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CAN WE PREDICT CAPTURE AND FUSIONEXCITATION FUNCTIONS?�K. Siwek-Wil
zy«ska, E. SiemaszkoInstitute of Experimental Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, Polandand J. Wil
zy«skiThe Andrzej Soªtan Institute for Nu
lear Studies05-400 Otwo
k-�wierk, Poland(Re
eived De
ember 28, 2001)Existing data on near-barrier fusion and 
apture ex
itation fun
tionsfor about 50 medium and heavy nu
leus�nu
leus systems have been anal-ysed using a phenomenologi
al model, in whi
h fusion barriers are assumedto have Gaussian distributions. Systemati
s of the barrier-distribution pa-rameters, the mean barrier and its varian
e, are presented. Dedu
ed valuesof the varian
e parameter show an important role of nu
lear stru
ture ef-fe
ts, whi
h we propose to a

ount for by relating values of the varian
eparameter with fusion energy thresholds 
al
ulated with the fusion adia-bati
 potential.PACS numbers: 25.70.Jj 1. Introdu
tionA

urate knowledge of �
apture� ex
itation fun
tions is very importantfor an optimum 
hoi
e of proje
tile-target 
ombination and bombarding en-ergy in modern experiments aimed at produ
tion of new superheavy ele-ments. We use the term �
apture� to 
all the pro
ess of over
oming theintera
tion barrier in a nu
leus�nu
leus 
ollision, followed by formation of a
omposite system. In general, the 
omposite system undergoes fusion onlyin a fra
tion f of the 
apture events. For light and medium systems f � 1,but for very heavy systems, only a small portion (f � 1) of �
apture� eventslead to fusion. (For the remaining part of events, the system reseparatesprior to equilibration in fast �ssion pro
esses.) Clear distin
tion betweenfusion and 
apture 
ross se
tion is then ne
essary.� Presented at the XXVII Mazurian Lakes S
hool of Physi
s, Krzy»e, Poland,September 2�9, 2001. (451)
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zy«ska, E. Siemaszko, J. Wil
zy«skiIn the present work we analyse an ample set of near-barrier fusion ex-
itation fun
tions using a phenomenologi
al model that assumes the Gaus-sian distribution of fusion barriers. For the 
hosen set of rea
tions, thefusion 
ross se
tions are pra
ti
ally identi
al with the 
apture 
ross se
tions.Therefore the established systemati
s, that also in
ludes some 
apture datafor super-heavy systems, enable one to predi
t 
apture 
ross se
tions for veryheavy systems.2. Analysis of fusion ex
itation fun
tionsIt is well known that fusion ex
itation fun
tions 
annot be satisfa
torilyexplained assuming penetration through a single, well de�ned barrier in thetotal potential energy of a 
olliding nu
leus�nu
leus system. In order toreprodu
e shapes of the fusion ex
itation fun
tions, espe
ially at low near-threshold energies, it is ne
essary to assume 
oexisten
e of di�erent barriers,a situation that is naturally a

ounted for in des
ription of fusion rea
tions interms of 
oupled 
hannel 
al
ulations involving 
oupling to various 
olle
tivestates. As it was demonstrated by Rowley, Sat
hler and Stelson [1℄, an ef-fe
tive fusion-barrier distribution 
an be dedu
ed from a pre
isely measuredfusion ex
itation fun
tion by taking the double derivative of the produ
t ofthe 
ross se
tion multiplied by energy, d2(�E)=dE2. Reversing the situa-tion, we assume a 
ertain shape of the barrier distribution in attempt toreprodu
e the measured fusion ex
itation fun
tions and thus obtain theirphenomenologi
al parametrization.We assume the Gaussian shape of the barrier distribution:p(B) = 1�Bp2� exp ��(B �B0)22�2B � (1)with the mean barrier B0 and its varian
e �B being free parameters to bedetermined individually for ea
h rea
tion by 
omparing predi
ted fusion ex-
itation fun
tion with experimental data. By folding the barrier distribution,Eq. (1), with the 
lassi
al expression for the fusion 
ross se
tion,�fus = �R2B �1� BE� ; (2)one obtains the following 
lose formula for the energy dependen
e of thefusion 
ross se
tion:�fus = �R2B �BEp2� nXp�(1 + erfX) + e�X2o ; (3)where X = (E � B0)=(p2B0), and erfX is the Gaussian error integral ofthe argument X. By RB we denote the distan
e 
orresponding to lo
ation
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t Capture and Fusion Ex
itation Fun
tions? 453of the intera
tion barrier. Along with B0 and �B, RB is a parameter tobe determined by �tting Eq. (3) to experimental data. In derivation of for-mula (3), the quantum me
hani
al tunneling is not a

ounted for. However,sin
e the tunneling only slightly smears out the fusion ex
itation fun
tionaround E = B0, its e�e
t is automati
ally in
luded in an empiri
al value ofthe varian
e �B dedu
ed for a given rea
tion.Formula (3) represents a very 
onvenient parametrization for fusion and
apture ex
itation fun
tions, suitable for near-barrier energies. (At higherenergies, the entran
e-
hannel angular-momentum limitations, not a

ount-ed for by Eq. (3), may redu
e the fusion 
ross se
tion.) In Fig. 1, one 
ansee four examples of measured [11,13℄ fusion ex
itation fun
tions �tted withformula (3), using the least �2 method. We have analysed in su
h a way anample set of published experimental data [2�18℄. All the 
hosen ex
itationfun
tions have been pre
isely measured in the near-barrier range of energies
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itation fun
tions 
al
ulated with Eq. (3), assumingGaussian distribution of the fusion barrier. Experimental data are taken fromRefs. [11,13℄.
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zy«ska, E. Siemaszko, J. Wil
zy«skiwhere 
ross se
tions are most sensitive to the fusion-barrier distribution.Our analysis has revealed that the 
al
ulated ex
itation fun
tions only veryweakly depend on the variation of the radius parameter r0. Therefore we�xed a value of r0 = RB=(A1=31 + A1=32 ) = 1:27 fm (that seemed to �t bestall the data), and 
arried out a systemati
 analysis of the whole set of databy varying only two parameters, B0 and �B .In Fig. 2 we present a 
ompilation of the dedu
ed values of the meanbarrier B0 plotted as a fun
tion of the parameter z = Z1Z2=(A1=31 + A1=32 ).This dependen
e is very regular and 
an be approximated by a se
ond orderpolynomial fun
tion,B0 = 0:00136z2 + 0:78z + 4:2 MeV : (4)We would like to emphasize the fa
t that the parametrization establishedfor fusion rea
tions (full 
ir
les in Fig. 2) holds also for 
apture data [18℄for very heavy systems (squares). Consequently, one 
an use Eq. (9) forreasonable predi
tions of the mean barrier heights for 
apture pro
esses innot yet studied rea
tions.
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s of the mean barrier parameter B0 dedu
ed from analysis ofabout 50 published fusion and 
apture ex
itation fun
tions. Results for 
apturerea
tions [18℄ are indi
ated by di�erent symbols (squares). Solid line representsparametrization given by Eq. (4).



Can We Predi
t Capture and Fusion Ex
itation Fun
tions? 455Contrary to B0, the dispersion parameter �B does not behave so regu-larly. This is not surprising, regarding possible 
oupling to rotational andvibrational states in the fusing nu
lei, the me
hanism that strongly in�u-en
es e�e
tive barrier distributions in the 
oupled-
hannels approa
h. Re-garding this, �B must depend not only on the �global� parameters, su
h asZ and A of the fusing nu
lei, but also on their stru
tural 
hara
teristi
s.In Fig. 3 (left) we present all the dedu
ed values of �B plotted as fun
tionof the mean barrier B0. Undoubtedly, there is a 
orrelation between thesetwo quantities: �B systemati
ally in
reases with in
reasing B0. However,points in Fig. 3 (left panel) are 
onsiderably s
attered suggesting signi�
antin�uen
e of nu
lear stru
ture e�e
ts. Mu
h better 
orrelation is obtained in
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B0 - Badiabatic (MeV)Fig. 3. Systemati
s of the barrier dispersion parameter �B dedu
ed from analysisof about 50 published fusion and 
apture ex
itation fun
tions. Results for 
apturerea
tions [18℄ are indi
ated by di�erent symbols (squares). See text.the right panel of Fig. 3 where �B is plotted as a fun
tion of the ex
ess ofB0 above the adiabati
 fusion barrier Badiabati
, 
al
ulated as in Ref. [19℄.The adiabati
 barriers depend on the fusion Q-value and show 
lose 
orrela-tion with fusion energy thresholds [19℄ in measured ex
itation fun
tions. Byusing the 
orrelation between �B and (B0 � Badiabati
), we 
an a

ount, tosome extent, for nu
lear stru
ture e�e
ts in individual values of �B. FromFig. 3 (right panel) we read the following relation:�B = 0:22(B0 �Badiabati
) + 0:7 MeV (5)that well approximates the observed 
orrelation.
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zy«ska, E. Siemaszko, J. Wil
zy«skiTo summarize, we 
arried out an extensive analysis of fusion ex
itationfun
tions using the formula (3) obtained assuming the Gaussian shape offusion-barrier distributions. From this analysis we have determined phe-nomenologi
al expressions that des
ribe systemati
s of the mean barrier B0and varian
e �B (Eqs. (4) and (5), respe
tively), and enable one to predi
tfusion and/or 
apture 
ross se
tions, an important but not well known fa
torne
essary to predi
t produ
tion 
ross se
tions of super-heavy elements.We would like to thank W.J. �wi¡te
ki for many inspiring dis
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