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BINARY AND NON-BINARY ASPECTS OF159Tb(40Ar, PLF) REACTION AT ENERGIESCLOSE TO 10 MeV/NUCLEONE. Kozik and A. BudzanowskiH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Poland(Re
eived April 10, 2000)Dedi
ated to Professor Kazimierz Grotowskion the o

asion of his 70th birthdayResults of a 
omplex analysis of 40Ar + 159Tb 
ollision data obtainedfrom in
lusive and 
oin
iden
e measurements are presented. The experi-mental results support the binary nature of proje
tile like fragments 
losein Z to the proje
tile. Indire
t eviden
es for primary proje
tile and pro-je
tile like fragment breakup following transfer rea
tion and/or inelasti
s
attering were found.PACS numbers: 25.70.Hi, 25.70.Lm1. Introdu
tionSin
e the dis
overy of the deep inelasti
 
ollisions in low energy heavy-ionrea
tions, many experimental and theoreti
al e�orts have been performed inorder to understand the main features of this type of rea
tions, whi
h 
om-bine properties 
hara
teristi
 of the two apparently opposite nu
lear pro-
esses: dire
t rea
tion and 
ompound nu
leus de
ay [1�10℄. Deep inelasti
rea
tions are 
hara
terized by the fa
t that the system remains essentiallybinary: two heavy massive produ
ts, proje
tile like fragment (PLF) andtarget like fragment (TLF) 
ome out of the 
ollision 
arrying nearly all thenu
leons (ex
ept of evaporated ones from the ex
ited primary fragments)of the system. Theirs main 
hara
teristi
s are the following: (i) a meankineti
 energy 
lose to the mutual intera
tion barrier in the exit 
hannel,(ii) a broad mass distributions, 
entred in the vi
inity of the proje
tile andthe target, and (iii) nonisotropi
 angular distributions indi
ating a mu
h(1573)



1574 E. Kozik, A. Budzanowskishorter lifetimes than would be expe
ted from 
ompound nu
leus forma-tion. In the sharp 
uto� approximation, quasi-elasti
 (peripheral) and deepinelasti
 (more dissipative, less distant) rea
tions share the range of partialwaves between the angular momentum, above whi
h there is no the 
om-pound nu
leus formation, and the maximum angular momentum leading toa nu
lear rea
tion. Simple 
lassi
al 
al
ulations using the sharp 
uto� ap-proximation predi
t, that in the 
ase of 40Ar + 159Tb 
ollision at the energy
lose to 10 MeV/nu
leon the fusion 
ross se
tion exhausts only about 25% ofthe total 
ross se
tion; the binary quasi-elasti
 (QE) and deep inelasti
 (DI)
omponents are then expe
ted to be predominant in 
onsidered rea
tion.2. Experimental setupMeasurements were performed at the Hahn-Meitner Institut Berlin us-ing 9.75 and 9.5 MeV/nu
leon 40Ar ion beam from the VICKSI heavy iona

elerator. In the in
lusive and 
oin
iden
e measurements the rea
tionprodu
ts of ZPLF = 7�20 were dete
ted with 
onventional solid state dete
-tor �E(25�m)�E(1000�m) teles
ope at laboratory angles ranging from 11Æto 36Æ and at 14.5Æ, respe
tively. Additionally, in the 
oin
iden
e measure-ments the s
intillator tank of 1 m diameter �lled with 500 l of Gd-loadedtoluene was used for 4� neutron dete
tion. Experimental te
hnique is de-s
ribed in details in Ref. [11℄.3. Results and dis
ussionThe studied 40Ar + 159Tb rea
tion at 9.75 MeV/nu
leon (in
lusive mea-surements) and 9.5 MeV/nu
leon (
oin
iden
e measurements) shows thesigns of the binary nature of 
ollisions at low energy domain.The 
hara
teristi
 features of the eje
tile energy spe
tra obtained at�lab = 14:5Æ in 
oin
ident experiment 40Ar + 159Tb at 9.5 MeV/nu
leon(Fig. 1) are as follows: for the exit 
hannels where only few nu
leons areadded or removed from the proje
tile, two 
omponents of the energy spe
-tra are 
learly distinguished. The �rst one is 
on
entrated at the energysomewhat below that 
orresponding to the beam velo
ity, the se
ond oneat energies near the exit 
hannel Coulomb barrier. They are interpretedas peripheral 
ollision events with small energy damping, and less distant,more dissipative events, respe
tively. With de
reasing PLF atomi
 numberthe overlap of both 
omponents be
omes more signi�
ant. In the vi
inity ofthe proje
tile 
harge number (14 � Z � 18) the intensity of low energy 
om-ponent in
reases in 
omparison with the high energy part with de
reasingZ value, indi
ating a more dissipative 
hara
ter of multinu
leon ex
hangepro
esses. For produ
ts with 
harge number far from the proje
tile only one
omponent in the energy spe
tra is observed, spread mainly between theCoulomb barrier and the energy 
orresponding to the beam velo
ity.
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Fig. 1. Laboratory energy spe
tra of PLF's from 40Ar(9.5 MeV/nu
leon) + 159Tbwith Z values ranging from 7 to 20 integrated in 10 MeV bins of eje
tile energy.The arrows indi
ate the Coulomb barrier and the energy 
orresponding to the beamvelo
ity.The angular distributions of PLF's measured in in
lusive experimentwith 
harges 
lose to that of the proje
tile are peaked around the grazingangle (� grlab = 24:5Æ) and they de
rease at greater angles. With de
reasing
harge number of produ
ts maxima of angular distributions, lying in thevi
inity of the grazing angle �atten, and �nally disappear. For the produ
tsfar in Z from the proje
tile the angular distributions are only weakly for-ward peaked and they demonstrate a gradual tenden
y towards the isotropy(Fig. 2). One 
an atta
h here two me
hanisms whi
h result in the similartenden
y of the angular distribution. The �rst one may be related to the or-biting 
ollisions whi
h smear out the forward peaking and may theoreti
allyintrodu
e an isotropi
 
omponent in the angular distribution. The rough es-timation of lifetimes of the dinu
lear systems allows to state that for PLF'swith Z � 14 a 
onsiderable number of nu
leons may be transferred betweennu
lei in fast pro
esses, during the time shorter then the rotation period



1576 E. Kozik, A. Budzanowskiof dinu
lear systems (1 � 2 � 10�21 s) [11℄. The se
ond may be the purekinemati
 phase spa
e fa
tor appearing when more than two parti
les arepresent in the exit 
hannel. This has an e�e
t of un
oupling of the dire
tionsof rea
tion produ
ts with the forward or grazing dire
tion.

Fig. 2. Angular distributions of sele
ted elements emitted in 40Ar + 159Tb rea
tionat 9.75 MeV/nu
leon. Lines are drawn through the data point to guide eyes.In the exit 
hannel PLF's with a moderate modi�
ation of 
harge inrelation to the proje
tile 
harge are dominantly observed, however the dis-tribution of produ
ed fragments is broad and extend from the vi
inity ofthe proje
tile down to the light eje
tiles (Figs. 3, 4) (the range of the de-te
ted and analyzed eje
tile 
harge numbers is extorted by the experimental
onditions). Quasi elasti
 and deep inelasti
 
omponents of elemental dis-tributions presented in Fig. 3 were obtained using a pro
edure des
ribedin Refs [11℄, [12℄. Separation was done for PLF's whi
h energy spe
traand angular distributions manifest binary nature of exit 
hannel fragments(Z � 14). The 
ontribution of QE and DI 
omponents to the total yield ofelemental distributions depends on the PLF atomi
 number indi
ating onmore damped nature of the rea
tion with a 
onsiderable number of trans-ferred nu
leons. The damping of the rea
tion depends also on the net trans-fer dire
tion, the heaviest dete
ted PLF's (Z = 20) originate mostly fromdeep inelasti
 
ollisions.The neutron multipli
ity dependen
e on the eje
tile kineti
 energy in thewhole range of the measured Z-values is observed (see Fig. 4.6 in Ref. [11℄.
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Fig. 3. Total 
ross se
tion as a fun
tion of produ
ts atomi
 number for the system40Ar(9.75 MeV/nu
leon) + 159Tb (�lled squares). The �lled and empty 
ir
lesdenote the QE and DI 
omponents of the 
ross se
tion, respe
tively. Lines aredrawn to guide eyes.

Fig. 4. The measured 
harge distribution for 40Ar(9.5 MeV/nu
leon) + 159Tb 
ol-lision at �lab = 14:5Æ.
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hara
ter of this dependen
e is unique for produ
ts 
lose tothe proje
tile. The pro
esses with small energy damping and low neutronmultipli
ity are overwhelming other exit 
hannels. The mostly damped 
ol-lisions 
onsequently are a

ompanied by the highest neutron multipli
ity.For lowest 
harges of eje
tiles (Z � 13) events 
hara
terized by the high-est neutron multipli
ity, indi
ating on the strong energy damping, dominatequantitatively. The relative intensity of events grouped in the vi
inity ofthe beam velo
ity, a

ompanied by the small neutron multipli
ity in
reaseswith de
reasing Z. The third 
lass of events is observed at lowest kineti
energies below two-body exit 
hannel Coulomb barrier and small neutronmultipli
ity and it exhibits a nearly 
onstant relative intensity in the wholerange of the 
harge Z � 13.

Fig. 5. Neutron multipli
ity distributions for eje
tiles from Z = 7 to Z = 20
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ts : : : 1579The neutron multipli
ity distributions obtained from 
oin
iden
e mea-surements have approximately Gaussian shapes with noti
eable drift of themaximum position towards higher values of neutron multipli
ity while the
oin
ident PLF 
harge number de
reases (Fig. 5). It indi
ates that thelighter is the dete
ted PLF the 
ollision is more dissipative and it results inobservation of the in
rease of the average number of neutrons evaporated bymore ex
ited rea
tion partners. An evolution of the shape of the neutronmultipli
ity distributions is seen for Z = 13 and it 
oin
ides with the 
hangeof general 
hara
ter of energy spe
tra and angular distributions of eje
tiles.For lighter measured produ
ts one 
an observe an additional se
ond 
om-ponent in the region of low neutron multipli
ity. This 
lass of events, forwhi
h the energy dissipation seems to be un
orrelated with the mass trans-fer, was assigned to proje
tile or PLF break-up and �ssion following thegrazing 
ollision. Intensities of these maxima are smaller than those at highvalue of registered neutron number, although the relative 
ontributions oflow multipli
ity 
omponents in
rease with de
reasing fragment 
harges. Thedrift of the high neutron multipli
ity 
omponent towards higher values ofneutron number with de
reasing 
harge number of eje
tiles is observed, butthe shift is weaker than for PLF's 
lose to the proje
tile. The 
hange in aslope observed in the mean neutron multipli
ity � 
harge number 
orrela-tion (Fig. 6) is explained by a 
hange of the dominating rea
tion me
hanism.A signi�
ant part of the eje
tiles with Z � 13 arises from 
ollisions whi
h arenot primary binary in the exit 
hannel as it is in the 
ase of the produ
tionof PLF's 
lose to the proje
tile.

Fig. 6. Mean neutron multipli
ities hMni 
oin
ident with fragments observed at14.5Æ. The solid squares and 
ir
les represent the values 
al
ulated over the wholerange of multipli
ity distributions, while the empty squares and �lled diamondsdenote the results of 
al
ulations separating the distributions into two 
omponents.
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luding, behavior of energy spe
tra, angular, elemental and neutronmultipli
ity distributions 
on�rm the binary 
hara
ter of proje
tile like frag-ments with 14 � Z � 20. On the other hand there are the indire
t signsthat the produ
ts of 40Ar + 159Tb 
ollision far in Z from the proje
tile donot originate in majority dire
tly from binary deep inelasti
 
ollisions. Thehypothesis that these fragments result from the de
ay of the ex
ited proje
-tile or heavier PLF by the emission of neutrons and light 
harged parti
lesseems to be in
orre
t be
ause of insu�
ient multipli
ity of evaporated lightparti
les (for instan
e measured neutrons). As a 
onsequen
e these frag-ments are expe
ted to be a result of the proje
tile or PLF splitting intotwo massive fragments, only one of whi
h is dete
ted. The ex
ited primaryproje
tile or PLF is produ
ed in the �rst stage of a rea
tion and then itbreaks-up produ
ing massive fragments in the �nal state.For PLF's with 
harge number 14 � Z � 20 the statisti
al model(PACE II [13℄) 
al
ulations have been performed and 
ompared with ex-perimental results. The assumption of a binary 
hara
ter of these 
ollisionsseems to be valid and justi�ed by the analysis of experimental observables.The aim of the statisti
al treatment of the data was the determination theex
itation energy sharing between exit 
hannel nu
lei. A 
omparison ofexperimental data and results of statisti
al 
al
ulations indi
ates on propor-tional to the mass ex
itation energy division between PLF and TLF in the159Tb(40Ar; PLF, xn) rea
tion at 9.5 MeV/nu
leon. Satisfa
tory agreementin the whole range of the ex
itation energy, independently on the energyloss and on the dire
tion of the net nu
leon transfer is observed betweenexperimental and statisti
al 
al
ulations results.We attempted to des
ribe the data using another approa
h in whi
hinherent features of the mass drift from the proje
tile to the target are es-pe
ially suitable for the appli
ation to the peripheral and inner peripheral
ollisions, produ
ing in the exit 
hannel PLF's lighter than the proje
tile.The random walk model [14℄ taking into a

ount in a proper relation to the
onsidered energy domain, the one- and two-body dissipation seems to besuitable for our purposes. For ea
h impa
t parameter the model providesthe mass, the 
harge, the kineti
 and ex
itation energies of PLF and TLF. Inthe model the heating of two partners is a
hieved through nu
leon transfers.Model results are supplemented by the evaporation 
al
ulations (GEMINI
ode [15℄). This pro
edure allows a dire
t 
omparison of 
al
ulation resultswith measured ones. The 
orrelation between the neutron multipli
ity andthe PLF kineti
 energy and 
harge distribution are followed by the model
al
ulation results (see Fig. 5.2 in Ref. [11℄). A good agreement is foundbetween experimental data and model predi
tions for PLF's 
lose in Z tothe proje
tile, for whi
h the binary nature is justi�ed. The dis
repan
y forthe lightest fragments registered in the 40Ar + 159Tb rea
tion is understood
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ause the data in this region of Z are 
omposed of variety of rea
tionme
hanisms whi
h partly are out of s
ope of the model. The other mainshort
oming is related to the failure of the 
al
ulation to produ
e fragmentsheavier than the proje
tile. The experimental yield of PLF's heavier than theproje
tile is signi�
antly underpredi
ted. This is 
aused by model assump-tion, that nu
leons in the 
ourse of the 
ollision of two ions are transferred ina way whi
h re�e
ts the size of the available phase spa
e in nu
lei involvingthe more favored nu
leon �ow in the dire
tion from the proje
tile to thetarget. 4. SummaryIn summary, the extensive experimental material obtained from the stud-ies of 40Ar(9.75, 9.5 MeV/nu
leon) + 159Tb 
ollisions provide eviden
e forprevailing binary 
hara
ter of the rea
tion, un
overing also the non-binaryaspe
ts in 
reation of PLF far in Z from the proje
tile. The dete
tion ofmore than one massive fragment in the same event may give a unique op-portunity of a 
loser insight into rea
tion me
hanism. Despite the extensivee�orts expended in the last de
ade, the detailed me
hanism of a produ
tionof these fragments is not yet well understood, however the break up of thelighter 
ollision partner into two or more fragments during the intera
tionphase is found to set in already at about 10 MeV/nu
leon and to developfully until about 40 MeV/nu
leon. A 
ontinuation of the investigation of the40Ar + 159Tb rea
tion at the energy of about 10 MeV/nu
leon by means ofthe pre
ise dete
tion of the multifragment emission is therefore expe
ted todeliver new eviden
es of the rea
tion me
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