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CLUSTER EMISSION AND EXTREMELY DEFORMEDSHAPES IN THE N = Z NUCLEUS 44Ti�P. Papka, C. Be
k, F. Haas, V. Rau
h, M. RousseauP. Bednar
zyk, S. Courtin, O. Dorvaux, K. Eddahbi, J. Robinand A. Sàn
hez i ZafraInstitut de Re
her
hes SubatomiquesUMR7500, CNRS-IN2P3/Université Louis Pasteur23 rue du Loess, B.P. 28, F-67037 Strasbourg Cedex 2, Fran
eO. Stezowski, and A. PrévostIPN Lyon, CNRS-IN2P3/Université Lyon-1F-69622 Villeurbanne Cedex, Fran
e(Re
eived November 4, 2002)Highly ex
ited and rapidly rotating 
ompound nu
lei (CN) produ
ed infusion-evaporation (FE) rea
tions 
an be well investigated by using 
hargedparti
le spe
tros
opy. In su
h hot nu
lei, with ex
itation energies as highas E�CN = 80 MeV, the spe
tral shapes of � parti
les provide informationon the nu
lear deformation. We report here on in-plane light 
harged par-ti
le (LCP) � heavy-ion (HI) 
oin
ident measurements for the 16O+28Sirea
tion. The experiment was 
arried out at three bombarding energies,Elab(16O) = 76, 96 and 112 MeV with the multidete
tor array ICAREat the VIVITRON Tandem fa
ility. The Monte Carlo version of thestatisti
al-model 
ode CASCADE, whi
h des
ribes the FE pro
ess, hasbeen used to 
hara
terize the 44Ti CN. A unique set of deformability pa-rameters reprodu
es well the experimental � spe
tra to the three bombard-ing energies. The dis
repan
ies observed for the proton spe
tra are still tobe explained.PACS numbers: 25.70.Gh, 25.70.Jj, 25.70.Mn, 24.60.Dr� Presented at the XXXVII Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 3�10, 2002.(2343)



2344 P. Papka et al.1. Introdu
tionThe LCP spe
tros
opy is based upon the 
umulative LCP energy spe
traoriginating from CN de
ay to residual nu
lei with the 
ontribution of all theintermediate steps. The spe
trum de
onvolution is mu
h simpler in the 44Ti
ase as 
ompared to heavier CN's, su
h as 59Cu, 56Ni or 67Ga, studied inthe past [1-3℄. Fig. 1 displays for the 44Ti CN the position of the yrast line,
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_Fig. 1. Yrast line parametrizations as de�ned in the text (see Table I). Ex
itationenergies (1), (2) and (3) are the entry points in the 44Ti CN for the three 16Obombarding energies. The stars at low spins represent the experimental 44Ti yraststates [5℄. TABLE IDeformability parameters and axis ratios extra
ted from Eqs (1)�(3).Energy [MeV℄ E� [MeV℄ L
r [~℄ Æ1 Æ2 b=a�a=
76 60.2 31 4.7�10�4 1.0�10�7 1.9�2.096 72.3 34 4.7�10�4 1.0�10�7 2.1�2.2112 82.5 35 4.7�10�4 1.0�10�7 2.2�2.3whi
h de�nes the phase spa
e of the light parti
le emission, as simulatedby the statisti
al-model. Deformation e�e
ts lower the yrast line and, thus,redu
e the � parti
le energies [1,4℄. It has been shown [1,2℄ that the trans-mission 
oe�
ients (Tl) 
an be adjusted to shift the barrier position in orderto improve the agreement with the experimental data in the near-barrierregion. In the high-energy part of the � spe
trum, the e�e
t of the Tl issmaller and inverted [2℄ 
ompared to that of the deformability parameters



Cluster Emission and Extremely Deformed Shapes in : : : 2345(see Fig. 2). In this paper we report on the investigation of the 16O + 28Si re-a
tion whi
h has been studied at three di�erent bombarding energies. Theresults of the 
oin
ident measurements are 
ompared to statisti
al-model
al
ulations to sear
h for deformation e�e
ts.
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al
ulated (lines) � spe
tra at Elab = 96 MeV.The ER are dete
ted at �lab = �20Æ, and the � at �lab = 55Æ. The 
al
ulations useeither the RLDM parameters (dashed) or in
reased deformability parameters (line)given in Table I. The left and right sides 
al
ulated spe
tra use Tl from standardOM and with in
reased OM intera
tion radii, respe
tively, as dis
ussed in the text.2. Experimental pro
edures and analysis2.1. The 
harged parti
le multidete
tor array ICAREThe experiment was performed at the VIVITRON Tandem fa
ility ofIReS (Strasbourg) at three bombarding energies Elab = 76, 96 and 112 MeV,with the multidete
tor array ICARE. A 200 �g/
m2 thi
k natural sili
ontarget was used. The �E�E teles
opes of ICARE were 40 �m thi
k Si(SB)dete
tors followed by 2 
m thi
k CsI(Tl) s
intillators for LCP's dete
tion.HI are dete
ted with 4.8 
m long ionization 
hambers (IC) �lled with 11 torrisobutane followed by a 500 �m thi
k Si(SB) dete
tor. Beam intensities werekept 
onstant to � 5 pnA, and the va
uum was of the order of 10�6 torr.In addition to the standard �E �E dis
rimination, time-of-�ight measure-ments were undertaken to dis
riminate LCP's stopped in the �E dete
torsallowing their energy thresholds to be lowered to � 100 keV. Moreover theheavier parti
les rea
hing the �E sili
on diodes 
ould also be eliminatedfrom the data. The LCP teles
opes were lo
ated in the �lab = 30Æ�130Æangular range with �� = 5Æ steps. The IC's 
overed angles in the forwarddire
tion from �lab = 10Æ to �lab = 30Æ with �� = 5Æ steps. Charge



2346 P. Papka et al.dis
rimination 
ould be a
hieved up to Z = 18 for the most forward IC's.Coin
ident measurements using 27 LCP teles
opes and 10 IC's provided aset of more than 2000 
oin
ident ELCP�EHI spe
tra 
orresponding to LCPdete
ted with their asso
iated evaporation residues (Z = 15; 16; 17). It isexpe
ted that su
h an amount of spe
tra is able to 
onstrain the parametersof the statisti
al-model 
ode CACARIZO des
ribed thereafter.2.2. Brief des
ription of the statisti
al-model 
ode CACARIZOCACARIZO, the Monte Carlo version of the statisti
al-model 
odeCASCADE based on the Hauser�Feshba
h formalism, des
ribes the LCPevaporation pro
esses [1,3,4℄. To be 
onsistent throughout the analysis, notonly the energy spe
tra but also the angular 
orrelations were 
ompared to
al
ulations. As CACARIZO predi
ts spe
tra with statisti
al errors theevaluation of the �nal set of deformability parameters was a
hieved by us-ing a standard �2 minimization. The main pra
ti
al interest of the 
ode isthat it o�ers the opportunity to 
al
ulate energy spe
tra in the laboratoryframe, in
luding a detailed a

ount of experimental geometry and dete
torthresholds. Therefore the 
omparisons with data are free from a possiblebias originating from the laboratory to 
.m. frame transformation. Partsof the 
ode have been extensively des
ribed elsewhere [1,3,4℄. Fig. 1 showshow a more realisti
 yrast line (right side) is simulated rather than the ro-tating liquid drop mpdel (RLDM) one [1℄ (left side). As a 
onsequen
e thedeformation in the hot rotating nu
lei implies that the ex
itation energy, fora 
orresponding total angular momentum J , is lowered as 
ompared withspheri
al nu
lei. The yrast parametrizations (see Eq. (1)) are a
hieved withthe two deformabity parameters Æ1 and Æ2 whi
h �t the experimental data,their values are given in Table I. As the level density is shifted to lower E�the LCP emission probabilities are enhan
ed with a larger number of avail-able levels. Consequently low-energy parti
les are more likely emitted. Theother important part of the 
ode is the Tl 
al
ulation. They are of impor-tan
e in the near-barrier region where, for ea
h light parti
le and at a givenkineti
 energy, they de�ne the emission probability of low-energy parti
lesto es
ape from the potential. Well above the barrier, the kineti
 energy ishigher than the potential barrier making the Tl to be mu
h more insensitive.The values of the 
riti
al angular momentum L
r listed in Table I are de-du
ed from the 
omplete fusion 
ross se
tion data [6℄ using the sharp 
uto�model. The L-di�useness is set equal to unity [3,4℄ and the level densityparameter a to A/8 MeV�1 [7℄.
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tive moment of inertia to axis ratiosThe yrast line is parametrized with the deformability parameters (Æ1;2):EJ = ~22Je� J(J + 1) with Je� = Jsphere(1 + Æ21 + Æ42) ; (1)where Je� is the e�e
tive moment of inertia and Jsphere is the rigid bodymoment of inertia of a spheri
al nu
leus. Assuming an ellipsoidal shape forJe� and volume 
onservation, the axis ratio (Table I), are equal to:a=
 = (1 + Æ1J2 + Æ2J4)3=2 ; (2)for an oblate shape,1+ (3� 
)x+3x2+ x3 = 0 with x = (b=a)2 and 
 = 8(1 + Æ1J2+ Æ2J4)3 ;(3)for a prolate shape. Ratios a=
 and b=a are given in Table I.3. Dis
ussion of the experimental results3.1. Fitting pro
eduresIt has been shown in several 
ases [2-4,7℄, that Æ1 and Æ2 may be theonly parameters to be adjusted in order to des
ribe the spe
tral shapes 
on-sistently. However, in some 
ases [1℄ dis
repan
ies are still observed in thelow-energy parts of the spe
tra where yields are systemati
ally underesti-mated. The left side of Fig. 2 shows the need of a few MeV shift of thebarrier to lower energies when the Tl are 
al
ulated with the opti
al model(OM). In this semi-empiri
al 
al
ulation, using reverse kinemati
s rea
tiondata, the emitter is 
onsidered as a 
old nu
leus, far from ex
itation ener-gies rea
hed in CN, so that the in�uen
e of the ex
itation is not taken intoa

ount. The only way to solve this problem is to 
orre
t the Tl whi
h aredeformation dependent. Several authors [1,2℄ have shown that an in
rease ofthe OM intera
tion radius 
ould be a reasonable approximation to simulatethe data. For the present 16O + 28Si rea
tion an in
rease by a fa
tor 1.3is su�
ient. We 
on
entrate more on the high-energy part of the spe
trawhere the � tails are reprodu
ed with a unique set of Æ parameters almostindependently from the Tl 
hoi
e. However the low-energy part of spe
trahas still to be better des
ribed by means of a Tl 
orre
tion in the frameworkof ex
ited nu
lei as shown on the right side of Fig. 2. Although 44Ti is fedthrough three di�erent entry points the yrast line has to be parametrizedin the same way so that all of the 2000 
oin
ident spe
tra are 
onsistently
ompared to 
al
ulation. Moreover, in order to validate this 
al
ulation, theLCP angular distributions have also to be reprodu
ed.



2348 P. Papka et al.3.2. Spe
tral shape of � parti
lesFig. 3 illustrates how well data are reprodu
ed for � parti
les with theappropriate set of parameters given in Table I. The axis ratios are extra
tedfrom the e�e
tive moment of inertia whi
h represents the dynami
 deforma-tion of the hot rotating nu
lei populated at the 
riti
al angular momentum(Eqs (1)�(3)). The axis ratios reported in Table I indi
ate strong deforma-tion e�e
ts for both oblate and prolate assumptions of the 44Ti CN. Herethe possible 
oexisten
e of more exoti
 shapes is not 
onsidered.
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Fig. 3. Experimental (points) and 
al
ulated (solid lines) � spe
tra for the three16O bombarding energies. The HI's are dete
ted at �lab = �15Æ with �'s beingemitted in 
oin
iden
e at the indi
ated angles. Cal
ulations were 
arried out withthe parameter set of Table I.
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tral shapes of protonsDespite the fa
t that the � spe
tra are well reprodu
ed, the behaviourof the proton spe
tra shown in Fig. 4 is far from being understood. This isto be 
ontrasted to other experiments 
arried out in neighbouring systemsfor whi
h both �'s and protons are simultaneously well reprodu
ed [4,7℄.However, su
h large dis
repan
ies have already been observed in our pre-vious investigation of the 28Si + 28Si fusion rea
tion [8℄. The proton energy
alibration is a di�
ult task with large un
ertainties (� 10%) as shownby the energy error bars given in Fig. 4. However it does not explain byitself the systemati
 disagreement between the 
al
ulations and the data.This disagreement still remains an open question. The slopes of the protondistribution tails, whi
h is an estimate of the nu
lear temperature of theemitting nu
lei, seem to be in
onsistent with the � spe
tra. This meansthat another phenomenon o

urs in the de
ay 
hain. Probably the presentstatisti
al-model 
ode is not 
apable to fully a

ount for the sequential pro-ton emission from the de
ay 
hain of �-like nu
lei.
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Fig. 4. Experimental (points) and 
al
ulated (solid lines) proton spe
tra for Elab =96 MeV. The HI's are dete
ted at �lab = �15Æ and the 
oin
ident protons at theindi
ated angles. 3.4. � angular 
orrelationsThe 
al
ulated � angular 
orrelations are found to be insensitive to the
hoi
e of the yrast line des
ription. Although the angular 
orrelation data donot 
onstrain the statisti
al-model parameters, the perfe
t agreement shownin Fig. 5 for �'s (protons 
orrelations are also well predi
ted) indi
ates thatthe present 
al
ulations are 
onsistent at least for �-emission.
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Fig. 5. Experimental (open points) and 
al
ulated (solid lines) � angular 
orrela-tions for the three indi
ated 16O bombarding energies. The HI's are dete
ted at�lab = �15Æ as indi
ated by the arrows.4. Con
lusionsThe present analysis indi
ates that for 16O + 28Si the bulk of � yieldsarises from CN statisti
al emission. In previous experiments [4,8℄ the o

ur-ren
e of 8Be 
luster emission has been seen in the � spe
tra and has beeninterpreted as the result of an �-transfer me
hanism from the 12C target tothe proje
tile. A massive 8Be transfer from 16O to 28Si is not observed inthe present data. The des
ription of the � parti
le spe
tra in the frameworkof the statisti
al model indi
ates strong deformation e�e
ts in the 44Ti CNwith axis ratios 
onsistent with superdeformation. This dynami
 deforma-tion, rea
hed at L
r, has to be distinguished from the stati
 deformationobserved in 
-ray spe
tros
opy. A

ording to the weakly populated SD ro-tational bands dis
overed in 40Ca [9℄, it will be of interest to extend theexisting 44Ti level s
heme to higher spins with the use of large 
-ray multi-dete
tor arrays. Work is in progress to explain the unexpe
ted dis
repan
iesobserved for the proton spe
tra, in parti
ular with the future investigationwith ICARE of the 32S + 12C rea
tion whi
h populates the same 44Ti CN.One of us (P.P.) would like to thank the Zakopane Summer S
hool orga-nizing 
ommittee for giving him the opportunity to present his Ph.D. Thesiswork. The authors wish to thank the VIVITRON sta�, M.A. Saettel forpreparing the targets, and J. Devin and C. Fu
hs for the ex
ellent supportin 
arrying out this experiment.
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