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NEW PERSPECTIVES FOR STUDIES OF REACTIONMECHANISMS AT LOW-MEDIUM ENERGIES�F. Gramegnaa, P.F. Mastinua, L. VannuiaE. Bosolo Marhia, R. Cherubinia, A. Moronib, A. BraobF. Camerab, B. Millionb, O. Wielandb, G. Benzonib, S. LeonibA. Airoldib, R. Sahib, E. Galbuserab, A. GiussanibA. Ottolenghib;l, E. Gadiolib, F. Ballarinib, A. MajM. Brekiesz, M. Kmieik, S. Barlinid, A. LanhaisdM. Brunod, M. D'Agostinod, E. Geraid, G. VanninidA. Ordinee, G. Casinif , A. Nanninif , M. Chiarif , U. AbbondannogP.M. Milazzog, G.V. Margagliottig, and A. BonaserahaLaboratori Nazionali di Legnaro, I.N.F.N., Legnaro (Padova), ItalybI.N.F.N. and Dipartimento di Fisia dell'Universitá di Milano, Milano, ItalyThe H. Niewodniza«ski Institute of Nulear Physis, Kraków, PolanddI.N.F.N. and Dipartimento di Fisia dell'Universitá di Bologna, Bologna, ItalyeI.N.F.N. Sezione di Napoli, Napoli, ItalyfI.N.F.N. Sezione di Firenze, Firenze, ItalygI.N.F.N. and Dipartimento di Fisia dell'Universitá di Trieste, Trieste, ItalyhLaboratori Nazionali del Sud, I.N.F.N. Catania, ItalylUniversitá degli Studi di Pavia, Dipartimento di Fisia, Pavia, Italy(Reeived Deember 6, 2002)Many open questions regarding the study of reation mehanisms withheavy ions have still to be solved, even in the energeti range between 5 and20 MeV/u, whih is overed by the aelerating system Tandem XTU�LinaALPI of the Laboratori Nazionali of Legnaro. Using omplex apparatuseslike GARFIELD, oupled with di�erent anillary detetors, it is possibleto perform exlusive measurements, whih should be apable of giving newimportant information, in order to better understand both nulear strutureproblems, like for example the study of the mehanisms underlying theGiant Dipole Resonane Damping, and reation mehanisms phenomena,like the haraterization of those mehanisms whih are responsible forthe many-fragment emission. Preliminary results and future plans to beperformed with the GARFIELD faility have been desribed.PACS numbers: 21.65.+f, 25.70.Pq, 24.30.Cz, 24.60.Dr� Presented at the XXXVII Zakopane Shool of Physis �Trends in Nulear Physis�,Zakopane, Poland, September 3�10, 2002.(2353)



2354 F. Gramegna et al.1. IntrodutionThe energy range overed by the omplex Lina ALPI�Tandem XTU ofthe Laboratori Nazionali di Legnaro, between 5 and 20 MeV/u, has alreadybeen studied in the past, but most of the performed measurements wereinlusive and inomplete. This was expeially due to the limited detetione�ienies of the experimental apparatuses (often only disrete elementsovering small solid angle portions have been used). Several questions aretherefore still open and require an ambitious experimental program to beperformed. In order to go further with the knowledge both on nulear mat-ter behaviour in ritial situations as far as we deal with density or temper-ature, and on those problems more diretly onneted to nulear struture,oinidene measurements and orrelations studies between key observablesbeome neessary. 2. Experimental set-upThe GARFIELD apparatus is a large aeptane detetor, omposed ofthree parts, whih �nally over almost the whole solid angle. Two ylindrialdrift hambers with gaseous miro-strip detetors in the ampli�ation regionover the region between � = 30Æ and 150Æ: the �E signals are providedby the mirostrip gas detetors, whih ollet and pre-amplify the eletronsprodued in the gas along the trak of the reation produts, while theresidual energy signal is given by CsI(Tl) rystals, whih are loated in thesame gas volume.

Fig. 1. Piture of one of the two drift hambers of GARFIELD.



New Perspetives for Studies of Reation Mehanisms : : : 2355The two drift hambers are divided respetively in 21 and 24 setors:a piture of one drift hamber is shown in Fig. 1. The forward angles anbe overed by di�erent detetors suh as position sensitive parallel plateavalanhe ounters (PSPPACs � 20 � 20 m2), followed by some Si(Li)detetors, in order to measure energy and mass of the forward produts usingthe Time of Flight � Residual Energy method. In alternative an annularthree stage telesope an be used (6Æ � �lab � 18Æ), whih is omposed by 8ionization hambers, a silion detetor 300 �m thik, divided in 8 setors of8 strips eah, followed by 16 CsI(Tl) rystals. This so-alled Ring Counteran identify a broad range of produts, from light harged partiles to heavyresidues with a low identi�ation threshold (< 800 keV/n).There are many interesting and still puzzling themes to be investigatedin this �eld. We have addressed our e�ort and we will dediate our ativityto the following problematis:� Cross setion measurements relevant for radiotherapy and for the eval-uation of the Health Risk for Astronauts;� The study of the damping mehanisms of the giant dipole resonanein highly exited nulei, oupling GARFIELD [1℄ with the HECTORArray [2℄, whih is made of 8 BaF2;� The study of thermodynamis and dynamis in nulear physis: searh-ing for possible signatures of a ritial behaviour of nulear matterstarting from relatively low energy;� The study of the open questions in dissipative proesses: energy par-tition depending on the mass asymmetry of the exit hannel, limit ofthe Nulear Exhange Model for bombarding energies greater than10 MeV/u, new dynamial proesses as for example the random nekrupture or the luster exhange.3. Cross setion measurements relevant for radiotherapy and forthe evaluation of the health risk for astronautsThe use of arbon beams is nowadays onsidered very important for thehigh ionization density indued by these ions at the end of the range andfor their high biologial e�etiveness [3℄. This permits to use very foalizeddoses on the tumoral mass. Nevertheless, more information is needed onnulear ross setions of arbon on tissue � equivalent materials.The optimization of the treatment with a Heavy Ion Indued Therapyto maximize the Tumor Control Probability an be improved in order toontrol the Risk of Compliations in Normal Tissues, whih ould be aused



2356 F. Gramegna et al.essentially by lighter partiles with di�erent range and stopping power, pro-dued for example from the break up of the primary beam. Cross setiondata are therefore requested to implement odes whih should predit thebiologial e�ets of arbon beams and of their seondary produts in a broadenergeti range [4℄. Measurements have been performed in Legnaro studyingthe reations 12C on 12C, 40Ca, Mylar,181Ta from 6 to 20 MeV/u and 16Oon 12C, from 6 to 18.5 MeV/u.3.1. Preliminary resultsSome preliminary results obtained for �-partiles emitted in the reations12C +12C and 16O+12C for 4 di�erent angles are shown in Fig. 2 as a funtionof the inident energy. Double di�erential ross setion spetra Æ�2Æ
ÆE for thetwo reations and as a funtion of the di�erent inident energies have alsobeen obtained.
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Cs8 (35°)Fig. 2. Cross setion for �-partiles emitted in the C + C reation (left panel) andO + C reation (right panel) for di�erent detetion angles, as a funtion of theinident energyThe analysis is still in progress: muh work has to be performed gettingross setion information for �-partiles for all the other targets, but alsofor di�erent reation produts whih have to be studied in order to giveinformation on the total reation ross setion.4. Studying the damping mehanism of the giant dipoleresonane at high exitation energyThe relatively high exitation energy region (�� > 2 MeV, that meanshigh temperature values) is still not well understood as far as it regards theproblem of the damping mehanism of the Giant Dipole Resonane built onexited states [5℄. The old open question, whether the width of the GDRsaturates or inreases, has now addressed the fat that the exitation energyof the emitting system is not really well determined.



New Perspetives for Studies of Reation Mehanisms : : : 2357All the measurements performed up to now were essentially inlusive.This is a good approximation at low energy, where the fusion-evaporationhannel aounts for the major part of the reation ross setion. At higherenergy this is no more the ase: it beomes therefore neessary to per-form further measurements as exlusive as possible. As a �rst the group inSeattle [6℄ studied the reations 18O + 100Mo at 250 MeV, measuring thelight harged partiles emitted when a tag on the -rays was given (that isE > 10 MeV). Following that idea, we deided to measure in the same timethe oinidenes between Evaporation Residues (ER) and the high energy-rays, using two di�erent reations with di�erent asymmetry in the en-trane hannel: 64Ni + 68Zn at 400 and 500 MeV inident energy, orre-sponding to 150 and 200 MeV of nominal exitation energy respetively and16O + 116Sn at Ebeam = 250 MeV (with E� = 200 MeV). In the same timeand using the same experimental onstraint on the ER trigger, we performeda oinidene measurement between the ER and the light harged partiles.Triple oinidenes were also olleted, but of ourse they are limited by thee�ieny of the whole oinidene system. From a moving soure �t methodthe fast and evaporative omponents of the light harged partiles spetraan be extrated, leading to an estimation of the pre-equilibrium emission.4.1. Preliminary resultsAlready very preliminary results [7℄, suggest that interesting information,an be derived from these very lean measurements. The -ray spetra forthe three reations are shown in Fig. 3. The two spetra assoiated with themeasurements with the Ni beam at two di�erent bombarding energies, arevery similar. On the ontrary, the -ray spetra for the two reations whihshould lead to a ompound nuleus at the same nominal exitation energy(made through the symmetri (Ni + Zn) or asymmetri (O + Sn) entranehannels) di�er in their statistial part.Calibration of the energy spetra of the light harged partiles is inprogress in order to get the information on the amount of pre-equilibriumemission in the two ases. From a diret omparison of the partile spetrain the same detetor at relatively forward angles (30Æ�40Æ) important dif-ferenes seem to be already visible from the raw data. The analysis is inprogress regarding both, the alibration of the Gar�eld array and a morere�ned study of -rays spetra.
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Fig. 3. Comparison between -rays spetra obtained from the reations64Ni + 68Zn at 500 MeV, 64Ni + 68Zn at 400 MeV, 16O + 116S at 250 MeV.5. Multifragment emissionThe multi-fragment emission is an important phenomenon whih madethe sienti� ommunity of intermediate energy regime debate sine manyyears. Initially the prodution thresholds for suh a phenomenon was infat expeted at energies omparable at least to the Fermi energy regime,that is around 40�50 MeV/u, but lately the prodution threshold seemedto be lowering more and more. The main debate in the past was based onthe question whether the emission of many fragments was a fast (almostprompt) proess or a sequential one (subsequent sequential �ssions). Nowa-days the debate is more entered on the problem whether the mehanismof multifragmentation is purely statistial (the emitting system is equili-brated) or wether it is governed by dynamial fores. In spitte of the fatthat these two ases are haraterized by di�erent senarios, often the sameexperimental signatures may be expeted. It is then of great importaneto deide on whih measurements and what kind of data analysis should beperformed to shed more light on the studied phenomena. On one side, infat, the behavior of the system an be assoiated with a ritial behavior ofthe nulear matter where some experimental signature an be observed as aproof of a phase transition (ontinuous or disontinuous is another matter ofdebate). On the other side important ideas on dynamial driven instabilitieslike surfae or volume instabilities are onsidered and an be used to desribethe system as it was in a ontinuous evolution from a ompression stage toan expansion state, but never reahing the thermo-dynamial equilibrium.Some statistial miroanonial alulations have been performed onsider-



New Perspetives for Studies of Reation Mehanisms : : : 2359ing an equilibrated system and the models predit, for �nite and isolatedsystems, anomalies [8℄ of the thermo-statistial observable at the onset ofmulti-fragment prodution. These signals, orresponding to the opening ofthe phase spae and to the inrease of the varianes of the stati observable,are expeted already at an exitation energy of 2�3 MeV for a �rst orderphase transition. The alori urve, whih relates the internal energy of anexited system at thermodynamial equilibrium to its temperature, shouldbe a priori the simplest experimental tool for the existene of a phase tran-sition. A bak-bending in the alori urve orresponds to the inreasedrequest of energy neessary to reate fragments and to the onsequent de-rease of the available thermal energy and it would be a strong indiationof a possible transition of �rst order. Other signals are expeted, whih anbetter determine what is going on, and must be ross heked beause nosignal by itself is su�ient to demonstrate the phenomenon.For example if a bak-bending is observed a negative branh in the heatapaity should also be present in orrespondene to ritial events to signalthe formation of latent heat [9℄. From the experimental point of view, apartfrom looking at the major number of possible signals (see for example thesaling laws whih relate the behavior of observables at di�erent sales, thatis for di�erent sizes of the system) a great auray is requested in themeasurements.Pushed by the theoretial preditions and also by the fat that at rel-atively low energy the experimental situation ould be more easy to fae,due to the lower number of unknown phenomena, we planned an experimen-tal program to study emission of many fragments at low energy, hoping toontribute to shedding light on the nulear matter behavior.5.1. Preliminary resultsA �rst measurement has been performed studying the reation11 MeV/u of 32S on 58Ni at the Laboratori Nazionali di Legnaro. A vari-ety of di�erent models, from statistial sequential models (GEMINI) [10℄ tostatistial multifragmentation models (SMM) [11℄ and to dynamial models(CMD, QMD) [12℄, ould often desribe the inlusive distributions resultingfrom experiments with many fragment prodution. Again only very exlu-sive analyses ould permit to shed some light on the equilibration reahedby the systems, on the olletive degrees of freedom still playing a role or onwhatever else an in�uene the system under study.It beomes therefore really important, besides �ltering orretly the sim-ulated events through the experimental aeptane of the apparatus, to lookfor those orrelated observables whih an help in disriminating betweendi�erent hypothesis.



2360 F. Gramegna et al.For example the harge orrelations between the three largest fragmentsin one event permit a �rst haraterization of the kind of harge partitionand of the major prodution mehanism. Then of ourse relative veloityorrelations an give some insight on the emission time between followingsteps et. A dynamial ode simulation has been performed and �lteredthrough the experimental apparatus aeptane. Seleting three fragmentsin the whole apparatus a remembrane of the entrane hannel is present,so this means that even large impat parameters are still inluded with theprojetile-like fragments (PLF) visible in the spetrum. When the seletionis made on events with three fragments deteted at large angles that is from50Æ to 130Æ in the enter of mass referene frame, only entral ollisions areseleted.The experimental Z distribution as deteted in the whole apparatus andthat one deteted only in GARFIELD are shown together with the samedistributions simulated by CMD in Fig. 4.
Fig. 4. Left panel: Experimental harge distribution of IMF deteted in the wholeapparatus (open symbols) and in GARFIELD (full symbols) for events with at leastthree fragments; right panel: Charge distribution of 3 fragments predited by CMDemitted everywhere in the apparatus (open symbols) and deteted in GARFIELD(full symbols), whih orrespond to b < 2:5 fm.The bump lose to Z = 16 shows the PLF - this bump ompletelydisappears in the GARFIELD-only distributions. The orrelation funtionof �-partiles, studied for events where the two �'s were emitted togetherwith three fragments deteted in GARFIELD, on�rms again that, when thethree fragments are deteted in GARFIELD, they are assoiated with entralevents � they are orrelated with an isotropi emission of �-partiles.The orrelation between the harge distributions of the three largestfragments in the event (Dalitz plots) are shown in Fig. 5 and 6: For theGEMINI ase, the �lter applied inludes the whole apparatus and the simu-lation regards the ase with an angular momentum lose to the maximum Lfor that reations (hLi = 48~), beause only in this ase the sequential sta-tistial model predits emission of Intermediate Mass Fragments. It is quite



New Perspetives for Studies of Reation Mehanisms : : : 2361
 

Fig. 5. Charge distribution of the three largest fragments deteted in eah eventand relative Dalitz plot simulated by GEMINI statistial model with hLi = 48~(left panel) and the same, but simulated by SMM statistial multifragmentationmodel (right panel).
Fig. 6. Charge distribution of the three largest fragments deteted in eah eventand relative Dalitz plot simulated by CMD dynamial model (left panel) and thesame, but for experimental data (right panel).obvious that due to the very asymmetri partitioning of the fragments, aspredited by the sequential ode, this is automatially ut out from the om-parison with the experimental distribution, beause the big fragment, dueto momentum onservation, is neessarily direted in the forward diretion.It is however important to show that a sequential statistial deay based ontransition state formalism would predit at these energies emission of In-termediate Mass Fragment only if a large angular momentum is onsidered.The distribution simulated through SMM is more similar to the data, butstill quite asymmetri, while the loser distribution to the experimental oneis the one simulated by the dynamial ode, CMD: this omparison givesin any ase only a qualitative information, beause CMD surely does notonsider all struture information that ould be still important at quite lowenergies. The only onlusion we an draw here is that more informationis needed to understand what is really happening and whether also at lowenergy a real thermodynamial system has been formed or not. During theexperiment also the measurement for the 32S+64Ni system was perfomed fora short time and the omparison between the two reations shows some smallbut important di�erenes. Are those struture e�ets still e�etive at rela-tively high exitation energy? Are they isospin e�ets whih in�uene thephase diagram? In this ase we also think that more data and investigationsare needed.



2362 F. Gramegna et al.6. Conlusions and outlooksDi�erent problematis have been addressed during studies using theGARFIELD faility: from measurements onneted to applied physis, tothose devoted to the study of a ritial behaviour of nulear matter, andto measurements onneted to nulear struture like the emission of GDR-rays at high exitation energy. The oupling between GARFIELD andthe HECTOR detetor have demonstrated to be a powerful tool to performvery lean measurements in whih oinidenes between harged produtsand -rays an be easily olleted. This will help in better understanding thephenomena whih our in the relatively high exitation energy region, bothfrom the side of reation mehanisms and from the side of nulear struture.Having in mind that there are still many interesting problems to fae we areplanning to perform new and di�erent measurements around the A = 100�130 mass region aimed at studying all the possible systems whih ould bereahed using the LINAC ALPI of LNL in the next future at relatively highexitation energy, in the main frame of a new experimental program alledNUCL-EX.This work has been supported by the I.N.F.N., EU ontrat No. HPRI-1999-CT-00083 and the Polish State Committee for Sienti� Researh(KBN) Grant No. 2 P03B 118 22 and by grants of the Italian Ministry ofInstrution, University and Researh (MIUR) and of Alma Mater Studiorum(Bologna University). The authors are indebted to A. Boiano, R. Cavaletti,A. Cortesi for their skillful assistene.REFERENCES[1℄ F. Gramegna et al., Nul. Instrum. Methods Phys. Res. A389, 474 (1997);F. Gramegna, GARFIELD proposal, not published.[2℄ A. Maj et al., Nul. Phys. A571, 185 (1994).[3℄ J. Heilmann, Tauher-Sholz , GSI Report�95�10, 0171�4546, (1995).[4℄ A. Ottolenghi et al., GSI Report 95-10 (ISSN 0171-4546) (1995), p. 117;A. Ottolenghi et al., Physia Media, XVII, 3-12 (2001).[5℄ P.F. Bortignon, A. Brao, R. Broglia, Giant Resonanes- Nulear Strutureat Finite Temperature, Contemporary Conepts in Phys. Vol 10, HarwoodAademi Publisher, 1998.[6℄ M.P. Kelly et al., Phys. Rev. Lett. 82, 3404 (1999).[7℄ O. Wieland et al., to be published.[8℄ D.H.E. Gross et al., Z. Phys. D39, 75 (1997).[9℄ P. Chomaz, F. Gulminelli, Nul. Phys. A647, 153 (1999).[10℄ R.J. Charity et al., Nul. Phys. A483, 371 (1988).[11℄ D.H.E. Gross, Rep. Prog. Phys. 53, 605 (1990); D.H.E. Gross, Phys. Rep. 279,119 (1997).[12℄ M. Belkaem et al., Phys. Rev. C52, 271 (1995).


