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SPALLATION REACTIONS WITH NEUTRON-RICH ANDNEUTRON-POOR NUCLEITH. AOUSTSCK-CEN, Boeretang 200, B-2400 Mol, BelgiumandUniversity of Li�ege, Physis Departmentall�ee du 6 Août 17, bât. B5, B-4000 Li�ege 1, BelgiumE-mail: taoust�sken.beJ. CUGNONUniversity of Li�ege, Physis Departmentall�ee du 6 Août 17, bât. B5, B-4000 Li�ege 1, BelgiumE-mail: ugnon�plasma.theo.phys.ulg.a.beA renewed interest in spallation reations in the GeV range has arisen, due tothe reent advent of ADS projets for transmutation of nulear waste. Most ofinvestigations have dealt with proton-indued reations on stable nulei. Here, anexploratory theoretial investigation of spallation reations on unstable nulei ispresented. The main issue is the dependene of the measurable quantities with theisospin of the target.1. IntrodutionSpallation reations are very important for the development of radioativebeams 1, in astrophysis 2 and in osmi-ray physis 3. In reent years,there has been a renewed interest in proton-indued spallation reations inthe GeV inident energy range, due to the advent of projets of aelerator-driven systems (ADS) for transmutation of nulear wastes (see e.g. Ref.4),leading to more systemati and more preise measurements. In parallel, areal improvement of the theoretial tools has taken plae, espeially in theframe of the EU HINDAS projet 5. These e�orts have ontributed to amore omplete understanding of the spallation proesses, strengthening theintranulear-asade (INC) plus evaporation approah. The proess an bedivided into two stages. In the �rst one the inident partile expells a fewenergeti partiles by suessive hadron-hadron ollisions. In the seond one1
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2the remaining, randomized, exitation energy is released by an evaporation-like proess. In partiular, it appeared that one of the best theoretial toolsis provided by the Li�ege intranulear asade model INCL4 oupled to theK.-H. Shmidt ABLA evaporation-�ssion model. This approah, whih isbasially parameter-free, owing to a \self-onsistent" determination of thestopping time, was shown reently to yield partiularly good results fora large set of data for inident energies ranging from 200 MeV to a fewGeV 6. These data inlude total reation ross-setions, inlusive lightpartile prodution ross-setions, multipliity distributions, residue pro-dution ross-setions and reoil distributions. Later on, this approah wasshown to be largely suessful in the desription of spallation reations atlower inident energy, down to a few tens of MeV, after small hanges inthe treatment of the Pauli priniple7.The HINDAS projet has onsiderably improved the measurements ofthe isotopi ross-setions. Usually, the latter are performed in proton-indued reations by ativity (basially -ray) measurements. In the HIN-DAS projet, reverse kinematis experiments have been performed: stablenulei bombard an hydrogen target and forward-ying residues are ana-lyzed by a magneti isotopi spetrometer. Individual isotope produtionross-setion an be determined, in onstrast to the ativity method whihan only aess to umulated ross-setions.This method ould in priniple be extended to aelerated non-stablenulei, provided the intensity of the beam is suÆiently large. Here, wepresent an exploratory theoretial investigation of spallation reations onneutron-rih and neutron-poor nulei. We will use the same approah as inRef.6, exept for an improved treatment of the nulear mean �eld. The mainissue is to know whether there are qualitative di�erenes with spallationreations on ordinary nulei. In partiular, the following questions will bestudied: (i) What is the evolution of the neutron multipliities with thetarget neutron (or proton) exess? (ii) Is the shape of the residue massspetra qualitatively modi�ed?2. The theoretial approahOur INC+evaporation model ombines the INCL4 version of the Li�egeintranulear-asade model 6 and the ABLA evaporation-�ssion ode ofK.-H. Shmidt 8;9. It is desribed in Ref. 6. We briey reall the mainfeatures. The ollision mehanism is assumed to proeed from a sues-sion of binary ollisions (and deays) well separated in spae and time.
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3The fate of all partiles is followed as time evolves. Partiles travel alongstraight-line trajetories until two of them reah their minimum distaneof approah, in whih ase they an be sattered provided the value of thisdistane is small enough, or until they hit the border of the potential well,supposed to desribe the nulear target mean �eld. Additional features are:(1) initial positions of target nuleons are taken at random in the spherialnulear target volume with a smooth surfae; (2) an improved treatmentof the Pauli bloking is introdued; (3) inelastiity is introdued throughreations involving pion's and delta's (4) isospin degrees of freedom are in-trodued for all types of partiles; (5) the asade ode is stopped at a timedetermined by the ode itself, when the emission pattern beomes evapora-tive; (6) the ABLA ode has a sophistiated evaporation-�ssion ompetitionwith visosity e�ets.In the standard INCL4 version, although neutron and protons are dis-tinguished, they experiene the same nulear average potential, exept, ofourse, for the Coulomb external potential. Here, we introdued isospinand energy-dependent potentials, following the optial-model phenomenol-ogy (details an be found in Ref.10).3. Observable quantities3.1. IntrodutionWe present alulations for partile and residue ross-setions. Altoughspallations reations with unstable nulei will probably be realized in re-verse kinematis, we present results as in diret kinematis, for the sake ofomparison. We will onsider two types of targets: Pb and Sn isotopes.3.2. Partile prodution ross-setionAverage proton and neutron multipliities are given in Table 1 for p-induedreations on Sn and Pb reations at 1 GeV. In eah ase, a neutron-poorand a neutron-rih targets are ompared with a stable isotope.The most remarkable, but rather expeted, result is the enhanement(redution) of the neutron multipliity for the neutron-rih (-poor) iso-topes. Less obviously, this enhanement (redution) is less marked, evenproportionally, for the emission during the asade stage (mainly En �20MeV). The large part of the e�et is oming from the evaporation stage.The asade emission leaves a remnant whih is not far from the targetin the (N,Z) plane: as a result a neutron-rih remnant evaporates �rst
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4a few neutrons before reahing the so-alled \evaporation orridor" on theproton-rih side of the valley of stability, parallel to the stability line, wherea balane between proton emission (favoured by smaller separation ener-gies) and neutron emission (favoured by the absene of Coulomb barrier)settles. Table 1. Partile multipliities in proton-indued reations at1 GeV. The quantities Sn and Sp are the neutron and protonseparation energies, respetively.p+ Sn 100Sn 124Sn 134Sn< n >, En < 2MeV 0.34 1.87 2.92< n >, 2MeV < En < 20MeV 1.41 5.19 8.01< n >, En > 20MeV 1.71 2.25 2.64< n > 3.42 9.30 13.57< p > 7.40 3.30 2.50Sn (MeV) 17.65 9.10 3.90Sp (MeV) 2.80 10.70 16.2p+ Pb 182Pb 208Pb 212Pb< n >, En < 2MeV 1.39 3.50 3.80< n >, 2MeV < En < 20MeV 3.44 7.87 8.50< n >, En > 20MeV 2.20 2.61 2.73< n > 7.10 13.98 15.03< p > 5.90 3.10 2.90Sn (MeV) 11.75 7.40 5.10Sp (MeV) 1.30 8.00 8.80There is, of ourse, a symmetri e�et on the proton multipliities. Itis less dramati in absolute values, but more dramati in proportion.3.3. Residue prodution ross-setionThe residue mass spetra for p-indued reations on Sn targets are given inFig. 1. The absissa x is equal to 120 minus the mass loss. It is appropriateto ompare the so-alled fragmentation peaks, orresponding to the residueswhih are reated by evaporation (x & 70). As expeted, the fragmentationpeak is broader for 134Sn, mainly beause starting from the neutron-rihside of the valley of stability, the system an evaporate more nuleons beforereahing the evaporation orridor. The �ssion ontribution is very small inthis ase. It orresponds to the x . 70 part of the spetrum. It is onlysigni�ant for 100Sn, whih has the largest �ssility parameter.



July 1, 2004 11:1 Proeedings Trim Size: 9in x 6in ex
5

1. e+00

1. e+01

1. e+02

1. e+03

1. e+04

1. e+05

 20  40  60  80  100  120  140

C
ou

nt
s

A+(120-AT)

p(1GeV)+Sn

100Sn
120Sn
134Sn

Figure 1. Residue mass spetra for proton-indued reations on three Sn targets at 1GeV. Note that the horizontal sale has been hosen suh that the isobars orrespondingto the same mass loss appear at the same plae for the three systems.

1. e+00

1. e+01

1. e+02

1. e+03

1. e+04

1. e+05

 50  100  150  200

C
ou

nt
s

A+(208-AT)

p(1GeV)+Pb

182Pb
208Pb
212Pb

Figure 2. Same as Fig. 1 for three Pb targets.The residue mass spetra for three isotopes of Pb are given in Fig. 2. Inthis ase, the fragmentation peaks have roughly the same width. In fat,
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6they are pratially idential for 208Pb and 212Pb. The shape is di�erentfor 182Pb, but this is mainly linked with the most striking result of Fig. 2,namely the large �ssion ross-setion for this target. This, of ourse, isdue to the large �ssility parameter of the remnants and leads to a largedepopulation of the mass spetrum around mass loss � 5-6. As for theother targets, a peak exists for mass loss of one mass unit. This peak arisesbeause peripheral ollisions lead to small exitation energy; for smallerimpat parameters, more exitation energy is left in the target remnantand leads, either to important evaporation or, as in this partiular ase of182Pb, to �ssion.4. ConlusionWe have presented here exploratory alulations for spallation reationson neutron-rih and neutron-poor nulei.Neutron and proton multipliitiesan be substantially hanged. The shape of the residue mass spetra is notdrastially di�erent from the ordinary target ase, exept for �ssion.Referenes1. I. Tanihata, On the possible use of seondary radioative beams, in Treatiseon Heavy-Ion Siene, vol. 8, ed. by D.A. Bromley, Plenum Press, (1989).2. T. K. Gaiser, Cosmi Rays and Partile Physis, Cambridge University Press,(1992).3. M. Longair, High Energy Astrophysis, vol. 1 and 2, Cambridge UniversityPress, (1997).4. W. Gudowski, Nul. Phys. A654, 436 (1999).5. A. Koning et al, HINDAS, A European Nulear Data Program for Aeleratr-Driven Systems, Tsukuba Conferene, 2002; J.-P. Meulders et al, HINDAS�nal report, to be published in EU publiations 2004.6. A. Boudard, J. Cugnon, S. Leray and C. Volant, Phys. Rev. C66, 044615(2002).7. J. Cugnon and P. Henrotte, Eur. Phys. J. A 16, 393 (2003).8. J.-J. Gaimard and K.-H. Shmidt, Nul. Phys., A531 709 (1991).9. A. R. Junghans, M. de Jong, H. G. Cler, A. V. Ignatyuk, G. A. Kudyaevand K.-H. Shmidt, Nul. Phys. A629, 635 (1998).10. Th. Aoust and J. Cugnon, to be published in Eur. Phys. J. A (2004).


