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FEATURES OF NUCLEAR REACTIONSINDUCED BY DRIPLINE LIGHT NUCLEIAT NEAR-BARRIER ENERGIES �Dmitry SemkinChuvash University, Moskovsky prosp., 15, Cheboksary, 428000, Russiae-mail: phys�
hgu.
h
i.
huvashia.su(Re
eived July 4, 1998)The me
hanisms of nu
lear rea
tions with light loosely bound proje
-tiles (su
h as 11Be, 8B, 11Li et
.) at the near-barrier in
ident energy (upto 10 MeV/nu
leon) were studied. The pe
uliarities of low energy nu-
lear dynami
s of proton-ri
h ions were des
ribed in 
omparison with theneutron-ri
h and ordinary nu
lei.PACS numbers: 25.70.�z, 25.60.+v1. Introdu
tionA signi�
ant progress in the investigations of dripline nu
lei, a great num-ber of experimental data [1,2℄ and a
hievements in theoreti
al approa
hes(espe
ially in three-body states des
ription [3℄) have not led up to now toexhaustive and �nal understanding of the stru
ture of light nu
lei far fromthe stability line and the me
hanisms of nu
lear rea
tions indu
ed by su
hions. Whereas a neutron halo is a�rmed with 
on�den
e to exist [1℄ an a
-tive study of proton-ri
h nu
lei [4-7℄ has not given a 
lear and unambiguousanswer for the question about an existen
e of proton halo and about its prop-erties. In our opinion an observation of supposed proton halo is too di�
ultmostly due to dynami
s of 
ollision of proton-ri
h proje
tile with the target(the Coulomb proton-target intera
tion would distort the tentative protonhalo in the entran
e 
hannel as well as the Coulomb for
es in the exit 
han-nel would in�uen
e the proton dynami
s). Therefore it is very important todistinguish the role of rea
tion dynami
s (proton � target and proton �proje
tile 
ore intera
tions), the role of naturally small binding energy andof 
on
rete behaviour of loosely bound proton wave fun
tion, espe
ially the� Presented at the International Conferen
e �Nu
lear Physi
s Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.(1677)



1678 D. Semkinmanifestation of its large spatial extension. Having this in mind, we 
onsidertwo type of targets to be appropriate for the study of rea
tions indu
ed byproton-ri
h ions and for the sear
h of the proton halo: very heavy targets (toanalyse the �largest� 
ontribution of intera
tion dynami
s ) and very lighttargets (the neutron target would be the best be
ause of the absen
e of theCoulomb distortion of the supposed proton halo).Low energy nu
lear rea
tions seem to be very fruitful to 
larify manyfeatures of weakly bound system dynami
s. At su
h energy the motion ofa loosely bound proton in�uen
es strongly the rea
tions dynami
s in many
hannels, the expli
it study of whi
h 
ould give more information, than
umulative fragment momentum distributions in higher energy rea
tions.Already at low energy the supposed long tail of the loosely bound nu
leonwave fun
tion would appear without �admixture� of its internal part. Thestudy of low energy pro
esses 
ould be useful for the spe
tros
opy of short-lived nu
lei. Sub-barrier energy 
osmologi
al rea
tions of nu
leosynthesisalso demonstrate the important role of dripline nu
lei (in parti
ular, 8B).An appearan
e of a 
lassi
al regularities even in low energy nu
lear dy-nami
s and the di�
ulties of a su�
iently 
omplete quantum des
ription jus-tify the interest in the appli
ation of 
lassi
al and semi
lassi
al approa
hes.In this work the model of �few-body mole
ular dynami
s� (FMD)[8-10℄ was developed for 
omparative analysis of nu
lear rea
tions indu
edby proton-ri
h 8B (proton separation energy � 137 keV), neutron-ri
h 11Be(neutron separation energy � 500 keV) and ordinary 10B (proton separa-tion energy � 6:586 MeV) proje
tiles at low in
ident energies (E=A � 10MeV/nu
leon). Within the framework of FMD 11Be, 8B are supposed tohave a 
luster stru
ture, in other words they 
onsist of the 
ore and theloosely bound nu
leon (11Be=10Be+n; 8B=7Be+p respe
tively). Indeed,the neutron-ri
h proje
tile 
ore stru
ture was shown [11℄ to be very weaklyin�uen
ed by external loosely bound neutron.2. The di�eren
es of rea
tion dynami
s with parti
ipation ofproton-ri
h and neutron-ri
h nu
leiThe main features of angular and energy distributions of nu
leons andheavy 
harged 
ores in a proje
tile break-up 
hannel were analysed. Atnear-barrier energy neutron and 
ore energy spe
tra in the 11Be+48Ti rea
-tion have maxima at the energy smaller than the energy of the beam, within
reasing of the beam energy these maxima shift to larger energy.At very low energy (E=A � 2 MeV/nu
leon) the 10Be angular distribu-tion has one maximum at the angles near the Coulomb rainbow angle. Within
reasing of beam energy (E=A � 3 MeV/nu
leon) at the smaller anglesthe se
ond �nu
lear� maximum arises. At larger energy two maxima shift



Features of Nu
lear Rea
tions Indu
ed by Dripline Light... 1679one towards the other, 
ombine and the angular distribution be
omes lessexpressive (as the neutron angular distribution whi
h has a peak at forwardangles at the energy > 3 MeV/nu
leon).We must note that in low energy nu
lear rea
tions indu
ed by proton-ri
h nu
lei the nu
lear disso
iation plays 
onsiderable role (in 
ontrast toneutron-ri
h ions, their break-up is determined mostly by the Coulombme
hanism). For example, 
al
ulations without taking into a

ount the
ore-target and proton-target nu
lear intera
tions lead to the de
rease ofthe 8B+12C!7Be+p+12C rea
tion 
ross se
tion more than twi
e. So it isvery important to take into a

ount �interferen
e� of nu
lear and Coulombfor
es to des
ribe the rea
tions with neutron-de�
ient proje
tiles.The role of the di�erent intera
tions (
ore-nu
leon, 
ore-target, andnu
leon-target) responsible for rea
tion me
hanism were studied. In par-ti
ular, proton yield at large angles (�p � 30o for the 12C target) wasdemonstrated to be 
aused by proje
tile-target nu
lear intera
tion (not onlynu
leon-target as for neutron-ri
h nu
lei [9,10℄). The proton angular distri-bution in the loosely bound nu
leus break-up rea
tion (8B+12C! 7Be+p+12C)was found to have a maximum at smaller angles in 
ontrast to the break-upof a normally bound proje
tile.Di�erent fragment-fragment 
orrelations in the loosely bound proje
tilebreak-up rea
tions were also analysed.Ex
itation fun
tions for the di�erent rea
tion 
hannels � 
omplete andin
omplete fusion (the 
apture of the proje
tile 
ore only), nu
leon transfer,proje
tile break-up � were 
al
ulated. At the in
ident energy E=A < 3MeV/nu
leon an in
lusive yield of the 10Be (for example, in the 11Be+48Tirea
tion) is signi�
antly larger than the neutron yield [10℄. At low ener-gies dissipative de
eleration and the Coulomb repulsion of the neutron-ri
hproje
tile 
ore lead to shaking-o� the loosely bound neutron with subse-quent absorption of it by a target, and the break-up 
ross se
tion is mu
hsmaller than the stripping one. At the energies higher than 3 MeV/nu
leonneutron transfer probability slowly de
reases whereas break-up 
ross se
tionbe
omes more and more important. Fusion 
ross se
tion in
reases very fastat above-barrier energies but then saturates and slowly goes down.At the energy E=A � 10 MeV/nu
leon the Coulomb repulsion of theproton-ri
h proje
tile does not lead to shaking-o� the weakly bound protonand the break-up 
ross se
tion as well as proton transfer 
ross se
tion are
onsiderably small (for example, in the 8B+28Si rea
tion). The proton in
lu-sive yield turns out to be mu
h larger than the proje
tile 
ore (i.e. the 7Be)in
lusive yield. So the in
omplete fusion 
ross se
tion (
apture of the 7Benu
lei by the target) was found to be large in 
omparison with the ordinary(dashed lines in Fig. 1) and neutron-ri
h nu
lei.
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Fig. 1. Total rea
tion 
ross se
tions (solid lines), 
omplete fusion (dotted lines)and in
omplete fusion (dashed lines) 
ross se
tions for the 10B+28Si rea
tion (inthis 
ase they are noted by number 1) in 
omparison with the same ones for the8B+28Si rea
tion (they are noted by number 2).3. The role of loosely bound neutrons and protonsin fusion pro
essIt was noted [12℄ that the total rea
tion 
ross se
tion of proton-halo
andidate 8B shows signi�
ant enhan
ement at in
ident energy � 40MeV/nu
leon. FMD also predi
ts at su
h energy the total 
ross se
tionof, for example, 8B+28Si rea
tion to ex
eed the 
ross se
tion of 10B+28Sirea
tion. However, at near-barrier energy the situation is di�erent. Fig. 1shows the fusion and the total rea
tion 
ross se
tions of the proton-ri
h 8Bin 
omparison with ordinary 10B nu
leus. We 
an see the total 
ross se
tionof the 8B+28Si rea
tion diminishes rapidly with de
reasing of in
ident en-ergy in 
ontrast to the total 
ross se
tion of the 10B+28Si rea
tion. It is the
omplete fusion 
ontribution whi
h yields su
h a redu
tion. Ex
ess of pro-tons in 8B in 
omparison with an ordinary nu
leus (su
h as 10B) 
auses thede
reasing of 
omplete fusion 
ross se
tion. Cluster stru
ture of the proton-ri
h ion, in other words the presen
e of loosely bound proton, dynami
allyin
reases the height and the extension of the Coulomb barrier in the 8B -target intera
tion potential redu
ing the fusion 
ross se
tion.The presen
e of additional neutron degrees of freedom for neutron-ri
hnu
lei leads to features in fusion dynami
s. In parti
ular, investigation of theshape of ex
itation fun
tions in fusion 
hannel during the intera
tion of lightnu
lei has demonstrated signi�
ant in�uen
e of the nu
lear stru
ture and theneutron number on the magnitude and on the shape of fusion barriers [13℄.
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Fig. 2. Contributions of the di�erent impa
t parameters into the 
lassi
al fusion
ross se
tion (verti
al solid line), 
omplete fusion 
ross se
tion (dotted line) andin
omplete fusion 
ross se
tion in the 11Be+48Ti (a) and in the 8B+48Ti (b) rea
-tions at E=A = 5 MeV/nu
leon. Dashed line in (a) shows the sum of 
omplete andin
omplete fusion 
ross se
tions. Dashed line in (b) means only in
omplete fusion
ontribution.To make 
lear the role of loosely bound neutron in the fusion analysis ofthe 10Be nu
leus fusion with the 48Ti target was performed within the frame-work of two-body 
lassi
al model with fri
tion without taking into a

ountof proje
tile 
luster stru
ture (
ore+neutron) and within the framework ofFMD at E = 5 MeV/nu
leon. It was shown (Fig. 2a) that the neutron-
oreweak binding does not lead to the signi�
ant 
hange of fusion 
ross se
tionabsolute value ( it remains � 1550 mb). But the presen
e of loosely boundneutron indu
es the features:



1682 D. Semkin(i) the in
omplete fusion me
hanism (where the neutron does not fuse withthe target) 
ontributes 
onsiderably into the fusion pro
ess;(ii) an additional neutron degree of freedom 
auses �washing-out� of theboundary for region of impa
t parameters whi
h lead to fusion 
hannel(in 
ontrast to the sharp boundary in the two-body model), that meansthe spin of formed 
ompound nu
leus to in
rease.

Fig. 3. The 
omplete fusion 
ross se
tion for the 11Be+48Ti rea
tion dependingon the proje
tile energy obtained by the 
lassi
al 
al
ulations (dotted line), assolution of Langevin equation (dashed line) and by FMD 
al
ulations (the mark�i
f� 
orresponds to the 
ontribution of in
omplete fusion, i.e. 
apture of only the10Be, whereas �
f+i
f� means the sum of 
omplete and in
omplete fusion 
rossse
tions).It is 
lear (Fig. 2b) that loosely bound proton in neutron-de�
ient nu
leidoes not promote the fusion with the target. But one 
an note the in
om-plete fusion (
apture of 7Be nu
leus) to be mu
h larger in 
omparison withneutron-ri
h 11Be.Cluster stru
ture of neutron-ri
h nu
lei was found to give a 
han
e forsub-barrier fusion. Fig. 3 demonstrates the sub-barrier fusion 
ross se
tion atElab < Vbar � 16:2 MeV for the 11Be+48Ti rea
tion whi
h is to be 
onne
tedexa
tly and only (as provided by FMD 
al
ulations) with the relative motionof proje
tile 
ore (10Be) and the neutron. This motion makes possible the
ore to have periodi
ally a lo
al energy slightly more than the beam energy(whereas the energy of the proje
tile 
enter of mass remains the same), soeven at sub-barrier energy the 
ore 
an over
ome the Coulomb barrier andfuse with the target attra
ting the loosely bound neutron.
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lear Rea
tions Indu
ed by Dripline Light... 1683Note, at last, that in our opinion impulse approximation (IA) 
ouldbe useful for the des
ription of nu
lear rea
tions indu
ed by weakly boundnu
lei. Even at low in
ident energy (Eproj � 10 MeV) IA is valid (Eproj � ",where " is the nu
leon separation energy). However the utilization of IAbe
omes more di�
ult due to the presen
e at least of three 
harged parti
lesin the proton-ri
h proje
tile break-up exit 
hannel (target, proton, proje
tile
ore). To avoid this problem the author have proposed [14℄ an idea of themodi�
ation of IA by means of 
lassi
al and semi
lassi
al approa
hes.Author is grateful to Prof. Yu.E. Penionzhkevi
h and Dr. I.V. Kuznetsov(FLNR, Dubna) for helpful 
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