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PRE-EQUILIBRIUM CLUSTER EMISSION:SOME EXAMPLES�E. B¥táka;by, R. �aplar and E. RurarzdaInstitute of Physis, Slovak Aadademy of Sienes84228 Bratislava, SlovakiabFaulty of Philosophy and Natural Sienes, Silesian University74601 Opava, Czeh RepubliR. Bo²kovi¢ Institut, POB. 1016, 10001 Zagreb, CroatiadSoltan Institut for Nulear Studies, 05-400 �wierk, Poland(Reeived June 26, 1998)Several o-existing models of pre-equilibrium luster (omplex partile)emission are urrently in use. They are quite di�erent in their physialassumptions, but in some ases they yield rather lose results. We applyurrent pre-equilibrium models to the isotopi e�et of (n,�) reations andillustrate some possible future modi�ations of the existing models for theomplex partile emission.PACS numbers: 24.10.Pa, 21.10.Ma, 24.60.�k, 25.40.�h1. IntrodutionVarious statistial models of luster (omplex partile) emission are usedto analyze nulear reations at few tens of MeV (see, e.g., [1℄). The broadestrange of model assumptions has been developed for �-partiles, the mostfrequent luster ejetiles. The onept of pre-formed � partiles [2℄ stressesthat the � partile is a very strongly oupled objet, and assumes that itan be treated as a single (speial) exiton. On the other hand, oalesenemodels initiated by Cline and Ribanský and Obloºinský [3, 4℄ assume form-ing a luster (not neessarily the �-partile) in the ourse of a reation fromexitons, or � at its later modi�ation � also from already unexited nu-leons. The oalesene model is of more general nature that the pre-formedone and is urrently applied to all types of omplex partiles. Apart of these� Presented at the International Conferene �Nulear Physis Close to the Barrier�,Warszawa, Poland, June 30�July 4, 1998.y e-mail: betak�savba.sk (1511)



1512 E. B¥ták, R. �aplar, E. Rurarztwo groups of models with straightforward physial bakground, also phe-nomenologial desriptions are popular [5℄. In fat, their preditive poweris higher than of the former groups, though they are handiapped by moreparameters.2. Pre-equilibrium omplex partile emissionThe energy spetrum of the emitted partiles and/or  quanta in thespin-independent formulation of the model isd�d" = �RXn �n�x(n;E; ") ; (1)where �x(n;E; ") is the partile (or ) emission rate from an n-exiton state(n = p+ h) of exitation energy E to ontinuum, the energy of the ejetileof type x is ". In Eq. (1), �n is the time spent in an n-exiton state and �Ris the reation ross setion.The partile emission rate (see, e.g., [1, 6℄) is�x(n;E; ") = 2sx + 1�2~3 �"��INV(")!(p� px; h; U)!(p; h;E) Rx(p)x!(px; 0; " +B)g ;(2)where � and sx are the ejetile redued mass and spin, respetively, andU = E � B � " is the energy of residual nuleus whih is produed in an(n�1)-exiton state. The harge fator Rx(p) takes into aount the hargeomposition of the exitons with respet to the ejetile, and is not generallyaepted1.In Eq. (2), we assume that the luster is formed by px of the total ofp exited partiles, x is the formation probability [4℄ of the oalesenemodels, or the � pre-formation fator �, if we assume their existene asspeial entities within the nuleus [2℄2. The last term, !(:::)=g, appearsonly in the oalesene model [4℄, and it is the number of on�gurations ofthose px exitons. It should be noted, however, that the presene of forma-tion probabilities and/or other additional funtions is not stritly justi�ablefrom the detailed balane, and it is therefore rejeted by some groups, eventhough it means worsening the quality of the agreement between theory andexperiment.The oalesene model has been modi�ed as to allow the luster to beformed not only of exitons, but also from so far unexited nuleons belowthe Fermi level. This approah beame popular as the Iwamoto�Haradamodel [8℄, even though it has been suggested and suessfully applied �ve1 A reent disussion of various forms of the harge fator is in [7℄.2 Obviously, one has p = n = 1 for the nuleon emission.



Pre-Equilibrium Cluster Emission: Some Examples 1513years earlier [9℄. Mathematially, it means replaing of the density produt!(p� px; h; U)� !(px; 0; "+B) by the folding of three densities expressingthe exitons taking part in forming the luster, the nuleons piked up fromthe Fermi sea, and the spetator exitons [9℄.3. Isotopi e�etReations indued by 14 MeV neutrons represent bulk amount of ex-perimental data of various kind. Due to their large amount, many di�erenttrends have been observed and/or disovered just for these reations. One ofthem is the isotopi e�et in the (ativation) ross setions orresponding tothe emission of harged partiles (most ommonly protons and �'s), i.e. theexponential derease of the ross setion with inreasing (N � Z). The ex-perimental status has been reviewed by Gul [10℄; the reent need for (mainlymedial) appliations stimulated further studies (see, e.g., [11℄). Theoretialstudy of the e�et in (n,p) reations within pre-equilibrium formalism wasgiven by �aplar [12℄.Using some simplifying assumptions, the full expression derived withinthe ompound nuleus (i.e. equilibrium) theory is [10, 13℄�n� = �R exp �a1 + a2Z � 1:5TA1=3 + a3N � Z + 0:5TA + a4 Z � 2EinA1=3 � : (3)Negleting di�erenes in temperature, essentially just the (N � Z) depen-dene remains.Semi-empirial formulae an be found in literature, e.g. [14℄�n� = C�(R+ ��)2 exp ��KN � ZA � ; (4)where C and K are energy-dependent �tting parameters. More frequently,(R+��) is replaed by (A1=3+1) with orresponding hange of the parameterC [15℄.Though the general form of exponential derease of �n� an be easilyderived in ompound nuleus theory, it is not the ase of the absolute value.The latter one an be explained only assuming the presene of non-equili-brium proesses.Let us onsider only the isotopi hains of even�even nulei, in order toredue the possible in�uene of even-odd e�ets in the reation. An exam-ple of the experimental data and the alulated dependenes an be seenin Fig. 1. The alulations have been performed using odes GNASH [17℄,



1514 E. B¥ták, R. �aplar, E. RurarzCLUEX [18℄ and CLUDEG [19℄3. The ode CLUEX uses the oalesenemodel [4℄ with � = 0:0025 and the dashed line is GNASH alulation [17℄based on the phenomenologial pikup-stripping model [5℄ with standard pa-rameters. Both the alulations desribe the ross setion derease at higherA and yield reasonable absolute value. At lower A, however, some disrep-any remains. The purely statistial approah used by CLUEX re�ets highQ value of the (n; �) reation on 94Mo by ross setion learly over predit-ing the measured one; whereas the semi phenomenologial approah built inGNASH opes better with this anomaly.
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Fig. 1. Isotopi e�et of (n; �) reations at 14 MeV on the hain of even�even iso-topes of molybdenum. The data are from Refs [16℄; the full urve is the alulationusing the ode PEQAG [18℄ and the dashed line is that of GNASH [17℄.4. Development of models for luster emissionThe � emission is the most frequently studied ase of omplex partiles.High binding energy of nuleons in � justi�es onsidering the latter alterna-tively as a single objet [2℄. If we onsider the omplex partile emission asa whole, we have to take into aount general mehanisms.The oalesene model [4℄ often works well for deuteron emission, usuallyfails for �'s, and there is a half-to-half hane of reasonable desription fortritons and 3He. The Iwamoto�Harada model [8, 20℄ does not ontain anyfree parameter, as was the formation probability in the former ase. Asalready seen in Fig. 1, rather di�erent models of the �-partile reationmehanisms yield very lose results.Some years ago, Bisplingho� [21℄ suggested that not all nuleons beavailable for the luster formation within the Iwamoto�Harada model, butonly those lose to the Fermi energy, and the energy width of the �band3 The ode CLUDEG [19℄ is a spin-dependent exiton model one, very similar to spin-independent CLUEX. The inlusion of spin variables emphasizes the � emission, or� in other words � the formation probability obtained from the �t is lower. The�nal results pratially oinide with those obtained by CLUEX [18℄.



Pre-Equilibrium Cluster Emission: Some Examples 1515of availability� is determined by the binding energy of nuleons inside theluster. This idea brings the model very lose to the oalesene one, bothin their model assumptions and in their preditions.To illustrate this in�uene, we present in Fig. 2 the initial-stage � spetrafrom the reation 120Sn+p at 62 MeV. The variation of the width of theavailable energy band hanges signi�antly both the shape and the absolutevalue of the energy spetrum. Though the basi idea was formulated andimplemented for �-partiles already by Bisplingho� some years ago [21℄, itsgeneral formulation and study of related e�ets is still to be done.
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E     (MeV)αFig. 2. In�uene of restrited region of the Fermi sea ontributing to the lusterformation within the Iwamoto�Harada model, as demonstrated on the very initialstage of � emission from 120Sn+p at 62 MeV. The numbers at eah urve indiatethe e�etive potential depth (in MeV) onsidered for reation proess of the luster.5. Conlusions and outlookThe isotopi trends in (n; �) reations an be explained already withinthe frame of the ompound nuleus theory. However, it ompletely fails toreprodue the absolute values, for whih the presene of the pre-equilibriumemission is essential. The di�erenes among various models of pre-equilib-rium luster emission are of minor importane for these data.Cluster emission an be expressed in several di�erent ways, eah of themhaving their pros and ons. Possible restrition of the Iwamoto�Haradamodel to the nuleons near the Fermi level makes it lose to the originaloalesene one and is promising for future model developments.The authors are grateful to M.B. Chadwik and J. Dobe² for disussions.The work has been supported in part by the VEGA Grant No. 2/5122/98.



1516 E. B¥ták, R. �aplar, E. RurarzREFERENCES[1℄ E. Gadioli, P.E. Hodgson, Pre-Equilibrium Nulear Reations, ClarendonPress, Oxford 1992; and the referenes quoted therein.[2℄ L. Milazzo-Colli, G.M. Braga-Marazzan, Phys. Lett. B36, 447 (1971);L. Colli-Milazzo, G.M. Marazzan-Braga, 38, 155 (1972).[3℄ C.K. Cline, Nul. Phys. A193, 417 (1972).[4℄ I. Ribanský, P. Obloºinský, Phys. Lett. B45, 318 (1973).[5℄ C. Kalbah, Z. Phys. A283, 401 (1977).[6℄ I. Ribanský, E. B¥ták, �es. �as. Fyz. A30, 332 (1980).[7℄ E. B¥ták, P.E. Hodgson, Rep. Prog. Phys. 61, 483 (1998).[8℄ A. Iwamoto, K. Harada, Phys. Rev. C26, 1821 (1982); K. Sato, A. Iwamoto,K. Harada, Phys. Rev. C28, 1527 (1983).[9℄ J. Dobe², E. B¥ták, in Int. Conf. Reation Models '77, Balatonfüred 1977. Ed.L.P. Csernai, Budapest 1977, p.195.[10℄ K. Gul, INDC(PAK)-009, IAEA Vienna 1995.[11℄ E. B¥ták, E. Droste, S. Mikoªajewski, W. Raty«ski, E. Rurarz, T. Kempisty,S. Raman, submitted to Nul. Si. Engn.[12℄ R. �aplar, in 7th Internat. Conf. Nul. Reat. Meh., Varenna 1994. Ed. E. Ga-dioli, Univ. Milano 1994, p. 149.[13℄ V.F. Weisskopf, Phys. Rev. 52, 295 (1937).[14℄ G. Khuukhenkhuu et al., Report E3-94-316 (JINR Dubna 1994);G. Khuukhenkhuu, G. Unenbat, Yu.M. Gledenov, M.V. Sedysheva, in Int.Conf. Nulear Data for Si. and Tehnol., Trieste, May 1997. Eds. G. Re�o,A. Ventura, C. Grandi, Ital. Phys. So., Bologna 1997, p. 934.[15℄ V.N. Levkovski, Yad. Fiz. 18, 361 (1974); H.L. Pai, D.G. Andrews, Can. J.Phys. 57, 703 (1979); �. Gmua, I. Ribanský, Ata Phys. Slovaa 33, 9 (1983);C. Konno et al., Report JAERI-1329 (1993).[16℄ R.A. Forrest, Report No. AERE-R1249 (Harwell 1986); A.B. Pashhenko,Report INDC(CCP)-323/L (IAEA Vienna 1991).[17℄ P.G. Young, E.D. Arthur, M.B. Chadwik, Report LA-12343-MS (UC-413),Los Alamos 1992, updated 22 Sept., 1995; M.B. Chadwik, P.G. Young, privateommuniation.[18℄ E. B¥ták, Report INDC(CSR)-016/LJ (IAEA Vienna 1989) and its later de-velopment (unpublished).[19℄ E. B¥ták, P. Obloºinský, Report INDC(SLK)-001, IAEA Vienna 1993 and itslater development (unpublished).[20℄ C. Basu, S. Ghosh, Phys. Rev. C56, 3248 (1997).[21℄ J. Bisplingho�, Phys. Rev. C50, 1611 (1994).


