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A representation of the fusion barrier distributions has been deduced from the back angle quasielastic
scattering cross section dataih*®O+ 1212%5n reactions, measured over a wide range of bombarding energies
around the Coulomb barrier. The results have been compared with coupled channel calculations using the
CcDEF code to study the effects of projectile and target inelastic excitations and nucleon transfer couplings on
the representation of fusion barrier distributions in these systems. The present studies bring out the importance
of coupling of 2n pickup in the %0+ 201285 reactions and stripping in the 0+ 120125 reactions in
explaining the observed barrier distributions.
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I. INTRODUCTION elastic, and the transfer cross sections. Systematic investiga-
tion and comparison of barrier distribution from the two
It is known that the structure of the target and/or projectilemethods has been extensively carried out and its limitations
play a crucial role in the fusion process. The coupled-channdlave been discussed in Ref$0,11]. The general conclusion
treatment has been successfully employed in deciphering tH&awn is that for a single barrier the distribution DR%(E)
mechanisms that are responsible for the experimentally ognay be broader thab"*(E). These two methods are seen to
served enhancement in fusion cross sections at sub-barriBf complementary to each other in respect of their accuracy
energies as compared to the one-dimensional barrier penetr. _the deter_mlnatlon of th_e barrier distributions at below and
tion model calculation$1,2]. The role of static nuclear de- 2POVe barrier energy regions. .
formations, vibrational excitation modes, and nucleon trans- The cou.pled—channel calculations, in general, require sev-
fer channels in governing the fusion process have beeﬁral ingredients such as the nucleus-nucleus potential param-

. . . eters, the coupling strengths of the vibrational states and
demonstrated in many earlier stud[@-g|. The experimen- .their excitation energies and rotational states with static de-

tal repr(_esentat_ion of the _fusion t_)arrier distributions_ and the'rformations. In addition to these, there are choices to be made
comparison with theoretical fusion model calculations havgeqarding various neutron and proton transfer channels to be
brought about a significant advancement in the understangncjyded to explain the barrier structure in fusion barrier dis-
ing of fusion process in heavy ion reactions. The study ofyjyytions. Only the positiveQ-value transfer channels and
the fusion dynamiCS, since the Shape of the barrier diStribUCoup”ng process, and these are known to p|ay a role in ex-
tion can directly be linked to the coupling of channels thatplaining certain structures in the fusion barrier distributions
are important in governing the fusion process at energief12]. Earlier experimental studies iffNi+ ®Ni [13—15,
around the barrier. Theoretical model calculations based of?3%S+ 58.64\j [16] reactions indicated the need to include
coupled-channel formalism can be used to identify the relthe couplings to single-, pair-, and multinucleon transfer
evant channels that are important for the fusion process. channels in order to explain the observed fusion excitation
The fusion barrier distribution is generally derivgd] by  function data in these systems. Since then a number of sys-
the double differentiation of the product of center-of-masstems such ag’Ca+ 46480 [17], 3236+ 19%q[18], “°Ca
energyE and fusion cross sectionsS(E) with respect to  + 16125n[19], and “°Ca+ °*°%Zr [20] have been studied to
the center-of-mass energy of the projectile derive the barrier distributions and to investigate the effects
of positive Q-value neutron transfer channels. The impor-
DNS(E)=—— —_(Eq ) tance of coupling to positive and negati@value transfer
mR? dE? ' channels in determining the fusion barrier cross sections is
now well establishefi3,18,21. The coupling scheme involv-
It is now known that the dynamics of quasielastic scatteringng positiveQ-value channels would affect the barrier distri-
and fusion are inter-related. A representation of the fusiorbutions in the low-energy side while negati@evalue chan-
barrier distribution can therefore also be obtained from thenels are expected to modify the high-energy side of the
first differentiation of the ratio between the quasielastic andaverage barrier in the barrier distributions.
the Rutherford excitation functions measured at backward Recently, measurements have been reported for more
angles [10] with respect to the energy DRE(E)=  asymmetric systems such a&'0+ #‘Sm [6] and '>1C
—d[doge/dogyml/dE). In this case, the quasielastic scat- + 1°>%Pd [22], in which it is shown that the coupling to
tering cross section is defined as the sum of the elastic, irpositive Q-value In-stripping channel for'’O and 3C
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FIG. 1. A typical two-
dimensional AE-E spectrum of
reaction products if0+ ?“Sn at
60 MeV bombarding energy.
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projectiles provides a better description of the fusion barriecoupled-channel analysis. Section IV contains the summary
distributions in the low-energy region. In the case!®f0  and conclusions of the present investigations.

+ 44sSm reactions, it is observed that the barrier distribution,
splits into two components. This seems to be connected with
the vibrational coupling to the low lying excited states in this

system. The experiments were carried out using ¢ beams

In order to investigate the effect of the positi@evalue  from the 14MV BARC-TIFR pelletron accelerator facility in
two nucleon transfer channels on the fusion barrier distribu-

tions, we have carried out measurements for e
+ 120125 reactions on quasielastic scattering cross sections L@

at backward angles. Although there is a large amount of 10 [wﬂ“@ﬁﬂﬁ.
work on the fusion barrier distributions 0 induced reac- i e

Il. EXPERIMENTAL DETAILS AND DATA ANALYSIS

O+ "Sn |

16 120
® O+ Sn
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tions, there are no measurements reported on fusion barrier
distributions using'®O projectiles. It would be of interest to
investigate the strength ofr2transfer coupling in thet®0
induced reactions, since a strong coupling could lead to
structures in the barrier distributions.

In the present work, the two even-even isotop&s'?Sn
of semimagic Sn nuclei having spherical ground state shapes
were chosen as the targets. The low-energy level schemes of
Sn nuclei are characterized by strong vibrational quadrupole
(2*%) and octupole (3) excitations that can be described in
a theoretical approach as single phonon excitati@s-25.

One expects that in the selected systems consisting of low
mass projectiles®1%0 and medium mass target&1?%n, it

may be possible to isolate the effects of positive or negative
Q-value transfer channels from known phonon couplings of
target/projectile in the fusion barrier distributions. We have
therefore aimed to focus on the role played by the transfer
channels with positiv€) values and low negativ@ value in

the determination of the fusion barrier distributions.

The paper is organized as follows. In Sec. Il we describe
the experimental setup and the data analysis procedure. Sec-
tion Ill gives the discussion of the experimental results on
the fusion barrier distributions as obtained from the quasi-
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FIG. 2. Quasielastic scattering excitation functions for systems:

elastic excitation functions and the comparison with the(a) 0+ 2%Sn and(b) 161%0+ 24sn.
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FIG. 3. (a) The experimental barrier distributions for th%-+ 12°Sn reaction from quasielastic excitation function data is shown as filled
circles. The experimental barrier distributions derived from fusion excitation function off B#fare shown as filled squares. The dotted
line is the prediction otcber (uncoupled. The dot-dashed line is the prediction@fper (uncoupled with diffusenessay=0.25 fm. The
dashed line is thecperprediction where only single-phonon excitation df and 3~ states of target?>Sn have been included and the solid
line is after further inclusion of @-pickup transfer(b) The experimental barrier distributions for tH0+ ?4Sn reaction are shown as
circles. The dotted line is the prediction ofbeF (uncoupledl. The dashed line is thecber prediction where only single-phonon excitation
of 2* and 3 states of target?’Sn have been included and the solid line is after further inclusiomegi2kup transfer(c) The experimental
fusion excitation function for thé®0+ 12°Sn system as reported in R¢29] shown as filled circles. The dotted line is the prediction of
CCDEF (uncoupled. The dot-dashed line is the predictionafper (uncoupled with diffuseness parametap=0.25 fm. The dashed line is
the ccoer prediction where only single-phonon excitation of and 3 states of target?’Sn have been included and the solid line is after
further inclusion of 2-pickup transfer.

Mumbai. Self-supporting targets of?°Sn (500 ug/cn?  target to cover the angular range 6f,=176°=1° with
thickness$ and 12“Sn (400 wg/cn? thicknes$ were used in  respect to the beam direction. The detector was operated with
the experiment. The measurements were carried out over the-10 gas at 510 mbar pressure in order to stop the quasielas-
bombarding energy range &,,=42—-67 MeV in steps of tic reaction products inside its active length.

1-2 MeV intervals for both the systems. The quasielastic Another silicon surface barrier detector mounted at a for-
reaction products were measured at the backward angles usard angle off,,=20° at a distance of 48 cm from the
ing an annular gridded ionization chamh®E-E gas detec- target with a collimator of 1 mm, was used to measure Ru-
tor telescope, specially designed to carry out these measurtherford scattering events for relative normalization between
ments[26]. The anode of the detector has an active length oflifferent runs and for the determination of the absolute cross
15 cm and is split into two sections having lengths of 5 andsections. Figure 1 shows a typical two-dimensional correla-
10 cm, respectively, in order to carry out the particle identi-tion plot of AE-E for the 0+ ?4Sn reaction atE,y,
fication over a large range of mass and charge of the reaction 60 MeV bombarding energy. As seen from the figure
products. The beam enters through the central axis of thquasielastic and transfer reaction products can be easily iden-
chamber and the reaction products from the target are deified using this detector.

tected at a fixed angle in the backward direction. The reac- The energy integrated cross sections of the quasielastic
tion products from the target enter the detector through a thiscattering eventsincluding transfer as normalized to the
entrance window provided on the front flange of the detectorRutherford scattering cross sections are shown as a function
The detector was placed at a distance of 15 cm from thef bombarding energy in Figs.(® and 2b) for %0
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FIG. 4. (a) The experimental barrier distributions for th&0-+ 12°Sn reaction shown as filled squares. The dotted line is the prediction
of ccoer (uncoupled. The dashed line is thecper prediction where only single-phonon excitation of and 3 states of target?’sn and
2" of projectile %0 have been included and the solid line is after further inclusionne$tipping transfer channelb) The experimental
barrier distributions for thé®0+ 124Sn reaction shown as squares. The dotted line is the predictionnsF (uncoupled. The dashed line
is theccper prediction where only single-phonon excitation of and 3~ states of target?’Sn and 2 of projectile 20 have been included
and the solid line is after further inclusion ohztripping transfer channel.

+ 12%5n and 1%+ 1%%Sn reactions, respectively. It is seen mode). Table Il gives the one-dimensional barrier potential
that at above barrier energies the measured ratios of quaglarameters for various systems used in to®EF calcula-
elastic to Rutherford scattering cross sectionstions. The results oECDEF so obtained for various systems
(doge/dogyy) are lower for thel®O+ 120125 reaction as  are also shown as dotted lines in Fige)and 3b) and Figs.
compared to thé®0+ 120125 reaction. 4(a) and 4b). It is seen for all the systems that the heights of
the main peak of experimental barrier distributions are lower
and also the width of the barrier distributions are broader in
IIl. FUSION BARRIER DISTRIBUTIONS comparison to the corresponding predictionoader with-
The representation of the fusion barrier distributionsOUt @ny coupling. It is expected that by decreasing the dif-
DQE(E) have been extracted from the measured quasielastfé‘se”ess of nuclear_potentl_al the curvature of the barrier in-
excitation functions ad,,=176° in a manner similar to that Créases, thereby increasing the width of the barrier
described in Refd27,28 and the results are shown as func- distributions{31]. Sl% we Ilwzave matched the experimental bar-
tion of bombarding energy in Figs(@ and 3b) for %0  Ti€r distribution for .O+. %Sn by decr_easmg the d|ﬁus§ness
+120125n reactions and Figs. (@ and 4b) for 0 parameter, and adjusting the potential depth and radius

+ 1201245 yeactions. The fusion excitation function obtained! o ©f nuclear potential to get the correct barrier positign
from evaporation residue measurement 0+ 12°Sn sys- in CCDEF calculations. The best fit of the barrier distribution

tem of Ref.[29] is shown in Fig. &). The corresponding is obtained foray=0.25 fm instead (_)f the defaul_t valt_a%_
barrier distribution is also shown in Fig(8. There is an —0-63 fm. As expected, the experimental barrier distribu-

overall agreement between the present result of barrier didlon could be reasonably well explained by reducing diffuse-

tribution for 180+ 1295 system derived from quasielastic "€SS without including the couplings itCDEF calculation.

measurement and that obtained from fusion excitation funcBUt @ shown in Fig. @), the corresponding fusion excita-
function gets overpredicted for energies

tion measurement of Refl29]. It is seen from Figs. @) and ~ UoNn : _ ;
3(b) and Figs. 4a) and 4b) that there is not much isotopic below the barrier. However, as reported in Re] by in-

dependence of the target nuclei for the same projectile in thoducing channel coupling in a fusion coupled-channel
representation of the fusion barrier distributions 1O model the excitation function and barrier distribution has

1 1201285 ang80+ 1201245 systems. The first and the sec- 28€n explained simultaneously O+ 12%Sn reaction. This

ond moments of the experimental barrier distributions werdS &/S0 shown in Figs.(@) and 3c). Therefore, lowering the
obtained in the energy range 45-55 MeV for various reac-
tions as shown in Table I. It is seen from Table |, that in case
of 180 induced reactions, the width of the barrier distribution

TABLE I. First and second moments of the barrier distributions.

is larger than that of thé®0 induced reactions. System First moment Second moment
In order to understand the observed experimental barrier %0+ 120%sn 50.6 4.71

distributions more quantitatively, we have carried out the fu- 180+ 1205 50.1 6.19

sion coupled-channel calculation fot®0+ 29125 and 1604 1245 50.2 4.92

180+ 120125 gystems using the codreDeF [30] without 1804 124, 49.9 5.29

including any couplingone-dimensional barrier penetration
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TABLE Il. The potential parameters used in the coupled-channel calculations.

System V,, (MeV) R, (fm) o (MeV) Vo (MeV) ag (fm) ro (fm)
160+ 1205 50.4 10.83 4.29 65.93 0.63 1.2
180+ 1205 49.6 10.90 4.04 65.94 0.63 1.2
160+ 1245 49.9 10.82 4.27 66.14 0.63 1.2
180+ 1245 49.3 10.98 4.01 65.84 0.63 1.2

value of diffuseness parameter cannot explain both fusioehange in Coulomb energgE® caused by the transfer of
barrier distribution and excitation function simultaneously, particles computed according to RE32]. The Coulomb bar-
whereas by including channel coupling one can explain bothier is given by Eg=2Z,7,e?[1-0.63fg]/rg, where rg
simultaneously. =1.07A*+A}%+2.72. Only those transfer channels with
Hence, the coupled-channel calculations were carried oyQ,{<3.5 MeV and no more than two transferred nucleons
using theccper[30] code by first including only the inelas- of the same kind were considered. In the present calculations
tic states of targets for thé®0+ 12°128n reactions. The the value of transfer form factor has been taken as 1.0 MeV
single phonon 2 and 3~ excitations of targets'?®*?Sn  for all the systems. The results of the coupled-channel calcu-
were included in the coupled-channel analysis shown agtions including 2-pickup transfer channels and inelastic
dashed lines in Figs.(8 and 3b) for 0 induced reactions. states of target for°0+ 120125 systems are shown as solid
The deformation parameteys, for different multipolarities lines in Figs. 3a) and 3b). The calculated barrier distribu-
were calculated from experimental transition strengths fottions shows a closer agreement with the measured distribu-
various target nuclei as given in Table Ill. tions when the B-pickup transfer coupling is included in the
The coupled-channel calculations including only the tar-ccper calculations.
get excitations are not able to completely reproduce the fu- The prediction of theccDeF calculations with inelastic
sion barrier distributions for thé®0+ 120125n systems and and transfer coupling on fusion barrier distributions is con-
there is still some more strength in the main peaks of th&istent with that derived from fusion excitation function for
theoretical barrier distributions as shown in Figéa)3and  lower side of the average fusion barrier whereas the barrier
3(b) by dashed line. This is also reflected in Figc)3where  distributions derived from quasielastic excitation function
the coupled-channel calculations including only inelasticdata is consistent in the higher side of the average barrier for
states of target?°Sn shown as dashed line slightly underpre- 160+ 1295 system as shown in Fig(s3. Moreover, both
dicts the excitation function at energies well below the averbarrier distribution and excitation function measurement for
age barrier. It is therefore necessary to introduce additionglision are consistently explained bycber calculations
channel coupling in terms of a few nucleon transfer in theshown as solid line in Fig. (8). The inclusion of inelastic
fusion coupled-channel calculations. It is known that theand transfer channel coupling TCDEF calculation for 60
states with excitation energies higher than curvature of fu-+ 1245n system also improves the agreement of its prediction
sion barrier ) do not affect the barrier distribution rather with that of the experiment.
gives only an overall shift to the barrier position. However, |n the case of %0+ 120125n systems, the coupled-
in these reactions, there are no positi@evalue transfer channel analysis was also carried out initially including only
channels. There are mostly high negatQevalue transfer inelastic states of targets and projectile using t&bEF
channels. We have therefore included only the-@ckup  code. The single phonon*2and 3~ excitations of targets
transfer with Q values greater than-3.5 MeV for 0 120125y and 2 of projectile 280 with excitation energy
+ 12012550 reactions irccDEFR The coupled-channel calcula- 1.982 MeV [33] and 8,=0.355 were included in the
tions were performed includingr2pickup transfer coupling  coupled-channel calculations and the results are shown as
12051 (180, 80)18sn in case of°O+ %°Sn reaction and dashed lines in Figs.(d) and 4b). The 180+ 120125 reac-
1245n(1%0,1%0) '?%Sn in case of'°0+ ‘Sn reaction with  tions allow for 2n-stripping transfer channels with positi@
effectiveQ values Qe¢s) as listed in Table IV. Th&@ value  values. All the other transfer channels have high negative
was modified toQ effective Qe1=Q+AE®), which is the  Q-value channels. Th®, values of h-stripping transfer
Q value corrected by a term that takes into account thehannels?°Sn(*?0, *%0) 1%%Sn in case of'®0+ 12%Sn reac-

TABLE Ill. Transition strengthB(EXT) and deformation pa- TABLE IV. The Q¢ values for transfer channels included in
rametersg, for 1201245, the simplified coupled-channel calculations for each syg@th
Nucleus \™ E*(MeV) B(ENT) By Ref. System Transfer channel Qefr (MeV)

20gn 2t 1.171  0.20x10* e*fm* 0.137 [23,24 160+ 1205 2n-pickup -3.1
205n 3 2401  0.11%1C° e’fm® 0.199 [23,24 160+ 1?45 2n-pickup -19
245n 2¢ 1132  0.11&10" e?fm* 0.122 [23,24 80+ 1205 2n-stripping +2.4
2%5n 3 2614  0.07x10¢° e’fm® 0.1532 [23,24 8O-+ 1%45n 2n-stripping +2.09
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tion and ?*Sn(*®0, 1%0) *?%3n in case of'®0+ 12%Sn reac- pared with the prediction of one-dimensional barrier penetra-

tion are listed in Table IV. The results of coupled-channeltion (uncoupledccper) model by changing the diffuseness

analysis including B-stripping transfer channels and inelas- Parameter of nuclear potential. By doing this, it is possible to
tic states of projectile and target for botfO+ 120.12%5n sys- exp_la|r_1 the obs_erved experlmentgl barrier dlstr|l_3ut|on but the
tems are shown as solid lines in Figéa¥and 4b). It is seen excitation function gets overpredicted for energies below the

that compared to the earlier case with no transfer channdfSion barrier. On the contrary, keeping the diffuseness pa-

coupling, the height of the main peak of the barrier distribu-rameter at 0.63 fm but by inclusion of couplings of,23~

. . . ) o inelastic states of target nuclei ioCDEF calculations, we

it'no?;e'fgcr)efulgg%)gméggw;'gn ?Lir%f:{éﬁzn?egﬁgrﬂe\ﬁth could explain the barrier distribution to a large extent. More-

th . tal barrier dist ',bgt' 9 9 over, the agreement could be further improved with the in-
€ experimental barrier distributions. clusion of two-neutron pickup transfer channels O

The present study has therefore brought out the Impor-, 120,1245, systems and two-neutron stripping transfer chan-

tance of transfer channel couplings on the barrier d|str|bu-ne|S in 180+ 1201245 systems. In addition, fol°0+ 12%Sn

H H 16,1 120,12 H H
tlonsl_ln the h 8(2')+. K ‘Sndr(;]acthns_. It is sh?wn r:hat tTe system, the predictions aicberwith the inclusion of inelas-
coupling to the 2-pickup and A-stripping transter channels Iﬁic and transfer coupling explains the fusion barrier distribu-

along with melast.lc phonpn (.:OUpl,'ngS reproduces the overa ions and fusion excitation functions better in comparison to
shape of the barrier distributions in the above systems. How:

. . . - rediction of coupled-channel calculations with just mul-
ever, peak-like structures obtained fO induced reactions b P J

. . tiphonon couplings as mentioned and shown in R2€)].
at lower side of the average barrier cannot be reproduced byyiq \york therefore, brings out the importance of transfer
calculations. So with the present data, we are not able t

. S eoupling in explaining fusion barrier distributions in these
assign any reason to the origin of low-energy peak. Furthefeactions

measurements with®O induced reactions on various targets
can throw more light on the origin of these structures. ACKNOWLEDGMENTS
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