
Theoretial Desription of Proton and Light Ion-Indued ReationsWithin the HINDAS CollaborationJ. CUGNON1, TH. AOUST2, P. HENROTTE, B. VAN DEN BOSSCHEUniversity of Li�ege, Physis Department B5B-4000 Sart Tilman Li�ege 1, BelgiumA. BOUDARD, S. LERAY and C. VOLANTDAPNIA/SPhN, CEA/Salay, F-91191 Gif-sur-Yvette Cedex, FraneAbstrat. The HINDAS ollaboration put forward the improvement of the intranulear asade(INC) plus evaporation model for spallation reations in the 200 MeV to 2 GeV range. This e�orthas led to the onstrution of the reent version INCL4 of the Li�ege INC model, whih is brieydesribed here. Current developments of the model are also presented.1 IntrodutionOne of the tasks of HINDAS was \to develop a theoretial model for p-indued reations in the200 MeV to 2 GeV range, to be validated on benhmark experiments, and to be inluded in thepartile transport ode HERMES". The hoie of the HINDAS ollaboration turned towards themodel resulting from the oupling of the Li�ege intranulear asade model INCL1�3) and the Karl-Heinz Shmidt evaporation-�ssion model ABLA4). The present paper reports on the developmentsof the INCL model during the period of the HINDAS program.Prior to HINDAS, the INCL21) and INCL32) versions of INCL were able to give good results forneutron double di�erential ross-setions, but su�ered of some shortomings: (i) they failed on thequasi-elasti peak, (ii) residue ross-setions lose to the target mass were underestimated and (iii)the statistial implementation of the Pauli bloking led to unphysial results. We explain belowhow these shortomings are ured in the new version INCL43) developed within the frame of theHINDAS program. We will omment on some seleted important results and say a few words onthe developments of the INCL model outside HINDAS.2 Desription of INCL4Let us �rst desribe the main features of the INCL model. Its basi premise is the desriptionof the nuleon-nuleus interation as a sequene of binary ollisions (and deays) well separated inspae-time. In fat, all the partiles are followed in time, move on straight-line trajetories until twoof them reah their minimum distane of approah (when ollision is deided or not on a minimumdistane of approah riterion), or until a partile hits the surfae (when it an be transmitted orreeted), after whih straight-line motion is resumed, and so on. Collisions are subjeted to Paulibloking, stohastially, aording to a probability linked with phase spae oupanies evaluated onthe neighbourhood of the andidate �nal states of the partiles. Cross-setions are supposed to beas in free spae. Pion and � degrees of freedom are introdued. The target is supposed to oupy asphere with a sharp surfae, in whih nuleons undergo the e�et of a onstant attrative potential.An important aspet of the INCL model is the \self-onsistent" determination of the stopping time,at whih an evaporation model is to be ranked: the average evolution of many physial quantitiesexhibits a hange of rate roughly at the same time, whih is hosen as the stopping time.1e-mail:J. Cugnon�ulg.a.be2Also at SCK-CEN, Mol, Belgium 1



The desription of INCL4 is ompleted by the following additional points.1. Introdution of a smooth surfae. Target nuleons are positioned at random aording toa Saxon-Woods distribution for the density �(r), ut at Rmax = R0 + 8a. Their momentum israndomly generated in a sphere of radius pF ; r � p orrelations are introdued in order to aountfor the fat that fast nuleons travel farther out than slow nuleons. Nuleons with momentumbetween p and p+ dp are assumed to ontribute to the density �(r) by the layerÆ�(r) = (�(R(p))� �(R(p+ dp)))�H(R(p)� r); (1)where �H is the Heaviside funtion. This de�nes the orrelating, monotonously inreasing, funtionR(p). This presription amounts to take �rst momentum p at random and then position at randomin a sphere of radius R(p). Furthermore, partiles of momentum p are feeling a potential of onstantdepth V0 and of radius R(p). It is shown in Ref.3) that this leads to a total stabilization of the target(in terms of r and p distributions) in absene of ollisions. This proedure is basially equivalentto putting partiles in a Saxon-Woods potential well, but keeps the simpliity of the straight-linemotion, whih allows to propagate partiles in a single time step between ollisions.2. Consistent dynamial Pauli bloking. The ombination of the statistial generation of theinitial state and the statistial implementation of the Pauli bloking leads to unphysial e�ets.Beause of utuations the phase spae oupany f (measured by ounting partiles in a smallphase spae volume) an be smaller than one, even in the initial state. As a onsequene, even the�rst ollision made by the inoming partile may lead to a derease of the energy of the ollidingtarget partile, if the foreseen position of the latter in phase spae is just in a region where f <1.In suh a ase, the target exitation energy may beome negative. In most events this de�ienyis ured by subsequent ollisions. To remove this undesirable e�et we do not allow ollisionswhih ould lead to a negative exitation energy of the urrent Fermi sea, i.e. the energy of allpartiles with momentum below pF annot be smaller than the ground state of the urrent Fermisea, de�ned as the energy of the original Fermi sea minus the separation energy of the nuleonswhih have esaped from it.3. Inident light lusters. Inident light lusters, up to 4He, an now be aommodated by theINCL4 ode.4. Improved pion dynamis. The dynamial piture of pion prodution has been improvedon some points. In partiular, a orreted detailed balane formula, whih aounts for the �nitelifetime of the � resonanes, is used to determine the N�! NN ross-setion.5. Remnant angular momentum. This quantity is provided as an output of the ode. It isalulated as the di�erene between the initial angular momentum and the angular momentumarried by the ejetiles.6. Spetators and partiipants. Spetators are moving, whih generates a physial rearrangementof the density, but are not allowed to ollide among themselves.The numerial ode INCL4 is basially a parameter-free ode. Input data are taken from experi-ment (target radius, ross-setions, et) or �xed one for all (e.g. Fermi momenta). Tehnially onlytwo parameters (potential depth and stopping time) are left free, although they annot reasonablyhanged muh from their optional values.In Ref.3) INCL4 preditions are shown to be quite suessful when ompared with a large body ofexperimental data inluding total ross-setions, neutron and proton di�erential ross-setions, neu-tron and harged partile multipliities, residue mass and harge distributions, isotopi distributionsand residue reoil energy distributions. 2



3 Some signi�ant resultsThe amplitude of the quasi-elasti peak both in n and p spetra is well desribed by INCL4. Thisis basially due to the introdution of a smooth nulear surfae, whih enhanes the rate of singlesattering events. However, if the position of the peak is well reprodued in p spetra (see Fig.1), itis loated at a too high energy for n spetra. This probably reets the e�ets of olletive degreesof freedom, whih show up oherently in single sattering events, but are wiped out in multiplesattering events, whih are dominated by inoherent e�ets.
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Figure 1: Comparison of the INCL4+ABLA preditions with experimental proton double di�erentialross-setions for the indiated systems. Data are from Refs.5�7). Adapted from Ref.8)The residue mass spetra are onsiderably improved in INCL4 (see Ref.3) ), espeially for residueswith mass lose to the target mass. This is also due to the introdution of a smooth surfae, whihenhanes the rate of events with a small exitation energy. The �ssion yield is usually well desribed,a result whih is mainly attributable to the use of the �ssion model ontained in ABLA, but alsoto the exitation distribution generated by INCL4.We would like to omment on the reoil energy of the residues. Its value is overwhelminglydetermined by the asade stage. It is well desribed by INCL4, as depited by Fig.2. Moreimportantly, longitudinal reoil veloities have been measured. It is found9) that their mean valuefor a given mass loss inreases linearly with this mass loss and that their variane is also a linearfuntion of the mass loss (at least for not too large mass losses). Therefore, variane and meanvalue are proportional. This is akin to the �ngerprint of a random walk proess, whih an readilybe identi�ed with the sequene of suessive ollisions: eah ollision produes another reoilingpartiipant whih ultimately transfers its momentum to the remnant. The observed proportionalitythus provides us with a justi�ation of the basi assumption of the INC approah, namely theindependene of the suessive ollisions.Finally, we say a few words about the stopping time. We heked that, by hanging the stoppingtime by a few fm/'s, the results are not modi�ed sensitively. Of ourse, if it is hanged more sizably,results may hange drastially. In partiular, if it is diminished by more than, say, 10 fm/'s, neutronspetra an be substantially depleted in the region between 20 and 50 MeV. It looks as our stoppingtime has just the value whih makes the introdution of an intermediate so-alled pre-equilibriumstage10) unneessary (there is no missing feature in our predited nuleon spetra just above the3
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Figure 2: Comparison of the INCL4+ABLA preditions (triangles) with experimental averageresidue reoil energy(irles), as a funtion of the mass loss. Data are from Ref.9). Adapted fromRef.3)evaporation part, see Fig. 3). Perhaps it is appropriate to say that our asade model exhibits twoimportant features: it is able to desribe the features usually attributed to pre-equilibrium models(exept for luster emission, but see below the extensions of our model) and it piks up (by the'self-onsistent' determination of the stopping time) the time at whih the system is suÆientlyrandomized for evolving further by evaporation.4 Developments outside HINDAS4.1 Cluster emissionSine this topi is largely overed by A. Boudard12) in his ontribution at this meeting, we justexplain briey the model used to aomodate luster emission during the asade stage. When apartile is heked for leaving the nuleus (and provided it has full�lled the test for transmissionthrough the Coulomb barrier), it is veri�ed whether it an drag along a luster, in whih it isembedded. A luster is de�ned as a group of nuleons lose to eah other in phase spae. Atually,the andidate luster is onstruted, starting from the onsidered partile, by �nding a seond, thena third, et, nuleon satisfying the following onditionri;[i�1℄pi;[i�1℄ � P0 (2)on the Jaobian oordinates of the i-th nuleon, i.e. the relative oordinates of this nuleon withrespet to the subgroup onstituted of the �rst [i � 1℄ nuleons. A luster is emitted if its (ki-neti+potential) energy is suÆient to give an asymptoti bound luster with positive kineti en-ergy and if it sueeds the test for transmission through the Coulomb barrier. Of ourse, energy isonserved during the emission of the luster.Clusters up to 4He are onsidered. If a large luster is built and if it does not sueed the testsfor emission, the next largest luster in the building proess is then tested for emission, and so on.In other words, we adopt the following hierarhy: 4He >3 He; t > d > n; p. Finally, as nuleons areheked for emission at the outer fringes of the nuleus, i.e. in a region where the density is very4
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Figure 3: Comparison of the INCL4+ABLA preditions with experimental neutron double di�eren-tial ross-setions for the indiated system. Data are from Refs.11). Adapted from Ref.8)small, we get it bak by a small distane d before building the luster. In summary, this model is asort of surfae oalesene model, relying on the instantaneous phase-spae oupany, dynamiallygenerated by the INC itself. It is quite di�erent from pure (momentum spae) oalesene.We did not try to �t the parameters P0 and d. The adopted values are P0=387 MeV/ andd=2.6 fm. They allow us to give a reasonable aount of luster prodution ross-setions, as shownin Ref.12) .4.2 Low-energy limit of validity of INCLIt is ommonly stated that separability of the suessive nuleon-nuleon ollisions annot be guar-anteed for inident energies below �200 MeV. Oasionally INC models have been used at lowerenergy, with some suess. In a reent work13), the validity of INC has been systematially testedbelow 200 MeV, just by omparing the INCL preditions with the existing data for n and p doubledi�erential ross-setions. The onlusions of this investigation are: (i) total reation ross-setion isunderestimated under 100 MeV; (ii) predited energy and angular distributions, down to 40-50 MeVinident energy, are generally well desribed, provided a strit Pauli bloking (instead of the sta-tistial implementation) is adopted; (iii) better results are obtained when Pauli bloking is stritlyenfored for the �rst ollision and statistially for the sueeding ones; (iv) in many ases, INCL3gives as good results (even, sometimes, better) as multi-step diret models. The latter, somewhatsurprising, result presumably arises from the fat that, for multiple ollisions, what really mattersis the average energy-momentum ow, whih an be desribed by mean (lassial) trajetories andross-setions. 5



4.3 Isospin and momentum dependenes of the mean �eldThe isospin dependene of the mean �eld is introdued by adopting di�erent Fermi momenta kiF ,i = n; p and by requiring the Fermi energies to be equal to minus the separation energies Si:(�hkiF )22M � Vi = �Si; (3)where Vi is the potential depth. The following energy dependene Vi = �i��iE is introdued, withparameters taken from the optial potential phenomenology14) (see Ref.15) for details). The maine�et of these dependenes is to drive the quasi-elasti peak towards lower energies in neutron spetraat small angles, partly uring one of the shortomings of INCL. This e�et has been on�rmed by ananalytial model assuming single sattering16), whih is a good approximation in the quasi-elastiregion.5 ConlusionsIn the frame of the HINDAS ollaboration, the Li�ege INCL model has reahed a high level ofpreditability in the 200 MeV to 2 GeV range. It has been onfronted suessfully with a largebody of experimental data, espeially with those obtained by the HINDAS groups. This newversion (INCL4) has been introdued or will soon be introdued in the transport odes HERMES,LAHET3 and MCNPX. The INCL model is under onstant improvement. We only mentioned threeof them, related to luster emission, extension to low energy and detailed properties of the mean�eld.Aknowledgments.The development of the INCL4 model, the building of the INCL4 ode, its inlusion in the HERMEStransport ode and some further studies have been performed in the frame of the HINDAS ollab-oration (European Union Contrat NÆ FIKW WCT-2000-00031). We are grateful to our HINDASolleagues for helpful disussions and for having partiipated to various tests of INCL4.Referenes.1. J. Cugnon, C. Volant and S. Vuillier, Nul. Phys. A620 (1997) 475.2. J. Benlliure et al, Nul. Phys. A700 (2002) 469.3. A. Boudard et al, Phys. Rev. C66 (2002) 044615.4. J.-J. Gaimard and K.-H. Shmidt, Nul. Phys. A531 (1991) 709.5. R. E. Chrien et al, Phys. Rev. C21 (1980) 1014.6. K. R. Cordell et al, Nul. Phys. A352 (1981) 485.7. G. Roy et al, Phys. Rev. C23 (1981) 1671.8. A. Boudard et al, ontribution to the AApp03 Conferene, San Diego, 2003.9. T. Enqvist et al, Nul. Phys. A686 (2001) 481.10. K. K. Gudima, S. G. Mashnik and V. D. Toneev, Nul. Phys. A401 (1983) 329.11. S. Leray et al, Phys. Rev. C65 (2002) 044621.12. A. Boudard et al, ontribution to this meeting.13. J. Cugnon and P. Henrotte, Eur. Phys. J. A16 (2003) 393.14. P. E. Hodgson, \The Nuleon Optial Potential", World Sienti�, Singapore, 1994.15. T. Aoust and J. Cugnon, Preprint University of Li�ege, September 2003.16. J. Cugnon and B. Van den Bosshe, in preparation.6


