle,m is
its reduced mass, and the integration limitsxi correspond to
B1U(xi)50. The total nucleon-nucleus potentialU(r ) is
defined as

U~r !5U1~r !1U2~D2r !, ~4!

Ui~r !5UCi
~r !1UNi

~r !. ~5!

FIG. 6. Quasielastic cross section normalized to Rutherfo
cross section plotted as a function of the reduced radius param
d0 for the

12C1197Au ~solid circles! and 16O1197Au ~open squares!
systems atElab5 65 MeV and 85 MeV, respectively.
on.

Here the subscripts 1 and 2 refer to the donor and accep
cores, respectively,D is the distance of closest approac
between them,r is the position of the transferred particle
with respect to the donor core, andUCi

and UNi
are the

Coulomb potential and the nuclear potential, respectively.
the calculations we considered the Coulomb potential as t
generated by a charged sphere of radiusRci

51.25Ai
1/3 fm

and the nuclear part as a Woods-Saxon potential with para
eters taken from Ref.@12#. Assuming Coulomb trajectories,
D(Q) is given by

D~Q!5
e2ZpZt
2Ec.m.

S 11csc
Q

2 D , ~6!

whereZp andZt are the atomic number of the projectile an
target, respectively.

For energies below the Coulomb barrier, the total trans
cross sections tr can be deduced from the distance of close
approach in a head-on collision,D(p) @10#,

s tr;exp@22kD~p!#. ~7!

This theoretical expectation reproduces reasonably w
the experimental data obtained in this work as can be see
Fig. 5, where one- and two-proton-stripping reactions ha
been assumed in the calculations. Under the assumption
Eq. ~6!, the behavior of the transfer probability as a functio
of the distance of closest approach given by Eq.~2! has been
verified for a variety of systems, although the observed v
ues of the decay constants do not always agree with so
expectations derived from the model described above@1,5#.

Figure 6 exhibits the elastic data normalized to the Rut
erford cross section, as a function of the reduced radius
rameter d05D/(A1

1/31A2
1/3). For d0.1.65 fm, the ratio

sel /sRuth remains equal to one. Ford0,1.65 fm this ratio
falls off exponentially due to absorptive processes caused

rd
eter
e

e-
FIG. 7. Probabilities as a function ofD for
one- and two-charge-transfer channels in th
12C1197Au and 16O1197Au systems. Diamonds
correspond toElab 5 82 ~110! MeV, triangles to
Elab 5 70 ~90! MeV, and squaresElab 5 57 ~75!
MeV for the 12C1197Au (16O1197Au! systems.
Dashed lines are the theoretical expectations d
rived from Eq. ~2!, and solid lines are calcula-
tions explained in the text.
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the nuclear potential. This result agrees with that given
Ref. @5# and indicates the range of validity of the Coulom
trajectories in order to determine distances between pro
tile and target as a function of the scattering angle.

Figure 7 shows the experimental values ofPtr /sin(Q/2) as
a function of the distance of closest approachD(Q) derived

FIG. 8. One- and two-charge-transfer normalized slopes~see
text! as a function of the bombarding energies normalized to
Coulomb barrier for the12C1197Au and 16O1197Au systems.
in
b
jec-

from Coulomb trajectories for the different measured sys-
tems. The experimental probabilitiesPtr for a given angle
Q are obtained from the measured differential transfer cross
section and the corresponding Rutherford cross section usin
Eq. ~1!.

At sufficiently large internuclear distances the experimen-
tal points qualitatively follow the exponential decay pre-
dicted by Eq.~3!. The theoretical slopesa th52k for one-
and two-proton-transfer probabilities are 1.51~1.44! and
2.37 ~2.12! fm21, respectively, for the12C1197Au (16O
1197Au! system, and they are represented by dashed lines i
Fig. 7. However, whereas these theoretical slopes do not de
pend on the bombarding energy, the experimental slopes de
crease with increasing energies.

This dependence can also be seen in Fig. 8, where th
experimental slopes normalized to the energy-independen
values,a/a th , are displayed as a function of the reduced
energy parameterE/Vc . The energy dependence is particu-
larly strong near the barrier and becomes much flatter at the
highest energies.

A possible explanation of this behavior might stem from
the presence of the nuclear potential modifying the Coulomb
trajectory@13,14#. In this case, several trajectories with dif-
ferent distances of closest approach may contribute to eac
angleQ. We assume that the nuclei move along classical

the
FIG. 9. Angular distributions for quasielastic
scattering normalized to Rutherford cross section,
for all energies measured in the12C1197Au ~up-
per panel! and 16O1197Au ~lower panel! systems.
Solid lines are the results of the optical model
calculations described in the text.



the

54 1289ONE AND TWO CHARGE STRIPPING REACTIONS IN . . .
TABLE IV. Optical model parameters fitted by the codePTOLEMY. The parametersRSv andRSw are the
real and imaginary sensitivity radii, andVS andWS are the real and imaginary potentials evaluated at
sensitivity radius.

Elab V rR aR W rI aI RSv RSw VS WS

@MeV# @MeV# @fm# @fm# @MeV# @fm# @fm# @fm# @fm# @MeV# @MeV#

12C

56 21.6 1.36 0.57 0.57 1.40 0.60 11.3 11.5 4.43 0.20
57 26.8 1.33 0.44 0.98 1.40 0.58 11.9 11.3 2.57 0.55
60 23.1 1.33 0.42 2.05 1.40 0.13 11.9 11.5 2.18 1.54
65 21.8 1.33 0.41 3.45 1.40 0.22 11.4 11.4 1.85 2.28
70 17.4 1.33 0.45 3.73 1.40 0.13 12.1 11.4 1.83 2.59
82 18.3 1.36 0.32 4.44 1.40 0.33 11.6 11.4 1.64 2.71

16O

74 30.3 1.46 0.20 1.06 1.55 0.15 12.4 13.3 11.4 0.43
75 31.9 1.45 0.14 0.97 1.55 0.33 12.8 13.6 8.3 0.43
77 30.9 1.42 0.23 2.13 1.51 0.14 12.6 12.4 3.8 0.18
80 34.0 1.43 0.21 2.96 1.50 0.14 12.8 12.9 1.2 0.21
85 39.3 1.37 0.23 2.20 1.51 0.35 11.7 13.4 1.0 0.68
90 32.6 1.34 0.29 1.91 1.52 0.20 12.6 12.8 0.9 0.40
110 33.8 1.33 0.33 2.74 1.45 0.32 12.0 12.6 1.0 0.19
v-
n-
d
l

r

le-
on-
r.
e
re
e

e
-
lu-
at
e
ith
i-

h it
ing

e

ers
trajectories under the influence of the Coulomb potential a
of the real part of the nuclear optical potential. For the latt
we use a Woods-Saxon shape with radius and strength
culated as in Ref.@12#. Considering the absorption due to th
imaginary part of the nuclear potential@15#, the probability
for tunneling through the potential barrier was determined
in Ref. @16#. The depth of the imaginary part of the optica
potential was taken as the only free parameter in the cal
lation. This parameter, which was obtained from the simu
taneous fit to the data from both systems at all energies, w
determined to beW0533.9 MeV. It can be seen that for the
optimum value of the strength parameter in the imagina
part of the optical potential the global trend of the energ
dependence is well described. In Sec. III B we will furthe
discuss the dependence of the results of these calculat
upon the optical model parameters, in particular, in conne
tion with those obtained from our quasielastic data. A mo
extensive description of this theoretical treatment can
found in Ref.@14#.

The energy dependence of the slopea has been observed
in the two-neutron-transfer reaction in the spherical208Pb
128Si system but no energy dependence of the slope w
observed for the one-neutron-transfer channel in the sa
system@17#. Similar results were reported by Rehm@17# for
the 208Pb158Ni, 36S158Ni, and 58Ni1144,154Sm systems,
and more recently Sahaet al. @18# observed that the anomaly
is present in one-proton-transfer reactions in the28Si168Zn
system.

B. Optical model analysis

The interpretation of the transfer data in terms of th
model outlined in the previous section can be also examin
from the point of view of its consistency with the optica
parameters derived from the quasielastic angular distrib
nd
er
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l-
as

ry
y
r
ions
c-
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tions. Besides, the wide range of bombarding energies co
ered in this study allowed us to investigate the energy depe
dence of the optical model potentials. This is closely relate
to the problem of the dispersion relation that links the rea
and imaginary parts of the nuclear potential.

Figure 9 shows the quasielastic angular distributions fo
12C1197Au and 16O1197Au normalized to the Rutherford
cross section. Because of the energy resolution of the te
scope, these cross sections include elastic scattering and c
tributions from inelastic scattering and neutron transfe
These angular distributions were fitted using the cod
PTOLEMY @19# and the obtained optical model parameters a
listed in Table IV. The calculated angular distributions ar
shown as solid lines in Fig. 9.

The dependence of the real and imaginary parts of th
optical potential was also studied as a function of the bom
barding energy. For that purpose, the potentials were eva
ated at the so-called sensitivity radius, i.e., the distance
which the various potentials that fit the data take almost th
same value and, therefore, this value can be determined w
minimum ambiguity. The average real and imaginary sens
tivity radii have been found to beRSv 5 11.7 fm,RSw 5
11.4 fm and RSv 5 12.3 fm, RSw 5 13.0 fm for
12C1197Au and 16O1197Au systems, respectively~the val-
ues may be considered as essentially constant even thoug
seems to be a small decreasing tendency with increas
bombarding energy!.

The values of the real and imaginary potentials at th
sensitivity radius (VS andWS) can be compared to the ones
which best reproduce the transfer data using the paramet
prescribed in Ref.@12#. Those potentials, evaluated at the
sensitivity radius, areVS53.20 MeV,WS52.71 MeV for
12C1197Au and VS52.41 MeV, WS50.47 MeV for 16O
1197Au. Although the results from both fits qualitatively
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agree, it is worth mentioning that the optical model calcul
tions using the potential parameters obtained from the tra
fer data do not succeed in reproducing the quasielastic an
lar distributions. In this comparison it should be noticed th
the optical model potentials listed in Table IV are strong
energy dependent, whereas a single value was used a
energies for the transfer data.

Regarding the behavior of the potentials as a function
the bombarding energy, the parameters of Table IV in t
case of12C1197Au exhibit the general trend expected from
dispersion relation, namely, the observed increase inVS and
a decrease inWS as the bombarding energy approaches t
barrier from above~see Ref.@20# and references therein!. In
the case of16O1197Au the real part of the optical potentia
shows also this behavior although the results for the ima
nary part are much less certain.
a-
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IV. SUMMARY

Transfer reaction in the16O1197Au and 12C1197Au sys-
tems were measured at energies close to the Coulomb ba
with charge identification. The angular distributions for ela
tic, one-charge-, and two-charge-transfer reactions were u
to obtain the transfer probabilities and the total transfer cro
sections. The measured transfer probabilities are not
agreement with the semiclassical model that assumes tun
ing from Coulomb trajectories.
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