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Fusion excitation functions were obtained f§€I+ 7%72737476e at energies from about 6 MeV below to
7 MeV above the Coulomb barrier. The barrier parameters extracted from the data agree within 3% with those
obtained from the systematics for fusion above the barrier. Low-energy enhancements are observed, whose
behavior is explained within the context of simple model calculations by assigning appropriate degrees of
freedom to the respective reaction partners. These degrees of freedom reflect the shape transition between
spherical®"27Ge and prolate-deformetf:’%Ge, and show also remarkable effects of the ddstructure of
SGe. The results are consistent with those of similar analysis of different data sets where the same targets were
used. The possible effects of double identical-phonon states for spherical nuclei, hexadecapole deformations
for deformed ones, and nucleon transfer are also examined. An analysis of the barrier distributions is made,
which indicates consistency with the assumed degrees of freedom.
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[. INTRODUCTION projectile should show an increased sensitivity to the internal
degrees of freedom and therefore the shape transition effects

It has been well recognized that the fusion cross sectionshould be more evident in this case. In this work we mea-
of heavy ions at energies near and below the Coulomb basured the®'Cl+ %7273.74./6e systems, for whiclZ,Z, is
rier might be strongly influenced by the coupling of intrinsic 544, considerably larger than 416, the value corresponding to
degrees of freedom of the target and/or the projectile to théhe Al+Ge systems. The main purpose was to investigate
corresponding relative motiofl,2]. These degrees of free- Whether the same degrees of freedom, determined indepen-
dom may provide favored channels to fusion and this carflently for Ge in the mentioned works, are suitable to prop-
explain the enhanced cross sections observed for many syerly describe the new GlGe systems.
tems with respect to the predictions of conventional barrier In the next section, the experimental procedure is de-
penetration modeléBPMs), which successfully describe fu- scribed and the obtained excitation functions are presented.
sion above the Coulomb barrier by assuming a tunnelingn Sec. I, a search is made of those model assumptions
through a one-dimensional potential barrier. Different de-dealing with the shape of the reactant nuclei that better de-
grees of freedom have been considered in this corffie®t ~ scribe the excitation functions. Additional effects not ac-
among which are surface vibrations, static deformation, parcounted for in these models are discussed in Sec. IV and the
ticle transfer, neck formation, etc., and much work has bee@xperimental barrier distributions are extracted and analyzed
dedicated to trying to find out which of these are the mosin Sec. V. Finally, in Sec. VI, a summary and the conclu-
relevant ones for given particular systems. sions of this work are presented.

In previous workq 3,4], we have measured and analyzed
the fusion of two series of medium mass systems with com-
mon targets, and we have been able to fit them within a
consistent physical scheme where the effects of either the The experiments were carried out usif@l beams from
static deformation or the collective vibrations of the targetthe tandem FN Van de Graaff accelerator at the University of
and/or the projectile, are enough to get a good description dfiotre Dame, with energies ranging from 94.5 to 116.5 MeV,
the data. The fusion with thé®7273747&e isotopes was in steps of 2 MeV. The targets, prepared by the vacuum
measured for eithef’Al [3] or %0 [4], and the results were evaporation technique, are as specified in Table I.
consistent with a shape transition observed in other indepen- The major difficulty in detecting the evaporation residues
dent works[5—8], from sphericalor possibly oblateshapes (ER) from fusion comes from the fact that their angular dis-
for 70727%e to prolate-deformed shapes f6t’%Ge. Spec- tribution is always forward peaked, so that they are normally
troscopic information from the literature was used in allembedded in a large background arising from slit scattering
model calculations with only one free parameter, the deptland other similar types of events. It is thus necessary to
of the nuclear ion-ion potential. The observed sub-barriereduce the intensity of the transmitted beam to a manageable
fusion enhancement was larger for the heavier projectilecounting rate and to identify the ER, separating them out
consistent with the expectation that this enhancement shoufdom the residual beamlike particles that still reach the de-
scale with the height of the Coulomb barr[@&]. According tection system. These objectives were achieved by means of
to this, the fusion of the same targets with an even heaviean electrostatic deflector operating in combination with a

Il. EXPERIMENTAL METHOD AND RESULTS
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TABLE |. Characteristics of the targets used in this work. All targets were made with, @a@ their
thicknesses were determined by energy-loss measuremeatpartticles from a??®Th source.

Carbon
Thickness backing Isotopic composition
Target (wg/cnt) (nglcn?) (% of 707273 747E5e)
Ge 25@8) 20 96.75, 1.12, 0.29, 1.36, 0.48
“Ge 1445) 43 1.04, 96.23, 0.77, 1.63, 0.33
“Ge 10911) 40 0.86, 2.09, 94.50, 2.24, 0.31
“Ge 12%4) 20 1.71, 2.21, 0.90, 94.48, 0.70
%Ge 14310) 20 7.69, 6.65, 1.69, 10.08, 73.89

time-of-flight/energy telescop@ee Fig. 1L The fact that the ever, that three detectors suffice to ded@tewith high pre-
beam and ER have, in general, different electrostatic rigidi€ision provided the beam inclination is not too great
ties allows one to separate them out by the transverse electrfes4°). By using four monitors, a very reliable estimation of
field produced in the deflector. The measurement of time anthe associated uncertainty can be additionally obtained. A
energy, on the other hand, allows for mass identificationtypical precision of about 1% in the normalization factors for
Further details of the spectrometer can be found in Rél.  the differential cross sections has been obtained with our
The transmission efficiency of the ER through the spectrommMethod, which is about 2¢4) times better than that of the
eter was determined empirically by elastic scattering of ion®Nne- (two-) monitor method under reasonably good align-
of similar atomic and mass numbers. To accomplish this, weénhent conditions. A det;alled description of our normalization
measured the Rutherford scattering'8#Rh ions on®Ni at ~ Method can be found in ReffLl]. .

a laboratory angle of 9.75° and at bombarding energies of ** S€t of angular distributions typical of each system is
36 39 and 42 MeV No. measurable mass dependence of tﬁ)éesented in Fig. 2. Since these distributions are symmetric

transmission was noted when®Br beam was used at 42 afound 9=0°, the measurement of positive and negative
. . angles allows for interpolation to the important region of
and 45 MeV. By averaging the results of all five measure-, g P P g

hich did h bl >~ ~small angles, while determining at the same time the zero-
ments, which did not show an appreciable energy varationyeqree position of the time-of-flight arm with high precision.

the experimental value of the transmission efficiency Wasrhe results of Gaussian fits to the data are shown as continu-
determined to bel'=0.780*0.045 in the energy and mass oys curves in Fig. 2, with the corresponding widths indicated
ranges of interest. A Monte Carlo model that simulated then the caption. Since particle evaporation is the dominant
performance of the spectrometer gave results consistent wilecay mode for compound nuclei in the present mass and
this value. energy range, the complete fusion cross sections were simply
A system of four silicon surface barri¢6SB detectors taken as the ER cross sections. We measured single-angle
placed symmetrically at an angle of 15° with respect to theexcitation functions at an angle of 2° or 3°. Integration of
nominal beam direction was used to normalize the data. lthe Gaussian distributions of Fig. 2 over the whole solid
the usual method, where only one monitor is ugedhe less  angle gave total fusion cross sections for the selected ener-
usual one with two monitojsthe fast variation of the Ruth- gies, which were then used to scale the single-angle excita-
erford cross section at small angles makes the resultSon functions. As the shape of these angular distributions
strongly dependent on equipment-alignment and beamdoes not change appreciably within the energy range covered
focusing conditions. There are five parameters that must by our experiments, this procedure is well justified.
simultaneously determined, in principle, in order to eliminate  Impurities in the isotopic composition of the targets and
this dependence. These are related to the beam directigergy loss in them were accounted for as described in Ref.
(6,¢), the beam spot position on target,y), and the nor- [3]. The resulting fusion cross sections are listed in Table .
malizing factor given by the product of the integrated chargeThe reported errors include the 2% uncertainty in the abso-
times the target thicknes®)(). It can be showri11], how- lute normalization factors as well as the statistical errors. In
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100 T T T ] relevant nuclear structure information from the literature.
The corresponding deformation parameters used in the code
108 i for the calculation of vibrational degrees of freedom are
listed in Table lIl; for the case of®7273747&e, they are
107k ™ce 2105 exactly the same ones used in Rdf34]. For calculations
= where a static deformation was used, on the other hand, the
L ool i deformation parameter fof’Cl (B8,=—0.18) was calcu-
‘é " . lated from the intrinsic electric quadrupole mom¢gh8,14]
E 1% x10 and, for the case of®7273747&e, from the value of 3,
= 10°F e 107 | listed in Table Il for the corresponding lowest transition, a
Y procedure that can be justified within the adiabatic rotational
10 " . model under the assumption of an axially symmetric nucleus,
Ge x10 as noticed in Refd:3,4] [note that in this case the sign gf
10°| - is undetermined because of its square-root relation with
"Ge B(E2)]. Although for the case of’Cl the shapdprolate or
10%}, | . | . oblate is specified by the sign of the intrinsic quadrupole
-10 =5 0 5 10 moment(with negative sign corresponding to oblate defor-
8 (deg) mation), it was decided to carry out the coupled-channels

calculations for both shapes, fixing the magnitudeBgfto

FIG. 2. Angular distributions of evaporation residues €| the one given above, in order to test the sensitivity of sub-
+7072131478e atE.,=67.5, 72.4, 74.2, 74.5, and 75.1 MeV, parrier fusion to the character of the deformation.
respectively. Error bars smaller than the circles are not drawn. The The values ofi? per degree of freedom obtained for each
standard deviations of the fitted Gaugsia(mlid lineg are system under all nine model assumptions are presented in
26°, 25°, 2.5% 2.4° and 2.2°, respectively. Table IV. It is clear from the table that the models OS, OO,

PS, and PO can be immediately ruled out since the corre-

addition, a maximum systematic error of about 7% is estisponding values of? are too large for all systems. If we
mated for our data coming mainly from the transmissionrestrict ourselves to thé’Cl+ 7%’27%Ge systems, on the
efficiency determination<6%), thescaling of single-angle other hand, we can also rule out all other models wHé@}
excitation functions {-2%), and theobservation-angle error s assumed to be either oblate or prolate deformed. Actually,
of the spectrometer<2%). Since the corrections for isoto- picking the minimum value ofy?> for each system
pic impurities were very small for most data points, we ne-would give the model sequence SS, SO, SS, SP, and SP for
glected the corresponding contribution to the systematic er3’c|+ 9Ge, 37Cl+ "2Ge, 3'Cl+ Ge, 3'Cl+ “Ge, and
ror. The data are displayed in Fig. 3 for all systems, togethef’c|+ 76Ge, respectively.
with model calculations that will be discussed in the follow- This is consistent with the conclusions obtained with re-
Ing sections. spect to the Ge isotopes in RE3] from the AH- Ge systems,
and in Ref.[4] from the O+ Ge systems, i.e., the data favor
either a spherical or an oblate-deformed model fGe
(the results of these two models are nearly equivalent for
these isotop@swhile *Ge must be definitely spherical and

In order to study the possible effects of static deformafor *"%Ge a prolate-deformed model is favored. The corre-
tions or surface vibrations of the target and/or the projectilesponding theoretical curves are plotted in Fig. 3 along with
on their corresponding fusion, the simplified coupled-those of the related uncoupled calculations. A careful obser-
channels codecberF[12] was used in the way described in vation of the enhancements with respect to the uncoupled
Ref.[4]. Briefly, each reactant is assumed to be either spheriresults indicates a qualitative change betwe@A%Ge and
cal (S), oblate deformedO), or prolate deformedP), and  ">"*"Ge whereby the last three systems show a consider-
the nucleus-nucleus potential depth is varied until the best figbly larger enhancement, a feature that was also observed for
to the experimental excitation function is achieved. Sphericathe Al+Ge systems in Refl3] and, to a somewhat lesser
nuclei are treated as vibrational while for statically deformedextent, for the G- Ge systems in Ref4], but which appears
nuclei the sudden approximation is applied without explicitly much more conspicuous for these heavier systems. The en-
including any excited state of the reactant. The several conhancement factors plotted in Fig. 4 versus the center of mass
binations of model assumptions for target-projectile systemsnergy relative to the respective fusion barriers, make this
(SS, SO, OP, etcproduce, in general, different shapes for feature even more evident, and it strongly supports the con-
the excitation functions and the idea is to determine whictclusions of Refs[3,4] about a structural change between
combination, if any, gives a good description of the data. The’®’%Ge and”>’4’%Ge. This change is interpreted in the case
resulting fusion barriefobtained from the respective un- of "*Ge as due to the larger number of low-lying collective
coupled calculationis then tested by comparing it with the inelastic channels that can be coupled to the ground state
existing systematics from the BPM for fusion above thewith appreciable strength because of its dddwature(see
barrier. Table Ill), and in the case of*’%Ge as a consequence of the

As in previous works, our approach was to obtain all thementioned transition from sphericdbr possibly oblate

IIl. BASIC ANALYSIS OF STATIC DEFORMATIONS
AND COLLECTIVE VIBRATIONS
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TABLE IlI. Total fusion cross sections fot’Cl+ 7%72737476e,

System E.m (MeV) otys (Mb) System E.m (MeV) oys (Mb)
SCl+ °%Ge 62.47 0.06:31) 68.90 59.834)
63.78 0.5114) 70.23 87.849)
65.07 3.6729) 71.56 121.154)
66.33 13.2888) 72.89 156.772)
67.54 31.422) 74.22 204.066)
67.54 35.224) 75.21 23821)
68.76 59.839) 76.87 29216)
70.01 88.752)
71.29 120.871) 87Cl+ Ge 63.82 2.3689)
72.60 165.89) 65.15 6.8273)
73.90 205.493) 66.49 18.718)
75.20 249.986) 67.83 43.429)
69.16 70.940)
SICl+ *Ge 63.29 0.20B4) 70.50 108.7%57)
64.60 1.7237) 71.83 163.483)
64.60 1.7216) 73.16 204(12)
65.90 9.3876) 74.50 26513
67.18 30.417)
68.46 58.625) S7Cl+ "%Ge 62.98 0.50@10)
68.46 57.825) 64.33 3.2644)
69.76 93.440) 64.33 3.2431)
71.07 131.749) 64.33 3.1918)
72.39 190(10) 65.67 12.411)
72.39 180.876) 67.02 28.621)
73.72 234.981) 68.38 48.530)
75.03 281(11) 69.72 82.751)
76.35 310011) 71.06 138.077)
72.41 190.190)
SCl+ SGe 63.58 1.91) 73.41 250011)
64.91 5.5247) 75.09 287(19)
66.24 16.2297) 75.09 288117)
66.24 16.911) 75.09 296(15)
67.58 36.121)

shapes for®’%Ge to prolate deformed shapes fdr'Ge. As  some of these limitations and their possible influence on the
for the ’Cl projectile, the data for all systems analyzed inconclusions. The possible effects of the coupling of two-
the present work are consistent, within the simple schemphonon states in vibrational nuclei on fusion processes have
used so far, with the results of using a spherig#rationa) been studied by several auth¢f—20 and its importance
model for this nucleus. Even though this might seem reasorhas been well established for several systems. Some evi-
able if we consider the semimagical nature YCl, this  dence has been found for the two-phonon structure of the
nucleus has a negative intrinsic quadrupole moment, as meo—z+ , 22+ , and q states in"®’%Ge from protor{21,22), deu-
tioned above, which indicates (enoderatg oblate deforma-  teron[23], and Li[22] scattering studies. One may thus ask
tion. In fact, a previous analysis of sub-barrier fusion forgpout the possible effects of such states on the fusion of
some Ci-Ni systems[15] clearly favored an oblate model these nuclei with®’Cl. It would be interesting to know, for
for *'Cl. In the next section we will investigate the possibil- example, if a model OS that includes double identical-
ity of using an oblate-deformed model fdfCI, but adding  phonon states for the target could properly describe the ex-
different effects not included in the previous scheme. perimental excitation functions forP’Cl+ 7°7%Ge, which
could certainly change our previous conclusions. Although
CCDEFis able to take account of multiple-phonon excitations,
including, e.g., two-phonon states formed by mutual excita-
tion, those in which the same phonon is doubly excited can-
The model calculations described in the previous sectiomot be handled with this code,18].
are generally limited in several aspects. We will now discuss In order to estimate the possible effect of double

IV. MULTIPHONONS, HEXADECAPOLE
DEFORMATIONS, AND NUCLEON TRANSFER
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] states. We assumed that thé &tate and the 3 state shown
x10°| in Table Ill for ©’%Ge behave like a quadrupole and octu-
pole phonon, respectively, as was in fact assumed in all those
x10°] model calculations of Table IV in which a spherical target
T was assumed. ItcDEF the basis states included are the
ground state 0, the two one-phonon states zand 3°, and
the product two-phonon state*Z3~. The corresponding
inelastic channels are treated as independent modes that
couple to the initial ground state. The coupling interaction is
thus reduced to a4 matrix, which is diagonalized at the
barrier(constant coupling approximatipto yield the eigen-
channeld 18,24
The idea now is to include, in addition to tkeDbEF basis
_ states mentioned above, the other two types of two-phonon
i . | states, (2)? and (3)?, corresponding to two quadrupole
- TR 7T and two octupole phonons, which it can be shdwal], re-
E.. (MeV) sults in a 6<6 coupling matrix that can be numerically di-
agonalized. As before, the depth of the nuclear ion-ion po-
FIG. 3. Experimental fusion cross sections and SS, SO, SS, Skential was varied until the best fit to the data was achieved.
and SP modelgsolid lineg for *Cl+ %Ge, *’Cl+ ?Ge, *'Cl  This procedure gavg? values of 16.3 and 5.7 fof®'%Ge,
+Ge, *'Cl+ Ge, and*'Cl+ "°Ge, respectively. These curves respectively. For the case éfGe there is no good evidence,
are undistinguishable from the transfer calculations of Sec. IV. Theo our knowledge, for the existence of double-phonon states,
dotted lines correspond to one-dimensional barrier penetration cagjthough this possibility seems to be consistent with the re-
culations. sults of a Coulomb excitation stud25]. For completeness,
we did also the OS calculations with double identical-
identical-phonon excitations iA*’%Ge, we first assumed an phonons for this system. The four double-phonon states cor-
OS model and the oblate-deformed nature Y€l was responding to the single-phonon states of Table Il were
treated as inccDEFr In regard to the target, we used the added to the 16 basis states used dmpEF in this case,
method of Kruppeet al. [18] to include the double-phonon leading to a 2& 20 matrix. Repeating the procedure for this
new matrix gavey?=8.2 for this case. Even though the fits
TABLE lIl. Inelastic channels included in the coupled-channel of the OS models to the data were certainly improved by the

R x10"-
10°

o(mb)

10*

10%}-

10°}

calculations and respective coupling parameters. inclusion of double identical-phonon states in the previous
calculations for the three analyzed systems, the correspond-
Nucleus J7 Ex (MeV) A B ing SS models still give a better description of the data, as
37 14 173 5 014 can be seen from Tgble IV. It remains to estimate the_ effects
2 of double phonons in Ge upon these SS models. Since we
3t 3.09 2 0.24 now have to include the four excited states in the projectile,
I- 3.10 3 0.32 the basis space becomes much larger. Keeping only up to
o two-phonon states if’Cl and "*’4%Ge, with double identical-
2 4.01 3 0.33 707 37 )
phonons in”®’4Ge but not in®'Cl, we get a 6& 66 coupling
o o matrix. Upon diagonalization, we get best fits wjth values
€ : 1.04 2 0.23 of 3.0 and 3.9 for’®’%Ge, respectively. A comparison with
3 2.56 3 0.23 the values obtained for the corresponding SS models in
. . Table IV indicates negligible effects of double identical-
Ge 2 0.83 2 0.25 phonons for these cases. A similar result is expected for
3" 2.51 3 0.24 SGe, but the explicit calculation was not done since the
corresponding coupling matrix would be far too large (165
"“Ge 3t 0.013 2 0.24 X 165) for this case. We conclude, therefore, that the inclu-
I+ 0.069 2 0.32 sion of double identical-phonon states in the analysis could
74 0.499 9 0.13 not p_055|bly cha_nge our previous c_onclu5|ons_ about the data
2 ' ' favoring a spherical projectile and, in fact, their effect on the
F 0.826 2 0.27 SS models is negligible.
All our calculations referring to a deformed target in the
"Ge 2" 0.60 2 0.29 previous section included only quadrupole deformations. For
3 2.54 3 0.16 some systems such &80+ %%Sm[26,27] and %0+ ¥
[28], the data show a strong sensitivity of fusion to the hexa-
6Ge 2t 0.56 2 0.27 decapole deformation. In order to test for possible effects of
3~ 2.69 3 0.14 higher-order deformations in our systems, a hexadecapole

deformation was added fo*"%Ge with 3, values of 0.022
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TABLE IV. Value of x? for the different model predictions for each system. O, P, and S in the first
(second place implies QlGe) oblate, prolate, and spherical, respectively.

Model
System 00 oP (o]S PO PP PS SO Sp SS
37Cl+ %Ge 30.7 16.9 19.9 25.3 14.8 15.7 4.8 35 3.3
3’Cl+ °Ge 15.2 9.3 6.4 11.5 12.9 5.0 1.5 19.9 3.7
87Cl+ SGe 60.1 38.1 8.9 53.1 345 7.5 20.8 10.7 4.1
37CI+ "“Ge 12.9 2.4 9.5 10.2 1.7 7.1 3.0 15 3.1
37CI+ "5Ge 33.7 4.2 26.7 22.6 2.4 16.6 8.3 2.2 8.5

[29] and 0.0230], respectively, and acberfit was made to  transfer channel iQ.; is positive, whereQ,; is the sum of
the data using the SP model. The corresponding results shailve ground stat€ value and the difference between the Cou-
that the hexadecapole deformations'f%Ge produce only a lomb barriers of the entrance and exit channels. With the aim
small effect, so that our previous conclusions about the SBf obtaining an estimate of the relative importances of one-
model giving a good description of the data for tR&Cl nucleon transfer channels, &cDer calculation was

+ "7%Ge systems remain valid. performed assuming an oblate-deform&@! and using for

The coupling form factors used here make use of the coneach system that channel with the larg@gt; value, which
ventional linear coupling approximation, where the couplingis the one-proton pickup channel f&YCl+ °Ge and the
potential is expanded in powers of the deformation paramene-proton stripping channel for all the other systems. Actu-
eter, keeping only the linear term. It was shown recel8ly}  ally, it is also true that no two-nucleon transfer channel has a
that higher order couplings to nuclear surface vibrationdarger Qq; value than these channels. Only transfer to
might produce dramatic effects especially in the fusion ofground states was considered and both, the depth of the
nearly symmetric systems with large valuesZg¥,, above  nuclear potential and the strendth of the transfer coupling
1000. For our systems this product is 544, a value rathewere simultaneously varied to get the best fit to the
similar to that of the'®0+ #Sm system, which was also data. A sphericalprolate-deformedmodel was assumed for
analyzed in Ref[31], showing only small effects of higher 70727%e (“*’%Ge) in these calculations. Except for the
order couplings, especially as far as the excitation function i$’Cl+ °Ge system, smaller or similag? values were
concerned. Since the deformation parameters in Ge are alsttained §?=1.9,0.6,0.8,1.2 and~,=2.1,3.5,1.5,1.0 for
similar to those in Sm, we might expect similar coupling ¥Cl+ 7273747%e, respectively as those corresponding to
strengths in our systems and inK®m, and therefore similar the best fit of Table IV. Even for th&’Cl+ "°Ge system, the
effects in our systems to those calculated for this last systemesults ¢>=6.1, F,,=1.6) are not too discouraging. When
We thus conclude that no significant effects are expected iwe include, for example, the one-proton stripping channel in
our theoretical excitation functions for €IGe upon inclu- addition to the one previously considered for this system, we
sion of higher order couplings in the calculations. obtain y?=2.3 with F,,=0.6 (3.0) for pickup(stripping.

It has been suggest¢@2] that fusion will be favored in a  Using this last result for this system and the ones previously
mentioned for '273/4’&e, the corresponding theoretical
curves are undistinguishable from those of the spherical Cl
models plotted in Fig. 3. The transfer strengths obtained in
this phenomenological approach have similar values to those
used in Ref[33] for Si+ Ni systems. Although more accu-
rate coupled-channel calculations are needed, it seems quite
feasible that one-nucleon transfer between an oblate-
] deformed®’Cl and the(vibrational or prolate-deformeédse
targets might well be the underlying mechanism that ac-
counts for the observed sub-barrier fusion enhancements.

10°F

V. ONE-DIMENSIONAL BARRIERS AND BARRIER
DISTRIBUTIONS

10°

. By using the potential depths obtained from the fits of the
] best spherical Cl models and those of the oblate-deformed ClI
models plus transfer, the fusion barrier parameters were cal-
E,o—Vs (MeV) culated for all systems. The resulting radiRg, heightVy,
- and curvature paramet&iv, are tabulated in Table V, along
FIG. 4. Enhancement factors f8fCl+ 7%7273747&e as a func-  with the systematics reported in Ref84,35. We see that,
tion of the energy excess with respect to the barrier. for the case of the spherical Cl models, the extracted barriers
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TABLE V. Barrier parameters extracted from our data and from the systematics of ®&85. For each
system, the first line corresponds to the best spherical Cl model while the second line refers to the oblate ClI
model plus transfer.

This work Ref.[34] Ref. [35]
Ro Vo hwg Ro Vo Ro Vo
System (fm) (MeV) (MeV) (fm) (MeV) (fm) (MeV)

87Cl+ %Ge 10.7 68.7 3.8 10.3 70.8 10.1 68.6
10.6 69.4 3.8

SCl+ *Ge 10.6 69.0 3.8 10.3 70.4 10.1 68.2
10.7 68.8 3.8

SCl+ SGe 10.6 69.2 3.7 10.4 70.2 10.1 68.0
10.4 70.2 3.7

SCl+ Ge 10.7 68.7 3.7 10.4 70.0 10.1 67.8
10.6 69.0 3.7

37Cl1+ "6Ge 10.7 68.4 3.7 10.4 69.7 10.2 67.5
10.7 68.7 3.7

agree bettefwithin less than 2%with the values resulting models corresponding to the solid and dashed curves for
from the formulas of Ref[35], while for the oblate-Cl mod- each system cannot be discriminated from these data. Sum-
els no systematic behavior is observed. In all cases, the exnarizing, we could actually say that, within the error bars,
tracted barriers have a value above that from IR&%] and  this analysis of barrier distributions gives results consistent
below that from Ref[34]. The radii, on the other hand, al- with the shape transition betweéh’>'Ge and’*"Ge, but
ways agree bettdmithin less than 4%with those obtained would accept either a vibrational Cl model or an oblate-
from Ref.[34]. From the discussions in both Ref84,35, deformed CI model with nucleon transfer for all systems.

the observed deviations between the extracted and calculated
barriers seem to be reasonable in any case.

The distribution of fusion barriers can be deduced from . . .
the curvatured?(Ec)/dE? of Eo(E) [36]. Since the main The near and sub-barrier fusion cross sections fo_r the
purpose of this work could be achieved by having just the’'Cl+ 70727374 76e systems have been measured using a
excitation functions, the experiments were not designed witfime-of-flight spectrometer coupled to an electrostatic deflec-
the small energy steps and very high statistics required tér- A structural change was apparent in the excitation func-

VI. SUMMARY AND CONCLUSIONS

have high quality barrier distributions, but these distributions
are calculated here anyway as a consistency check. A three-
point formula with variable step was used to numerically
evaluate second derivatives for our data. In order to keep
statistical uncertainties at a reasonably low value, a three-
point average was first done to smooth out the excitation
functions and most of the derivatives were calculated using
second nearest neighbors, except for the lowest energy point
for which it was necessary to use first nearest neighbors.
Since the numerical derivatives may be quite sensitive to the
step AE used to evaluate them, it is important to use the
sameAE for both the data and the theoretical predictions.
We usedAE=1.3 MeV to obtain the derivatives of the cal-
culated cross sections in the region around the lowest energy
data point, anddE=2.6 MeV for higher energies. The two
curves thus obtained were then joined by straight lines, with
the sizes of the regions chosen so as to obtain composite
curves as smooth as possible, although this goal was not
always completely achieved.

The results are presented in Fig. 5 for all measured sys-

d*(Eo) /dE?
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t

65

L
70
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tems, along with theoretical curves obtained by taking the FiG. 5. Barrier distributions extracted from our data and theo-
numerical derivative of either the spherical Cl best modelsetical predictions. Continuous lines correspond to the SS, SO, SS,
(solid lineg or the transfer models just discuss@hshed Sp, and SP model fo’Ge, “Ge, 3Ge, "“Ge, and’®Ge, respec-
lines). The errors in the derivatives become too high at theively. Dashed lines refer to the models using an oblate-deformed
higher energies, but the quality of the data was good enoug@l with nucleon transfer, as discussed in the text. The dotted lines
to appreciate the good fits to the low energy points. The twa@orrespond to the BPM for all cases.
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tions between the two lightest and the three heaviest target§e isotopes, the corresponding shape transition is quite ob-
whereby these last ones showed a much larger low-energyiously reflected in the excitation functions themselves, es-
enhancement, with respect to the one-dimensional barrigrecially when they are plotted in the form of enhancement
penetration prediction. From all possible combinations in-factors, as in Fig. 4. In addition, the nuclear structure effects
volving the vibrational or statically deformed nature of the related to the odd\ character in the case dfGe are also
reactants, a consistent scheme was found that properly deemarkable in this kind of plot.

scribed all features of the data, including the barrier distribu- As for the projectile, the present data could not discrimi-
tions. A vibrational character had to be assumed for thanate between the assumption of a spheficirationa) >'Cl
072.7%e targets, while the heavier Ge isotopes had to ber an oblate-deformed’Cl with nucleon transfer, but this
assumed to be prolate deformed. Consistent with previoutast assumption would be consistent with the results of a
results for fusion of?’Al [3] and %0 [4] with the same previous analysis of sub-barrier fusion data for-@li sys-
targets, the structural change in the excitation functions watems[15] in that an oblate model was necessary there for
thus associated with the shape transition between the sphefCl. Consideration of double-phonon states ¥f%>"%Ge and

cal (or possibly oblate "*’4Ge isotopes and the prolate- hexadecapole deformations i17Ge was shown to be un-
deformed’"%Ge nuclei, and to the effect of the oddehar-  important. An argument was given as well to indicate that
acter for the case of’Ge, which provides more low-lying the inclusion of higher order couplings would also not
collective inelastic channels that can be coupled to thehange the conclusions.

ground state with appreciable strength. It is important to note

that the same degrees of freed_om used for the Ge isotopes in ACKNOWLEDGMENTS

Refs.[3,4] with the same coupling strengths were also used

here. Shape transition effects have been searched for recently Two of the authorgE.F.A. and E.M.Q.wish to thank the

in sub-barrier fusion data of rare earth nuclei, where theyJniversity of Notre Dame for allowing several stays in the
were predicted to be noticeable by the different skewness dfluclear Structure Laboratory. This work was partially sup-
the barrier distributions for oblate and prolate nu¢@i In ported by CONACYT(Mexico) and by U.S. NSF Grant No.
this work we corroborate our previous finding that, for the PHY99-01133.

[1] M. Beckerman, Rep. Prog. Physl, 1047(1988. [17] H. Esbensen and S. Landowne, Phys. Re85C2090(1987);
[2] A. B. Balantekin and N. Takigawa, Rev. Mod. Phy®, 77 Nucl. Phys.A492, 473(1989.
(1998. [18] A. T. Kruppa, P. Romain, M. A. Nagarajan, and N. Rowley,

[3] E. F. Aguilera, J. J. Vega, J. J. Kolata, A. Morsad, R. J. Tighe,  Nucl- Phys.A560, 845(1993. _ _
and X. J. Kong, Phys. Rev. &1, 910(1990. [19] A. M. Stefanini, D. Ackermann, L. Corradi, D. R. Napoli, C.

. . Petrache, P. Spolaore, P. Bednarczyk, H. Q. Zhang, S. Be-
[4] E. F. Aguilera, J. J. Kolata, and R. J. Tighe, Phys. Re62C ghini, G. Montagnoli, L. Mueller, F. Scarlassara, G. F. Segato,

3103(1999. . . F. Soramel, and N. Rowley, Phys. Rev. Lét, 864 (1995.
[5] R. Lecomte, G. Kajrys, S. Landsberger, P. Paradis, and Sipg] o. M. Stefanini, D. Ackermann, L. Corradi, J. H. He, G. Mon-
Monaro, Phys. Rev. @5, 2812(1982. tagnoli, S. Beghini, F. Scarlassara, and G. F. Segato, Phys.
[6] S. Sen, S. E. Darden, R. C. Luhn, N. O. Gaiser, G. Murillo, Rev. C52, R1727(1995.
and J. Ramirez, Phys. Rev.31, 787(19895. [21] T. H. Curtis, H. F. Lutz, and W. Bartolini, Phys. Rev. T
[7] F. Ballester, E. Casal, and J. B. A. England, Nucl. PA90, 1418(1970.
227(1988. [22] J. Jabbour, L. H. Rosier, E. I. Obiajunwa, and B. Ramstein,
[8] E. Landulfo, R. N. Saxena, C. B. Zamboni, and A. L. Lapoalli, Nucl. Phys.A500, 356 (1989.
Phys. Rev. G50, 733(1994). [23] G. Szaloky, L. A. Montestrugue, M. C. Cobian-Rozak, and S.
[9] R. Lindsay and N. Rowley, J. Phys. 1, 805 (1984). E. Darden, Phys. Rev. €8, 750(1978.
[10] E. F. Aguilera, J. J. Vega, and J. J. Kolata, Rev. Mex. #8. [24] C. H. Dasso, S. Landowne, and A. Winther, Nucl. P07,
622 (1997). 221(1983.
[11] E. F. Aguilera, J. J. Vega, E. Martinez, J. J. Kolata, and A.[25] G. C. Salzman, A. Goswami, and D. K. McDaniels, Nucl.
Morsad, Rev. Mex. Fis35, 489(1989. Phys.A192, 312 (1972.
[12] J. Fernandez Niello, C. H. Dasso, and S. Landowne, Compu{.26] J. R. Leigh, N. Rowley, R. C. Lemmon, D. J. Hinde, J. O.
Phys. Commun54, 409 (1989. Newton, J. X. Wei, J. C. Mein, C. R. Morton, S. Kuyucak, and
[13] M. Eibel and R. Quad, Z. Naturforsch. TdilLA, 15 (1986. A. T. Kruppa, Phys. Rev. @7, R47(1993.
[14] P. Raghavan, At. Data Nucl. Data Tabk® 189(1989. [27] T. Izumoto, T. Udagawa, and B. T. Kim, Phys. Rev5(, 761
[15] J. J. Vega, E. F. Aguilera, G. Murillo, J. J. Kolata, A. Morsad, (1995.
and X. J. Kong, Phys. Rev. @2, 947 (1990. [28] R. C. Lemmon, J. R. Leigh, J. X. Wei, C. R. Morton, D. J.
[16] N. Takigawa and T. Ikeda, iRroceedings on the Many Facets Hinde, J. O. Newton, J. C. Mein, N. Dasgupta, and N. Rowley,
of Heavy lon Fusion Reactionsdited by W. Henninget al. Phys. Lett. B316, 32 (1993.
(Report No. ANL-PHY-86-1, Argonne National Laboratory, [29] L. H. Rosier and E. |. Obiajunwa, Nucl. PhyA500, 323
1986, p. 613. (1989.

054611-8



SUB-BARRIER FUSION OF®’C|+ 7072.73.74.7&¢ PHYSICAL REVIEW C 63 054611

[30] B. Ramstein, R. Tamisier, L. H. Rosier, and P. Avignon, Nucl. 373(198)).

Phys.A411, 231 (1983. [35] R. K. Puri and R. K. Gupta, itHeavy-lon Fusion: Exploring
[31] K. Hagino, N. Takigawa, M. Dasgupta, D. J. Hinde, and J. R.  the Variety of Nuclear Propertieroceedings of the Work-
Leigh, Phys. Rev. G5, 276 (1997). shop, Padova, Italy, 1994, edited by A. M. Stefanini, G. Neb-
[32] R. A. Broglia, C. H. Dasso, S. Landowne, and A. Winther, bia, S. Lunardi, G. Montagnoli, and A. VittutWorld Scien-
Phys. Rev. 27, 2433(1983. tific, Singapore, 1994
[33] S. Landowne, S. C. Pieper, and F. Videbaek, Phys. Re35,C [36] N. Rowley, G. R. Satchler, and P. Stelson, Phys. Let258,
597 (1987). 25 (1991).

[34] L. C. Vaz, J. M. Alexander, and G. R. Satchler, Phys. R&&p.

054611-9



