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BARRIER DISTRIBUTIONS IN 16O + 116;119Sn�E. Piase
ki, �. �widerski and M. Wite
kiInstitute of Experimental Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, Poland(Re
eived January 4, 2002)Using the Warsaw Cy
lotron beam we determined fusion barrier dis-tributions by quasi-elasti
 s
attering of 16O on 116;119Sn targets. Theyturned out to be similar in both systems but some di�eren
es apparentlydo exist. Experimental results were 
ompared to the 
oupled 
hannels 
al-
ulations performed by means of the Fres
o 
ode. Fair agreement betweenexperiment and theory was obtained but some disagreements remain.PACS numbers: 25.70.B
, 25.70.Hi, 25.70.Jj1. Introdu
tionSin
e few years one 
an observe a revival of the fusion barrier studies.This is 
aused by breakthrough in the experimental methods and theoreti
alinterpretations (
f. review paper [1℄). Dependen
e of fusion on the stru
tureof intera
ting nu
lei manifests itself in dramati
 di�eren
es between fusionex
itation fun
tions for di�erent isotopes and in the strong enhan
ements ofthe subbarrier 
ross se
tions observed in some 
ases.In 
lassi
al terms, these e�e
ts are 
aused by stati
 deformation of re-a
tion partners, giving rise to the barrier height dependen
e on the relativeorientation of deformed nu
lei. In the language of quantum me
hani
s it isthe 
oupling of di�erent rea
tion 
hannels (fusion, inelasti
 s
attering viaex
itation of rotations and/or vibrations, mono- and multi-nu
leon transfer,proje
tile break-up et
.) whi
h generates distribution of fusion barriers, theshape of whi
h, sometimes surprisingly ri
h in stru
ture, 
an be 
onsideredas ��ngerprint� of these 
ouplings.� Presented at the XXVII Mazurian Lakes S
hool of Physi
s, Krzy»e, Poland,September 2�9, 2001. (397)
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kiThe main motivations of these studies are the following:� Testing nu
lear rea
tion models (in parti
ular Coupled Channels andOpti
al Model).� Determination of the rea
tion 
hannel 
oupling strengths and its 
on-ne
tion to nu
lear stru
ture.� Determination of the nu
lear deformation parameters.� Expe
ted appli
ation in the superheavy elements produ
tion and inthe radioa
tive beam studies.The usual, dire
t method of determination of fusion barrier distributionDfus, as proposed by Rowley et al. [2℄, relies on measurements of the fu-sion ex
itation fun
tion �fus(E) and subsequent numeri
al di�erentiation ofexperimental data: Dfus(E) = d2[E � �fus(E)℄dE2 : (1)In spite of great experimental e�orts, the double di�erentiation resultsin large statisti
al errors, espe
ially in the high energy part of the barrierdistribution be
ause the fusion 
ross se
tion saturates there. However, asit was shown re
ently [3℄, one 
an obtain similar results using a mu
h sim-pler te
hnique, namely measuring ex
itation fun
tion for the quasi-elasti
s
attering to ba
kward angles. Then, the barrier distribution is obtained as:Dqel(E) = � ddE � �qel�Ruth (E)� : (2)The term �quasi-elasti
 s
attering� is used here in the very wide meaningas the sum of elasti
, inelasti
 and transfer pro
esses, without ne
essityof individual 
omponent identi�
ation. This experimental simpli
ity is of
ourse very attra
tive.A

ording to this formula, the Rutherford s
attering should be measuredat the same angle as the ba
kward s
attering, however it di�ers from theeasily experimentally a

essible �Ruth measured at forward angle only bya multipli
ative 
onstant (for � 
learly less than �graz elasti
 s
attering isdominated by Rutherford s
attering). Thus, �nally, the method 
onsists inmeasurement of the ba
kward/forward 
ounting ratio in fun
tion of the pro-je
tile energy. The ratio is independent of the beam intensity instabilities,that is another attra
tive feature.Then, a

ording to the above formula, the ex
itation fun
tion shouldbe di�erentiated with respe
t to energy. Single di�erentiation results inmu
h smaller statisti
al errors in 
omparison with formula (1). Moreover,
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e to �fus, the �qel 
hanges above the barrier very rapidly, sothe derivative is large and, 
onsequently, relative errors are mu
h smaller.Finally, the quasi-elasti
 method is te
hni
ally simpler, as we do not needto separate fusion produ
ts from the beam, as it is ne
essary in the �rstapproa
h.On the other hand the �rst method is more pre
ise in deep sub-barrierregion sin
e �fus in
reases there by orders of magnitude, while �qel=�Ruth(E)is there quite �at. Moreover, there are known some 
ases when the �rstmethod is more sensitive in 
omparison to the se
ond one, in determinationof the distribution stru
ture [3℄.2. ExperimentThe aims of our measurements were fourfold:� Previous investigations on this subje
t were done by means of Tandema

elerators, whi
h in prin
iple are more suitable for this kind of ex-periments be
ause of their inherent beam qualities and in parti
ularfa
ility of beam energy 
hanging, what should be done pre
isely andin small steps. However, not all beams 
an be provided by Tandems,so we wanted to 
he
k whether this kind of measurements is feasibleusing 
y
lotron beams.� To test new data analysis methods, utilizing data �ltering to improvethe signal/noise ratio. This will be des
ribed in the forth
oming pa-per [4℄.� To 
ompare barrier distributions for even�even and even�odd targetsand 
he
k in�uen
e of neutron number on fusion pro
ess.� To 
ompare experimental results with 
oupled-
hannels 
al
ulations.Considering the advantages and attra
ted by its simpli
ity, we used inour experiment the se
ond method to extra
t barrier height distributions in16O + 116;119Sn systems. The experiment was set at Warsaw Cy
lotron.The 3�5 MeV/u 16O beam of intensity 1�500 enA (depending on energy)impinged the 116;119Sn targets of about 0.5 mg/
m2 thi
kness, produ
edin the Heavy Ions Laboratory. To fa
ilitate beam energy 
hanges, the Aldegraders of 0.5�2.0 mg/
m2 thi
kness were used.For dete
tion we used the small CUDAC rea
tion 
hamber with 32 PIN-diodes (see Fig. 1): thirty at ba
kward angles �130Æ, 140o, 150Æ and twopla
ed at �50Æ, for registering the Rutherford s
attering (in our 
ase, for thehighest proje
tile energy �graz = 63o). Registering s
attered ions at threeba
kward angles gives us additional bonus: as the �e�e
tive� 
ms energy
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ki(see [5℄) depends on angle, this is equivalent to performing measurements atthree energies simultaneously.

Fig. 1. Geometry of dete
tor set-up inside the CUDAC rea
tion 
hamber. ThirtyPIN-diodes at ba
kward angles, two forward dete
tors and two teles
opes areshown.As we show in the �gure, to in
rease the 
ounting rate we pla
ed ten10x10 mm dete
tors at (almost) the same angle. The target�dete
tor dis-tan
e was equal to 92 mm for ba
kward dete
tors and 370 mm for theforward ones. The forward dete
tors were used also for the beam energydetermination.In addition, two E ��E teles
opes at 110Æ and 170Æ were used to learnabout intensity of the light 
harged parti
le transfer and of the Z = 1; 2parti
le ba
kground 
oming from proje
tile and fusion produ
t evaporation.The standard ele
troni
s was set up in a very simple way, as no 
oin
i-den
es between dete
tors were ne
essary. The energy spe
tra of s
atteredions were re
orded event wise using the PC-based a
quisition system, work-ing in 
onjun
tion with an ADC and a multiplexer.3. ResultsResults for both investigated systems are 
ompared in Fig. 2.Barrier distributions for both systems are similar, although some unex-plained di�eren
es in lowest energies seem to exist. This implies that in this
ase parity e�e
ts (giving rise to di�eren
es in neutron transfer Q-valuesand di�eren
es in target energy levels) do not in�uen
e fusion pro
ess sig-ni�
antly.
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Fig. 2. (a) Quasi-elasti
 ex
itation fun
tions measured for 16O+ASn systems. Solid
ir
les represent 116Sn, empty � 119Sn. (b) The experimental fusion barrier dis-tributions for the same systems.We 
ompared experimental data to 
al
ulations performed �to all-orders�[6℄ using 
oupled-
hannels 
ode FRESCO [7℄. The 
omplex intera
tionpotential 
onsisted in a real part evaluated within double-folding modelJLM, while for imaginary one we assumed the Woods�Saxon potential withW0 = 50 MeV, r0 = 1:0 fm and di�useness parameter a = 0:4 fm. En-ergy levels, spins, parities and deformation parameters were taken fromRefs. [8,9℄.We took into a

ount 
ouplings to 2+ and 3� states as the most impor-tant in target and 3� state in proje
tile. Experimental results for16O + 16Sn 
ompared to the 
oupled-
hannels 
al
ulations are presentedin Fig. 3.One 
an observe a shift between experimental and 
al
ulated distribu-tions. We 
onsider this e�e
t as not signi�
ant as being within the estimatedenergy 
alibration un
ertainty. Moreover, one should remember that an er-ror of only 0.07 fm in the intera
tion radius would give rise to disagreementof 0.5 MeV in peak positions. More important is the fa
t that the experimen-tal distribution is somewhat broader and more symmetri
 than the resultsof our 
al
ulations. The reason of this dis
repan
y is still unknown. One
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Fig. 3. Fusion barrier distributions for 16O+116Sn arbitrarily normalized at thepeaks. Comparison between experimental results (solid 
ir
les) and 
al
ulations.Experimental resolution was taken into a

ount.
an see in logarithmi
 s
ale (Fig. 3(b)) a tail of distribution measured athigh-energy region. It has never been observed before sin
e experimentswere not previously investigating this energy range. Our 
al
ulations indi-
ate that this might be a tra
e of 
oupling to 3� state in 16O having verylarge ex
itation energy (6.13 MeV). We would like to stress, however, thatthese are only preliminary results, whi
h 
an be revised in the forth
omingpaper [4℄. 4. Con
lusionsWe proved the feasibility of performing measurements of fusion barrierdistributions using 
y
lotron beams. This is important, as some heavy ions
annot be a

elerated using tandem a

elerators, while being easily a

essi-ble by means of 
y
lotrons.The barrier distributions for 16O + 116;119Sn are very similar. There isa general agreement between model 
al
ulations and experimental results(in
luding la
k of any 
lear stru
ture). This is the more en
ouraging asthe essentially parameter-free double-folded real potential was used, how-
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es between theory and experiment, 
on
erning details ofbarrier height distribution, are observed.After re
eiving su
h en
ouraging results we plan to study other beam andtarget 
ombinations, starting from the 20Ne + 116Sn system. This proje
tileseems to us parti
ularly interesting as it di�ers only slightly from the �inert�16O proje
tile and still, due to the presen
e of the 
olle
tive 2+ level, thepredi
ted barrier distribution is mu
h more stru
tured than that determinedin the present work.The authors wish to thank F. Carstoiu, W. Czarna
ki, J. Iwani
ki, J. Jas-trz�bski, M. Kisieli«ski, A. Kordyasz, T. Krogulski, K. Piase
ki, K. Rusek,A. Stolarz, J. Srebrny and J. Tys for parti
ipation in di�erent stages inpreparation and performing of the experiment, as well as in dis
ussionof the results. The work was funded in part by the grant 5 P03B 122 20 ofthe Polish State Committee for S
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 Resear
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