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One and two charge stripping reactions in the'?C+ 1%7Au
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One- and two-charge-transfer reactions were studied in‘t6e- 1°’Au and 0+ 1%7Au 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 moddlS0556-281®6)01608-]

PACS numbg(s): 25.70.Hi, 24.10.Ht, 25.70.Bc

I. INTRODUCTION and %0 projectiles at energies ranging from 56 to 82 MeV
and from 74 to 110 MeV, respectively. The calculated Cou-
Heavy-ion-induced transfer reactions at bombarding enetomb barriers in the laboratory frame are 57 MeV foiC
gies close to the Coulomb barrier are a subject of current-197Au and 77 MeV for 0+ 1%7Au [10].
interest in the field of nuclear reactions in the last years. Two different experimental arrangements were used in
Particular attention has been concentrated in connection witthis work. In the first experiment, angular distributions of
the behavior of the transfer probability as a function of thetransferred particles for both systems have been measured
distance of closest approach when one or two neutrons afgsing a telescope detector consisting of a gas ionization
involved in the reactiof1-3]. chamber followed by a solid-state position-sensitive detector.
A deviation of the behavior of the transfer probabilities Two-dimensionalAE-E s spectra for charge identification,
from the predictions of a simple semiclassical descripten as well as energy spectra for fragments with different atomic
barrier penetration modelvhen two neutrons are transferred numbers, were obtained in the laboratory angular range
has been reported previougl¢—6|. Several recent experi- ¢=235°—-165°. Absolute cross sections were obtained by nor-
ments have pointed out possible deviations from the tunnelmalizing the transfer yields to the elastic scattering yield
ing picture. In some cases, the observed anomalies weigeasured in two monitor detectors placedat+ 30° rela-
linked to interference effects between transfer to the groundtve to the beam direction.
state band and transfer to bands of other intrinsic s{&t@ In a second complementary experiment, the reaction
In order to investigate to what extent these effects are alsghannels were identified by characteristic gamma-ray transi-
present in charge-transfer reactions we have examined thns measured in coincidence with the scattered projectile-
12C+197Au and 0+ 197Au systems at energies close to the Jike particles. For this purpose two telescopes, each consist-
Coulomb barrier where semiclassical approaches are exng of two surface barrier detectors, were placed at different
pected to be valid. Transfer reactions in these systems havggular positions and a HP-Ge counter was placed at 90°
already been studied by Yokoyareaal.[8] and Eyalet al.  with respect to the beam direction. The absence of strongly
[9] at energies well above the barrier. converted low-lying transitions in nuclei around th&Au
Detailed measurements of angular distributions of thgsotope makes this technique adequate. A tHitlau target

ejectiles at different bombarding energies have been pebf about 1 mg/cn was used in order to obtain a satisfactory
formed as well as particle-gamma coincidence in order tqate of coincident events.

achieve mass discrimination. In Sec. Il the experimental

setup and data analysis are described. Section Il addresses
the semiclassical calculations of transfer probabilities. An )
energy-dependent optical model analysis of the quasielastic Figure 1 shows a\E-E. scatter plot corresponding to

. R . . . K H 9 H —
scattering data obtained in this study is also presented in thifie reaction*C+*%"Au at a bombarding energ.,= 65
section. Section IV summarizes the main results of this inMeV. The predominant reaction channels were associated

vestigation. with charge stripping reactionsZE4, 5). No evidence of
charge pickup Z=7, 8) was found, in agreement with opti-
mum Q-value considerations. From these plots and gating on
Il. EXPERIMENTAL METHOD eachz, Q-value spectra were produced assuming binary ki-
nematics. In order to test the sensitivity of theQevalue
spectra with respect to the mass of the detected particle, sev-
Measurements were carried out at the 20 UD tandem aceral calculations were performed assuming different values
celerator of the TANDAR Laboratory in Buenos Aires. Tar- of mass numbeA for each atomic numbeZ. Typically,
gets of 1%Au (90 wg/cm? thick) were bombarded with’C  variations of+1 amu result in a variation of 0.4 MeV. The

B. Analysis

A. Experimental setup

0556-2813/96/5¢8)/12829)/$10.00 54 1282 © 1996 The American Physical Society



54 ONE AND TWO CHARGE STRIPPING REACTIONSN. .. 1283

1 VRN rrrrrrrrTrTTTy
= ) wof @ T TR
) I A VRS B
S 100g . 20| 1 |
1 Z
&= 150 pta— :'_V::::-"*'%ht-lq—o—o—q—’:
= 2 [T @ C
SR 1 © 100f Y ]
gl ‘ N E_ W _ff_ M _
EF J"‘. | . . O:“‘“ NI NN 9 !

50 100 -20 -10 0 -20 -10 0

Q [MeV]

AE [CHANNEL NUMBER]

FIG. 3. Q-value spectra of the projectilelike fragmenta). and
(b) correspond td*?C projectiles a® =112.1° andE,,=65 MeV,
while (c) and (d) correspond 'O projectiles at® =109.1° and
E..,=85 MeV. The labels indicate the detected ejectiles. In the

) cases of one-charge-transfer reactip@ and (c)], the solid and
procedure to obtai-value spectra was evaluated by Ch(ECk'dashed arrows indicate the value @f,4 for one-proton and one-

ing that the elastic peaks are centereat0 MeV. deuteron stripping, respectively. For two-charge-transfer reactions
By setting appropriate gates on th&E-E.s plots, [(b) and (d)] the solid and dashed arrows indicate the value of

Q-value spectra and gamma ray energy spectra in coincig, for two-proton andw stripping, respectively.

dence with different atomic numbe were obtained. The

simultaneous analysis d-value and gamma-ray energy
spectra was used for a tentative identification of the variouging reaction. Similar conclusions can be drawn from the
reaction channels, as is discussed in what follows. analysis of the gamma-ray spectra obtained at other energies,
as well as from spectra measured for #i©+ °7Au system.
For the *2C+%"Au reaction, the gamma-ray spectrum
Figure 2 shows gamma-ray spectra gated on projectilelikeorresponding t&=4 [Fig. 2(b)] shows only one relatively
fragments withz=5 andZ=4 for the °C+*%’Au system at  strong peak aE,=366.7 keV produced by the 3/2-1/2*
E.b=65 MeV. The spectrum for the transfer of one chargetransition in %1 [11], the heaviest reaction product of the
[Fig. 2a@)] shows peaks & ,=411.8, 587.2, and 636.7 keV, two-proton stripping channel. Although the transfemopar-
corresponding to the 2—0", 5-—4", and the 4 —2* ticles cannot be ruled out, this channel is not present in these
transitions, respectively, in thé®®Hg nucleus[11], which  data because the corresponding projectilelike fragnteat
indicates the occurrence of one-proton transfer. No evidencdecays promptly and, therefore, it does not trigger the acqui-
was found of the 158.4 keV gamma ray corresponding to asition. The same remark is valid for the two-proton—one-
E2 transition from the first excited state to the ground stateneutron reaction channel because the excited staté8ef
of 1®Hg, which would correspond to the one-deuteron strip-decay by particle emission. The transfer to the ground state

FIG. 1. Scatter plotAE-E,s obtained for the reaction
12C+19y at E ,,=65 MeV and®=112.1°.

1. Gamma-ray energy spectra
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TABLE I. Differential transfer cross sections for one- and two-
charge transfer in thé®0+%"Au system.

(C] do/dQAz=1 do/dQA%=2
[ded [mb/sn [mb/si
Ejp=110 MeV

39.3 6.3+ 0.3 20t 1
435 7.5+ 04 27+ 1
47.8 113 0.5 34+ 2
49.8 23+ 1 33+ 2
54.0 25+ 1 36+ 2
55.0 29+ 2 29+ 1
58.2 28+ 2 29+ 1
59.2 26+ 1 26+ 1
63.4 21+ 1 19+ 1
70.7 9.8+ 0.5 10.4+ 0.5
74.8 52+ 0.3 7.1+ 0.4
78.9 3.0+ 0.2 4.4+ 0.2
81.0 23 01 3.2+ 0.2
85.1 1.58+ 0.08 23+ 0.1
89.1 0.73+ 0.04 1.48+ 0.07
Ejap=90 MeV

65.6 1.24=+ 0.06 5.0 0.2
69.8 1.81+ 0.09 7.0+ 0.3
73.9 3.2+ 0.2 9.8+ 0.5
81.1 8.2+ 0.4 12.0+ 0.6
85.2 9.6+ 0.5 12.8+ 0.6
89.2 9.6+ 0.5 10.8+ 0.5
91.8 13.5+ 0.7 12.7+ 0.6
95.5 11.7+= 0.6 10.7+ 0.5
99.8 9.6+ 0.5 10.3+ 0.5
103.7 7.9+ 0.4 84+ 04
107.5 5.9+ 0.3 6.5+ 0.3
111.3 3.4+ 0.2 4.4+ 0.2
114.9 2.6+ 0.1 3.2+ 0.2
117.9 2.2+ 0.1 28+ 0.1
E,=85 MeV

81.1 0.65*+ 0.03 3.1+ 0.1
85.2 1.22+ 0.06 42+ 0.2
89.2 21+ 0.1 50+ 0.2
97.4 7.1+ 0.4 6.6+ 0.3
101.1 7.7 0.4 74+ 04
105.3 7.9+ 0.4 7.7+ 04
109.1 7.6+ 0.4 7.2+ 0.4
112.9 6.8+ 0.3 6.3+ 0.3
117.0 5.8+ 0.3 6.2+ 0.3
120.7 5.3+ 0.3 56+ 0.3
124.9 4.4+ 0.2 52+ 0.3
128.7 3.4+ 0.2 4.1+ 0.2
132.4 2.9+ 0.2 3.6+ 0.2
136.1 2.9+ 0.2 3.8+ 0.2
139.5 2.6+ 0.1 3.7£ 0.2
141.1 2.0+ 0.1 28+ 0.1
143.1 2.1+ 0.1 3.2+ 0.2

146.3 1.71*= 0.09 25 01
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TABLE I. (Continued)

(€] do/dQAZ=1 do/d0A%=2
[ded| [mb/sH [mb/si
Ejan=80 MeV
110.1 3.1+ 0.1 29+ 0.2
113.8 3.5+ 0.2 3.2+ 0.2
117.9 4.7+ 0.2 3.8+ 0.2
121.6 4.9+ 0.2 4.1+ 0.2
125.4 5.0+ 0.2 4.1+ 0.2
129.4 5.4+ 0.3 48+ 0.2
133.0 5.2+ 0.3 43+ 0.2
137.0 5.4+ 0.3 49+ 0.2
140.6 49+ 0.2 44+ 0.2
144.3 4.6+ 0.2 42+ 0.2
148.3 49+ 0.2 45+ 0.2
151.8 4.1+ 0.2 3.8+ 0.2
154.6 4.1+ 0.2 4.1+ 0.2
Ejap=77 MeV
105.9 1.39+ 0.07
109.8 1.56+ 0.08 0.10+= 0.01
113.7 1.86+ 0.09 0.37*= 0.02
120.2 2.9+ 0.1 0.89+ 0.04
124.0 3.4+ 0.2 1.37+ 0.07
127.9 3.3+ 0.2 1.53* 0.08
134.8 3.9+ 0.2 2.3+ 0.1
138.6 4.7+ 0.2 29+ 0.1
142.3 4.7+ 0.2 3.1+ 0.2
146.2 3.8+ 0.2 3.2+ 0.2
149.9 4.6+ 0.2 3.4+ 0.2
153.6 4.5+ 0.2 3.4+ 0.2
Eap="76 MeV
122.7 0.96= 0.05 0.25+ 0.01
126.3 1.03= 0.05 0.32+ 0.02
130.4 1.39+ 0.07 0.59+ 0.03
134.0 1.62+ 0.08 0.79= 0.04
137.7 1.78+ 0.09 0.89+ 0.04
141.7 2.3 0.1 1.27+ 0.06
145.2 2.4+ 0.1 1.22+ 0.06
149.2 2.9+ 0.2 1.77+ 0.09
152.8 3.1+ 0.2 1.87+ 0.09
156.4 2.9+ 0.1 1.85+ 0.09
Ejp="75 MeV
120.8 0.09+ 0.01
124.6 0.19+ 0.01
128.4 0.22+ 0.01
135.1 0.30+ 0.02 0.24+ 0.01
138.9 0.53+ 0.03 0.36+ 0.02
142.6 0.62+ 0.03 0.48+ 0.02
145.8 1.02+ 0.05 0.48*+ 0.02
149.5 1.27+ 0.06 0.72+ 0.04
153.3 1.27+ 0.06 0.90+ 0.04
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TABLE |. (Continued) TABLE II. Differential transfer cross sections for one- and two-
charge transfer in th&’C+ °Au system.
(G do/d0A%=1 do/d0A2=2
[ded [mb/si [mb/si (C) do/dQA%=1 do/dQA%=2
[ded| [mb/sH [mb/si
Elab: 74 MeV
134.8 0.18= 0.01 0.04x 0.01  Ea=382 MeV
138.6 0.24+ 0.01 0.09+ 0.01  49.0 9.3 0.5 8.4+ 0.4
142.3 0.31+ 0.02 0.14+ 0.01  93.1 12.3+ 0.6 7.9% 0.4
146.3 0.49+ 0.02 0.21+ 0.01 273 14.4= 0.7 7.5 0.4
150.1 0.71+ 0.04 031+ 002 698 7.4% 04 3.5+ 02
153.8 0.93+ 0.05 0.39+ 0.02 /39 4.2+ 0.2 20+ 0.1
78.0 3.1+ 01 1.48+ 0.07
85.0 1.6+ 0.1 0.81+ 0.04
of °Be appears to be very unlikely since the 147.6-keVv89.1 0.89* 0.04 0.44= 0.02
gamma ray in?°°Tl is not observed. Again, similar spectra 93.1 0.61+ 0.03 0.36= 0.02
were obtained for all the studied energies for both systems99.9 0.31+ 0.02 0.15+ 0.01
103.9 0.19*+ 0.01 0.09+ 0.01
2. Q-value spectra 107.8 0.14+ 0.01 0.07= 0.01
The information furnished by the gamma-ray spectra reg,_ —70 Mev
garding mass identification is complemented by the;; g 3.1+ 0.2 25+ 0.1
Q-value spectra. As an example, Fig. 3 shdwsalue spec- 757 4.6+ 0.2 25+ 0.1
tra gated orz=4 and 5(6 and 7 for *?C (*°0) projectiles.  gg 1 6.4+ 0.3 33+ 02
The Q values for the transitions to the ground state ofgz g 7.0+ 0.3 27+ 0.1
various exit channelsQ,q, are shown by arrows. The en- g7 g 6.5+ 0.3 25+ 0.1
ergy resolution of the spectra was about 1 MeV. In the casgy 1 6.5+ 0.3 28+ 0.1
of AZ=1, Figs. 3a) and 3c), the energy spectra are in rea- g5 g 52+ 03 20+ 01
sonable agreement with those corresponding to the ongqg 1 4.0+ 0.2 1.9+ 01
proton stripping for both projectiles. Transfer of one deu-1p3 g 31+ 0.2 1.33+ 0.07
teron is negligible for °C projectiles at the lowest 147g 25+ 0.1 107+ 0.05
bombarding energy56 'Me\/) but this c_hannel cannot t_)e in 1120 1.80+ 0.09 0.91+ 0.05
general rulgd out,_ partlcularly at the highest bom_bard|ng.en115.6 158+ 0.08 0.75+ 0.04
ergies for O projectiles. However, as was previously dis- 1, 7 1.11+ 0.06 0.60+ 0.03

cussed, the absence of low-lyinf*Hg transitions in the
gamma-ray spectra does not support the presence of thkg.,=65 MeV

channel. In the case &fZ=2, Fig. 3b) corresponding to the 92.3 2.6x 01 1.19=+ 0.06
12C projectile shows only two-proton-transfer events taking96.1 3.1+ 0.2 1.35* 0.07
into account the arguments mentioned above. On the othéi00.3 3.7+ 0.2 1.49=+ 0.07
hand, the events shown in Figd3 (‘0 projectile are com-  104.1 3.7+ 0.2 1.43x 0.07
patible with two-proton as well as with alpha pick@val-  108.0 3.8+ 0.2 1.67+ 0.08
Ues. 112.1 3.8= 0.2 1.60+ 0.08
115.8 3.3x 0.2 1.41+ 0.07

119.9 3.0£ 0.2 1.44* 0.07

Il RESULTS 123.7 2.4+ 0.1 1.03+ 0.05

Differential cross sections for charge-transfer reactions}gz';1r 128§f 8'(1)9 8'ng 8'82

were obta_unec{see_T?bles I and )by grouping events in a2 173+ 0.09 0.82+ 0.04
angular bins ofA #=4°. These angular distributions are bell ;3g ; 1.55+ 0.08 0.82+ 0.04
shapedsee Fig. 4 and they peak slightly above the grazing
angle. Total cross sections for one- and two-charge transféfian=60 MeV

in 2C+1%7Au and 10+ 1°7Au systemgsee Fig. 5 and Table ﬁég 8'2? 8'82 8%% 8'81
[Il') were obtained by integration of a smooth curve interpo-, =" DOSEDE e

—+ +
lating the experimental points for each angular distribution.lzo'0 1.16=0.06 0.31+ 0.02

. . o 123.7 1.31*= 0.07 0.31+ 0.02

The qqoted error bars mcludg the statistical unc_ertalntles apé7_5 1.47+ 0.07 0.38+ 0.02
an estimate of the systematic errors. Systematic errors arigg g 1.71+ 0.09 0.48+ 0.02
from the absolute normalization based on Rutherford scattert3s 1 1.76+ 0.09 0.51+ 0.03
ing (<2%) and the statistical errors come from the determi-139.2 1.85+ 0.09 0.59+ 0.03
nation of the peak areas<(3%). The bombarding energy 142.9 1.74+ 0.09 0.54+ 0.03
was determined with an accuracy of 1%. 146.5 1.83*+ 0.09 0.60% 0.03
Figure 5 shows that the transfer cross sections are quitt>0-6 1.73+ 0.09 0.62+ 0.03
constant at energies above the Coulomb barrier and they e}24-1 1.63x 0.08 0.55= 0.03
hibit a sharp falloff as the energy decreases below the bar>/-0 E61= 008 055 008
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TABLE Il. (Continued) 1000 | ; | s

(¢} do/d0A%=1 do/d0A2=2 . 5 ’ P g

[ded [mb/si [mb/si . o ,32 3 3

Eiay=57 MeV E 12041974y 18041974y 3

131.4 0.22+ 0.01 0.01= 0.01 = ]

135.0 0.25+ 0.01 0.01+ 0.01 5 ; 4

139.1 0.30+ 0.01 0.03%= 0.01 ]

142.7 0.31* 0.02 0.04+ 0.01 : E

146.4 0.39*+ 0.02 0.04= 0.01

150.5 0.44= 0.02 0.05% 0.01 0.01 115' : i : ‘1 5 : é :

154.0 0.45*= 0.02 0.06= 0.01 '

156.9 0.49+ 0.02 0.05+ 0.01 E/V,

Eiap=56 MeV FIG. 5. Charged-particle-transfer cross sections for the

134.3 0.09+ 0.01 12C+197Au and %0+ 1%7Au systems. Solid circles are one-charge-

138.1 0.10+ 0.01 transfer and open circles are two-charge-transfer channels measured

141.9 0.16= 0.01 in this work, and open squares and triangles are one- and two-

1455 0.14x 0.01 charge-transfer channels, respectively, from Ref, while solid

149.3 0.23+ 0.01 and open stars are one- and two-charge-transfer channels, respec-

153.0 0.18+ 0.01 tively, from Ref.[8]. Solid and dashed lines are theoretical expec-

rier. This figure also shows the data obtained by Yokoyama
et al. [8] and by Eyalet al. [9] which were taken at much

higher bombarding energies. Whereas the data of Eyal.
[9] are consistent with the trend of the excitation functions
measured in the present work, the results of Yokoyatrel.

[8] in the %0+ 1%7Au system atE/V,.=1.83 fall well above

the values we have measured.
In what follows a semiclassical description of the transfer

data will be given. In all cases, theoretical calculations have
been done assuming one-proton- and two-proton-transfer re-
actions forAZ=1 andAZ=2, respectively. Morover, since

the collected data also contain information from the quasi-
elastic scattering, these results will be discussed in the fram

work of the optical model.

A. Semiclassical description of the transfer reactions

section at energies below the barrier is given[b§]

tations from Eq(7) for one- and two-proton stripping, respectively.

(do’) 3 (do)
E tr_Ptr(®) m Rl

@

where do/dQ)g denotes the differential reaction cross sec-

tion and

Pu(®)= Csin( %) exp—2«xD(0)}

@

s the transfer probability expected for nucleon tunneling be-

ween two potential wells as a function of the scattering
angle®. The amplitudeC depends, essentially, on the initial

. . . . TABLE Ill. Total transfer cross sections for one- and two-
In a semiclassical approach, the differential transfer CrOS§harge-stripping reaction channels for both systems.

System Ewp [MeV]  o3%=1 [mb] 03?2 [mb]
15 . .
g, T sy | He+ A
- L 82 34+ 2 24+ 1
S Fap = 65 MV Fuap = 85 Me¥ 70 24+ 1 11.6+ 0.6
< L 65 16.0*= 0.8 6.8+ 0.4
) I gﬂg 60 6.0+ 0.4 1.7+ 0.2
s | $;i 57 12+ 01 009+ 0.02
5T Ta° . 56 0.4+ 0.1 0.01+ 0.01
3 .'"“'- B .2::nw 16094 197
oo ll--. 1l a ': O+ ~7'Au
Gl e B 110 61+ 4 82+ 3
80 100 120 140 80 100 120 140 90 36+ 2 51+ 1
85 27+ 1 3+ 1
B[ deg] 80 18+ 1 19.0+ 0.7
77 15.0= 0.7 8.6+ 0.5
FIG. 4. Differential cross sections for transfer reactions mea- 76 7.0x 0.7 3.6+ 0.3
sured in the'?C+%Au system afE,,=65 MeV and %0+ 1%7Au 75 2.6+ 0.3 1.6+ 0.2
system aE,,,= 85 MeV. Solid squares are one-charge-transfer and 74 1.7+ 0.4 0.6+ 0.2

open circles are two-charge-transfer channels.
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Here the subscripts 1 and 2 refer to the donor and acceptor
cores, respectivelyD is the distance of closest approach
between themr is the position of the transferred particle
with respect to the donor core, arlr!:lci and Uy, are the
Coulomb potential and the nuclear potential, respectively. In
the calculations we considered the Coulomb potential as that
generated by a charged sphere of radRys=1.254{" fm

and the nuclear part as a Woods-Saxon potential with param-
eters taken from Ref12]. Assuming Coulomb trajectories,
D(®) is given by

6

FIG. 6. Quasielastic cross section normalized to RutherfordvhereZ, andZ, are the atomic number of the projectile and
cross section plotted as a function of the reduced radius paramettrget, respectively.

d, for the 2C+ °7Au (solid circles and *0+ *7Au (open squargs
systems aE,,= 65 MeV and 85 MeV, respectively.

For energies below the Coulomb barrier, the total transfer
cross sectiowr, can be deduced from the distance of closest
approach in a head-on collisiob,(7) [10],

and final states as well as on the kinematics of the reaction.

The value of the propagation numberis defined through

the WKB approximation as

k=7 f V2u[B+U(r)]dr, 3
(X1

whereB is the binding energy of the transferred partigleis
its reduced mass, and the integration limitscorrespond to
B+U(x;)=0. The total nucleon-nucleus potentidl(r) is
defined as

op~exX —2«D(m)]. @

This theoretical expectation reproduces reasonably well
the experimental data obtained in this work as can be seen in
Fig. 5, where one- and two-proton-stripping reactions have
been assumed in the calculations. Under the assumption of
Eq. (6), the behavior of the transfer probability as a function
of the distance of closest approach given by @) has been
verified for a variety of systems, although the observed val-
ues of the decay constants do not always agree with some
expectations derived from the model described aldvs].

Figure 6 exhibits the elastic data normalized to the Ruth-

U(r)=U4(r)+U,(D—r) (4) erford cross section, as a function of the reduced radius pa-
rameter dy= D/(A1/3+A1/3 . For dg>1.65 fm, the ratio
B 0ol oRuh remains equal to one. Faly<1.65 fm this ratio
Ui(r)= UCi(rH UNi(r)' (5) falls off exponentially due to absorptive processes caused by
12C + 197Au
0.1 E 1 T T T T T T T T T T T T T
F MA 82 MeV 82 MeV ]
L N A .
001} 6099 \%\ OW a
o[ N rouev 1 0%
107 N o 70 MeV 3
~ 107 57 MeV FIG. 7. Probabilities as a function & for
~ s AZ=1 AZ=2 57 Mev one- and two-charge-transfer channels in the
& 1w m 12 " 6 10 12 12C+197Au and %0+ %7Au systems. Diamonds
= correspond tdE,, = 82 (110 MeV, triangles to
n
~ 16 197 Ei. = 70 (90) MeV, and squareg,,, = 57 (75)
= 0+ Au MeV for the ’C+1%7Au (*%0+*°"Au) systems.
a, 01 ' J T ' ' Dashed lines are the theoretical expectations de-
[ ﬁ rived from Eg.(2), and solid lines are calcula-
001F of tions explained in the text.
¢ 110 MeV
[ [)
1073
[AZ=1 75 MeV  \
10—4 . 1 N I . 1 N 1 1 1 | 1
12 14 16 18 12 14 16 18
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from Coulomb trajectories for the different measured sys-

4 ' ' ' ' ' ] tems. The experimental probabilitiés, for a given angle
i ° AZ=1 }mc £ 90 ] O are obtained from the measured differential transfer cross
3t l o AZ=R 5 section and the corresponding Rutherford cross section using
55 I 4 AZ=1 ) ¢ 197 ] Eq. (1).
- zf {, . AZ=2 } 0+ TAu At sufficiently large internuclear distances the experimen-
i % tal points qualitatively follow the exponential decay pre-
S i t ; $ ] dicted by Eq.(3). The theoretical slopea,=2« for one-
1 34 4 ] and two-proton-transfer probabilities are 1.%1.44 and
¢ ., 5 2.37 (2.12 fm %, respectively, for the'?C+%Au (%60
ol ! . o L] +197Au) system, and they are represented by dashed lines in
1 1.2 1.4 Fig. 7. However, whereas these theoretical slopes do not de-
pend on the bombarding energy, the experimental slopes de-
E/V crease with increasing energies.

This dependence can also be seen in Fig. 8, where the
FIG. 8. One- and two-charge-transfer normalized slofse= experimental slopes_ normalized to the_energy—independent
text) as a function of the bombarding energies normalized to the/@lueés,a/a,, are displayed as a function of the reduced
Coulomb barrier for the"C+%Au and %0+ °Au systems. energy parametele/V.. The energy dependence is particu-
larly strong near the barrier and becomes much flatter at the
the nuclear potential. This result agrees with that given irhighest energies.
Ref. [5] and indicates the range of validity of the Coulomb A possible explanation of this behavior might stem from
trajectories in order to determine distances between proje¢he presence of the nuclear potential modifying the Coulomb
tile and target as a function of the scattering angle. trajectory[13,14]. In this case, several trajectories with dif-
Figure 7 shows the experimental valuesgf/sin(®/2) as  ferent distances of closest approach may contribute to each
a function of the distance of closest appro&t®) derived angle®. We assume that the nuclei move along classical
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TABLE IV. Optical model parameters fitted by the coeeoLEMY. The parameterRg, andRg,, are the
real and imaginary sensitivity radii, ands and Wg are the real and imaginary potentials evaluated at the
sensitivity radius.

Eiab \ r'r ar w r a Rs, Rsw Vs Wsg
[MeV] [MeV] [fm] [fm] [MeV] [fm] [fm] [fm] [fm] [MeV] [MeV]
12
56 21.6 136 0.57 0.57 140 060 11.3 115 4.43 0.20
57 26.8 133 0.44 0.98 140 058 119 113 2.57 0.55
60 23.1 1.33 0.42 2.05 140 0.13 119 115 2.18 1.54
65 21.8 133 041 3.45 140 022 114 114 1.85 2.28
70 17.4 1.33 0.45 3.73 140 0.13 121 114 1.83 2.59
82 18.3 136 0.32 4.44 140 033 116 114 1.64 2.71
160
74 30.3 1.46 0.20 1.06 155 0.15 124 133 11.4 0.43
75 31.9 145 0.14 0.97 155 033 128 136 8.3 0.43
77 30.9 142 0.23 2.13 151 014 126 124 3.8 0.18
80 34.0 143 0.21 2.96 150 0.14 128 129 1.2 0.21
85 39.3 1.37 0.23 2.20 151 035 117 134 1.0 0.68
90 32.6 1.34 0.29 191 152 020 126 128 0.9 0.40

110 33.8 133 0.33 2.74 145 032 120 126 1.0 0.19

trajectories under the influence of the Coulomb potential andions. Besides, the wide range of bombarding energies cov-
of the real part of the nuclear optical potential. For the latterered in this study allowed us to investigate the energy depen-
we use a Woods-Saxon shape with radius and strength cadence of the optical model potentials. This is closely related
culated as in Ref.12]. Considering the absorption due to the to the problem of the dispersion relation that links the real
imaginary part of the nuclear potentid5], the probability  and imaginary parts of the nuclear potential.

for tunneling thI‘OUgh the pOtential barrier was determined as Figure 9 ShOWS the quasie'astic angu|ar distributions for
in Ref.[16]. The depth of the imaginary part of the optical 1204197, and 10+ 197Au normalized to the Rutherford
potential was taken as the only free parameter in the calCysoss section. Because of the energy resolution of the tele-
lation. This parameter, which was obtained from the simulg.qne these cross sections include elastic scattering and con-

':jar:eou_s f'tdt(t) tf;g\(/da_t%fsr%me?}hlfystengs at all fr?etr?'esthwqﬁbutions from inelastic scattering and neutron transfer.
etermined to 0o=99.9 MeV. It can be seen that Ior the o angular distributions were fitted using the code

Og:'tmol;r?hgaéu?igl thgtesrt];;ﬁ;he pa;g%gle:fén'g (t)?ethlgnzglgraryPTOLEMY [19] and the obtained optical model parameters are
b P P 9 Wisted in Table IV. The calculated angular distributions are

dependence is well described. In Sec. Il B we will further S o
ﬁQOWﬂ as solid lines in Fig. 9.

discuss the dependence of the results of these calculatio The d d f th land i . f th
upon the optical model parameters, in particular, in connec- "€ dependence of the real and imaginary parts of the

tion with those obtained from our quasielastic data. A morePPtical potential was also studied as a function of the bom-
extensive description of this theoretical treatment can bdarding energy. For that purpose, the potentials were evalu-
found in Ref.[14]. ated at the so-called sensitivity radius, i.e., the distance at

The energy dependence of the slapdas been observed Which the various potentials that fit the data take almost the
in the two-neutron-transfer reaction in the spheriépp ~ Same value and, therefore, this value can be determined with
+285j system but no energy dependence of the slope Wa[éu.nlmum“amblgwty. The average real and imaginary sensi-
observed for the one-neutron-transfer channel in the sanfd/ity radii have been found to b&s, = 11.7 fm,Rs,, =
system[17). Similar results were reported by Refjt7] for ~ 114 fm and Ry = 12.3 im, Rs, = 13.0 fm for
the 29%Pb+ Ni, 36S+58Ni, and 58Ni+14415%5m systems, —C+ °Au and °O+*%"Au systems, respectivelfthe val-
and more recently Satet al.[18] observed that the anomaly U€S may be considered as essentially constant even though it

is present in one-proton-transfer reactions in #gi+%zn ~ Seems to be a small decreasing tendency with increasing
system. bombarding energy

The values of the real and imaginary potentials at the
sensitivity radius Y5 andWs) can be compared to the ones
which best reproduce the transfer data using the parameters

The interpretation of the transfer data in terms of theprescribed in Ref[12]. Those potentials, evaluated at the
model outlined in the previous section can be also examinedensitivity radius, are/s=3.20 MeV, Wg=2.71 MeV for
from the point of view of its consistency with the optical *°C+%Au and Vg=2.41 MeV, Ws=0.47 MeV for %0
parameters derived from the quasielastic angular distribu+°’Au. Although the results from both fits qualitatively

B. Optical model analysis
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agree, it is worth mentioning that the optical model calcula- IV. SUMMARY

tions using the potential parameters obtained from the trans- Transfer reaction in thé®0+17Au and 12C+ 97Au sys-

fer data do not succeed in reproducing the quasielastic ang%‘éms were measured at energies close to the Coulomb barrier
lar distributions. In this comparison it should be noticed that 9

the optical model potentials listed in Table IV are stronglyw'th charge identification. The angular distributions for elas-

energy dependent, whereas a single value was used at {f B SIS S L o e e er cross.
energies for the transfer data. P

Regarding the behavior of the potentials as a function msectlons. Th_e measure_d tra_nsfer probabilities are not in
the bombarding energy, the parameters of Table IV in theagreement with the se_mmla@ssmal model that assumes tunnel-
case of2C+ 9Au exhibit the general trend expected froma "9 from Coulomb trajectories.

dispersion relation, namely, the observed increasésiand ACKNOWLEDGMENTS
a decrease iWg as the bombarding energy approaches the
barrier from abovdsee Ref[20] and references thergirin Some of us(J.O.F.N., AJ.P.,, JET. D.E.D.G, and

the case of®0+1%"Au the real part of the optical potential M.d.T.) acknowledge the financial support of the Consejo
shows also this behavior although the results for the imagiNacional de Investigaciones Ciditas y T&nicas, Argen-
nary part are much less certain. tina.
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