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PRE-EQUILIBRIUM CLUSTER EMISSION:SOME EXAMPLES�E. B¥táka;by, R. �aplar
 and E. RurarzdaInstitute of Physi
s, Slovak A
adademy of S
ien
es84228 Bratislava, SlovakiabFa
ulty of Philosophy and Natural S
ien
es, Silesian University74601 Opava, Cze
h Republi

R. Bo²kovi¢ Institut, POB. 1016, 10001 Zagreb, CroatiadSoltan Institut for Nu
lear Studies, 05-400 �wierk, Poland(Re
eived June 26, 1998)Several 
o-existing models of pre-equilibrium 
luster (
omplex parti
le)emission are 
urrently in use. They are quite di�erent in their physi
alassumptions, but in some 
ases they yield rather 
lose results. We apply
urrent pre-equilibrium models to the isotopi
 e�e
t of (n,�) rea
tions andillustrate some possible future modi�
ations of the existing models for the
omplex parti
le emission.PACS numbers: 24.10.Pa, 21.10.Ma, 24.60.�k, 25.40.�h1. Introdu
tionVarious statisti
al models of 
luster (
omplex parti
le) emission are usedto analyze nu
lear rea
tions at few tens of MeV (see, e.g., [1℄). The broadestrange of model assumptions has been developed for �-parti
les, the mostfrequent 
luster eje
tiles. The 
on
ept of pre-formed � parti
les [2℄ stressesthat the � parti
le is a very strongly 
oupled obje
t, and assumes that it
an be treated as a single (spe
ial) ex
iton. On the other hand, 
oales
en
emodels initiated by Cline and Ribanský and Obloºinský [3, 4℄ assume form-ing a 
luster (not ne
essarily the �-parti
le) in the 
ourse of a rea
tion fromex
itons, or � at its later modi�
ation � also from already unex
ited nu-
leons. The 
oales
en
e model is of more general nature that the pre-formedone and is 
urrently applied to all types of 
omplex parti
les. Apart of these� Presented at the International Conferen
e �Nu
lear Physi
s 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 physi
al ba
kground, also phe-nomenologi
al des
riptions are popular [5℄. In fa
t, their predi
tive poweris higher than of the former groups, though they are handi
apped by moreparameters.2. Pre-equilibrium 
omplex parti
le emissionThe energy spe
trum of the emitted parti
les and/or 
 quanta in thespin-independent formulation of the model isd�d" = �RXn �n�
x(n;E; ") ; (1)where �
x(n;E; ") is the parti
le (or 
) emission rate from an n-ex
iton state(n = p+ h) of ex
itation energy E to 
ontinuum, the energy of the eje
tileof type x is ". In Eq. (1), �n is the time spent in an n-ex
iton state and �Ris the rea
tion 
ross se
tion.The parti
le 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 eje
tile redu
ed mass and spin, respe
tively, andU = E � B � " is the energy of residual nu
leus whi
h is produ
ed in an(n�1)-ex
iton state. The 
harge fa
tor Rx(p) takes into a

ount the 
harge
omposition of the ex
itons with respe
t to the eje
tile, and is not generallya

epted1.In Eq. (2), we assume that the 
luster is formed by px of the total ofp ex
ited parti
les, 
x is the formation probability [4℄ of the 
oales
en
emodels, or the � pre-formation fa
tor 
�, if we assume their existen
e asspe
ial entities within the nu
leus [2℄2. The last term, !(:::)=g, appearsonly in the 
oales
en
e model [4℄, and it is the number of 
on�gurations ofthose px ex
itons. It should be noted, however, that the presen
e of forma-tion probabilities and/or other additional fun
tions is not stri
tly justi�ablefrom the detailed balan
e, and it is therefore reje
ted by some groups, eventhough it means worsening the quality of the agreement between theory andexperiment.The 
oales
en
e model has been modi�ed as to allow the 
luster to beformed not only of ex
itons, but also from so far unex
ited nu
leons belowthe Fermi level. This approa
h be
ame popular as the Iwamoto�Haradamodel [8℄, even though it has been suggested and su

essfully applied �ve1 A re
ent dis
ussion of various forms of the 
harge fa
tor is in [7℄.2 Obviously, one has 
p = 
n = 1 for the nu
leon emission.



Pre-Equilibrium Cluster Emission: Some Examples 1513years earlier [9℄. Mathemati
ally, it means repla
ing of the density produ
t!(p� px; h; U)� !(px; 0; "+B) by the folding of three densities expressingthe ex
itons taking part in forming the 
luster, the nu
leons pi
ked up fromthe Fermi sea, and the spe
tator ex
itons [9℄.3. Isotopi
 e�e
tRea
tions indu
ed 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 dis
overed just for these rea
tions. One ofthem is the isotopi
 e�e
t in the (a
tivation) 
ross se
tions 
orresponding tothe emission of 
harged parti
les (most 
ommonly protons and �'s), i.e. theexponential de
rease of the 
ross se
tion with in
reasing (N � Z). The ex-perimental status has been reviewed by Gul [10℄; the re
ent need for (mainlymedi
al) appli
ations stimulated further studies (see, e.g., [11℄). Theoreti
alstudy of the e�e
t in (n,p) rea
tions within pre-equilibrium formalism wasgiven by �aplar [12℄.Using some simplifying assumptions, the full expression derived withinthe 
ompound nu
leus (i.e. equilibrium) theory is [10, 13℄�n� = �R exp �a1 + a2Z � 1:5TA1=3 + a3N � Z + 0:5TA + a4 Z � 2Ein
A1=3 � : (3)Negle
ting di�eren
es in temperature, essentially just the (N � Z) depen-den
e remains.Semi-empiri
al 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 repla
ed by (A1=3+1) with 
orresponding 
hange of the parameterC [15℄.Though the general form of exponential de
rease of �n� 
an be easilyderived in 
ompound nu
leus theory, it is not the 
ase of the absolute value.The latter one 
an be explained only assuming the presen
e of non-equili-brium pro
esses.Let us 
onsider only the isotopi
 
hains of even�even nu
lei, in order toredu
e the possible in�uen
e of even-odd e�e
ts in the rea
tion. An exam-ple of the experimental data and the 
al
ulated dependen
es 
an be seenin Fig. 1. The 
al
ulations have been performed using 
odes GNASH [17℄,
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ode CLUEX uses the 
oales
en
emodel [4℄ with 
� = 0:0025 and the dashed line is GNASH 
al
ulation [17℄based on the phenomenologi
al pi
kup-stripping model [5℄ with standard pa-rameters. Both the 
al
ulations des
ribe the 
ross se
tion de
rease at higherA and yield reasonable absolute value. At lower A, however, some dis
rep-an
y remains. The purely statisti
al approa
h used by CLUEX re�e
ts highQ value of the (n; �) rea
tion on 94Mo by 
ross se
tion 
learly over predi
t-ing the measured one; whereas the semi phenomenologi
al approa
h built inGNASH 
opes better with this anomaly.
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Fig. 1. Isotopi
 e�e
t of (n; �) rea
tions at 14 MeV on the 
hain of even�even iso-topes of molybdenum. The data are from Refs [16℄; the full 
urve is the 
al
ulationusing 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 parti
les.High binding energy of nu
leons in � justi�es 
onsidering the latter alterna-tively as a single obje
t [2℄. If we 
onsider the 
omplex parti
le emission asa whole, we have to take into a

ount general me
hanisms.The 
oales
en
e model [4℄ often works well for deuteron emission, usuallyfails for �'s, and there is a half-to-half 
han
e of reasonable des
ription 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 �-parti
le rea
tionme
hanisms yield very 
lose results.Some years ago, Bisplingho� [21℄ suggested that not all nu
leons 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 ex
iton model one, very similar to spin-independent CLUEX. The in
lusion of spin variables emphasizes the � emission, or� in other words � the formation probability obtained from the �t is lower. The�nal results pra
ti
ally 
oin
ide with those obtained by CLUEX [18℄.



Pre-Equilibrium Cluster Emission: Some Examples 1515of availability� is determined by the binding energy of nu
leons inside the
luster. This idea brings the model very 
lose to the 
oales
en
e one, bothin their model assumptions and in their predi
tions.To illustrate this in�uen
e, we present in Fig. 2 the initial-stage � spe
trafrom the rea
tion 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 spe
trum. Though the basi
 idea was formulated andimplemented for �-parti
les already by Bisplingho� some years ago [21℄, itsgeneral formulation and study of related e�e
ts is still to be done.
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e of restri
ted 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 ea
h 
urve indi
atethe e�e
tive potential depth (in MeV) 
onsidered for 
reation pro
ess of the 
luster.5. Con
lusions and outlookThe isotopi
 trends in (n; �) rea
tions 
an be explained already withinthe frame of the 
ompound nu
leus theory. However, it 
ompletely fails toreprodu
e the absolute values, for whi
h the presen
e of the pre-equilibriumemission is essential. The di�eren
es among various models of pre-equilib-rium 
luster emission are of minor importan
e for these data.Cluster emission 
an be expressed in several di�erent ways, ea
h of themhaving their pros and 
ons. Possible restri
tion of the Iwamoto�Haradamodel to the nu
leons near the Fermi level makes it 
lose to the original
oales
en
e one and is promising for future model developments.The authors are grateful to M.B. Chadwi
k and J. Dobe² for dis
ussions.The work has been supported in part by the VEGA Grant No. 2/5122/98.
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