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DISTRIBUTION OF LIGHT PARTICLES EMITTEDFROM FISSIONING NUCLEI� ��C. S
hmitt, J. BartelInstitut de Re
her
hes Subatomique, Université Louis Pasteur4, rue Blaise Pas
al, 67070 Strasbourg, CEDEX, Fran
eandInstitut National de Physique Nu
léaire et de Physique des Parti
ules, CNRS23, rue du Loess BP28, 67037 Strasbourg, CEDEX 2, Fran
eA. Surowie
 and K. PomorskiInstitut of Physi
s, University of Maria Curie-SkªodowskaPl. M. Curie-Skªodowska 1, 20-031 Lublin, Poland(Re
eived O
tober 27, 2000)The formation of an ex
ited rotating deformed nu
leus and its subse-quent de
ay through the �ssion pro
ess, or ending up as an evaporationresidue, is studied taking into a

ount parti
le evaporation. Several nu
leiranging from 126Ba to some super-heavy elements are investigated. Un-til re
ently, we have only 
onsidered average pre-�ssion multipli
ities, asthese were the experimental available data. A newly developed analysis ofexperimental data 
an now give a

ess to pre-�ssion multipli
ity distribu-tions. A �rst 
omparison between theoreti
al and experimental parti
le-multipli
ity distributions is given.PACS numbers: 24.60.Dr, 24.60.�k, 24.10.Lx, 24.75.+iThe synthesis of super-heavy elements has given a new impetus to thewhole �eld of nu
lear stru
ture and nu
lear dynami
s. To predi
t the for-mation and stability of su
h obje
ts is a 
hallenge for the nu
lear physi
s
ommunity.The model we developed deals with light parti
le evaporation, su
h asneutrons, protons and � parti
les, in 
onjun
tion with the �ssion pro
ess.As a �rst step we have 
onsidered symmetri
 �ssion. We brie�y re
all herethe main features of our approa
h whi
h has been detailed in Refs. [1, 2℄.� Presented at the XXXV Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
s�,Zakopane, Poland, September 5�13, 2000.�� This work has been partially supported by a fren
h�polish POLONIUM fellowship,No. 01704UG/2000 and by the Polish State Committee for S
ienti�
 Resear
h (KBN),No. 2P-03B-11519. (841)



842 C. S
hmitt et al.The dynami
al evolution from an initial 
ompa
t shape to very elongatedsaddle and s
ission 
on�gurations is des
ribed, in the 
ase of symmetri
 �s-sion, by a single 
olle
tive 
oordinate q whi
h is assumed to follow 
lassi
alsto
hasti
 equations of motion of Langevin type. To des
ribe nu
lear defor-mation, we use the shape parametrization developed by Trentalange, Kooninand Sierk [3℄ whi
h is well adapted for des
ribing �ssioning shapes [4℄. The
olle
tive 
oordinate q we 
hoose is the distan
e between the 
enters of massof the two symmetri
 nas
ent �ssion fragments and denoting p its 
onjugatemomentum, the Langevin equations are :dqdt = pM(q) ;dpdt = 12 � pM(q)�2 dM(q)dq � dV (q)dq � 
(q)M(q)p+ FL(t) :To solve this set of equations, we 
al
ulate the 
olle
tive mass parameterM(q) in the Werner�Wheeler approximation [5℄ and the fri
tion 
oe�
ient
(q) in the wall-and-window fri
tion model [6℄. Our 
olle
tive potential V (q)is de�ned as the di�eren
e of the Helmholtz free energies of the deformed andspheri
al nu
leus determined in the Liquid Drop model [7℄ whose parametersare temperature dependent [4℄. Finally FL(t) is the sto
hasti
 Langevin for
e(see Ref. [1℄ for details).At the same time, parti
le evaporation is taken 
are of by 
oupling theseLangevin equations to the master equations:dM���dt = ���� :Here parti
le emission rates ���� are 
al
ulated in the framework of Weis-skopf's theory [8℄ taking into a

ount the ex
itation, rotation and deforma-tion of the emitting nu
leus (whi
h is not the 
ase for most other models).The 
ompetition between �ssion and evaporation is treated in a MonteCarlo pro
edure by drawing su

essive random numbers to de
ide whethera parti
le is emitted, and, in that 
ase, whi
h kind of parti
le and with whi
henergy. Moreover, the loss of ex
itation energy and angular momentum ofthe emitting nu
leus due to parti
le evaporation is taken into a

ount, whi
hleads to an in
rease of the �ssion barrier, whi
h, in turn, makes �ssion lessprobable. Finally, entran
e-
hannel e�e
ts related to the impa
t parame-ter distribution of the fusion rea
tion, and 
onsequently to the initial spindistribution of the 
ompound nu
leus, are taken 
are of by 
onvoluting themultipli
ity distribution obtained for given angular momentum with the fu-sion/�ssion 
ross se
tion [2℄.



Distribution of Light Parti
les Emitted from . . . 843Within this model, we have well reprodu
ed average experimental neu-tron pre-�ssion multipli
ities in a wide range of nu
lear masses [2℄. We willnow 
onfront experimental multipli
ity distributions with the ones obtainedin our model. All measured data presented here were obtained using theDEMON neutron multidete
tor [9, 10℄.In Fig. 1 we present the pre-�ssion neutron multipli
ity distribution aswell as the neutron distribution in 
oin
iden
e with evaporation residuesfor the nu
leus 188Pt. The experimental pre-�ssion neutron multipli
itydistribution is not yet available for this system, but the agreement betweentheory and experiment for the mean value (4:53 
ompared to 4:50) is quitesatisfa
tory.
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Fig. 1. Neutron pre-�ssion multipli
ity distribution (full line) and neutron multi-pli
ity distribution in 
oin
iden
e with evaporation residues (dashed line).In Fig. 2 we 
onsider the element 272110. The distributions for �ssion (a)and residue events (b) are shown. In both 
ases, we present results obtainedwith the full wall-and-window fri
tion 
oe�
ient and one redu
ed by 50%.The fri
tion model we use does not 
ontain any temperature dependen
e.However, mi
ros
opi
 
al
ulations predi
t [11, 12℄ the de
rease of fri
tionwith de
reasing temperature what 
an play an important role in the 
ase ofsuper-heavy elements. These are generally formed at low temperature andare rather 
old when rea
hing the s
ission 
on�guration. Hen
e, we prob-ably overestimate fri
tion for these nu
lei, and with it �ssion time s
ales,and 
onsequently parti
le multipli
ities. Using a redu
ed wall and window
oe�
ient allows us to investigate in a 
rude way to what extent fri
tion
an in�uen
e our results. Our 
al
ulations show a de
rease of the neutronpre-�ssion multipli
ity with de
reasing fri
tion. They, however, also demon-strate that fri
tion has no in�uen
e on residue events. For other super-heavyelements the same behaviour is observed.
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(a) (b)Fig. 2. (a) Neutron pre-�ssion multipli
ity distribution for the full (full line) andredu
ed (dashed line) fri
tion 
oe�
ient. (b) Neutron multipli
ity distribution in
oin
iden
e with residue events for the full (full line) and redu
ed (dashed line)fri
tion 
oe�
ient.Considering the isotope 266110 for whi
h the experimental neutron pre-�ssion multipli
ity distribution has been determined using the so-
alledBa
ktra
ing method of experimental analysis [13℄, Fig. 3(a) shows on thesame graph the experimental distribution and our predi
tions (obtained withthe redu
ed fri
tion 
oe�
ient). The dis
ussion of the experimental resultsneeds, however, some 
aution. Indeed, it presents two main features:(1) some odd/even os
illations probably due to pairing 
orrelations and(2) a shape whi
h 
onsists of two 
omponents.Su
h a stru
ture is the sign of the 
oexisten
e of two nu
lear pro
esseswhi
h di�er in �ssion time s
ales, and 
onsequently in parti
le multipli
i-ties. The �rst 
omponent at low multipli
ity is 
onne
ted with fast �ssion,whereas at higher multipli
ity we have to deal with fusion/�ssion [14℄. Asour model 
onsiders only the fusion/�ssion 
hannel, we need to 
ompareour predi
tions with the se
ond 
omponent only. We 
on
lude that our the-oreti
al predi
tions extend to somewhat too high multipli
ities. For thissystem, the 
orrelation, event by event, between the neutron and the � par-ti
le multipli
ities presented on Fig. 3(b) shows the real 
oupling of thesetwo evaporation 
hannels.For lighter nu
lei, su
h as 126Ba, for whi
h the fast �ssion 
hannel 
anpra
ti
ally be negle
ted, a similar analysis is in progress [15, 16℄. A quitesatisfa
tory agreement with our theoreti
al predi
tions seems to appear. For
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(b)Fig. 3. System 58Ni+208Pb �!266110 at E� = 185:9 MeV; (a) neutron pre-�ssionmultipli
ity: experimental (full line) and theoreti
al distributions (dotted line), (b)theoreti
al 
orrelation between the neutron and � parti
le multipli
ities.heavy systems for whi
h di�erent nu
lear pro
esses 
an be involved, an a
-
urate experimental dis
rimination between these di�erent me
hanisms is,as just seen, ne
essary before 
omparing to our theoreti
al predi
tions.We have demonstrated that within the model presented above we are notonly able to reprodu
e experimental average pre-�ssion multipli
ities butalso multipli
ity distributions. These 
omparative studies have, however,also shown that, at least in the 
ase of very heavy systems, our 
lassi
al
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ription needs to be improved by using more mi
ros
opi
 and temperaturedependent transport parameters. Another important development on whi
hwe are working, 
onsists in in
luding shell and pairing e�e
ts in our theorywhi
h 
an lead, at least at low temperature, to asymmetri
 �ssion valleys.The treatment of these additional �ssion 
hannels requires the resolution ofLangevin equations in the multidimensional deformation spa
e. With su
ha very general approa
h we expe
t to explore the 
ountless experimentaldata dealing, for example, with multimodal �ssion.REFERENCES[1℄ K. Pomorski et al., Nu
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