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FISSION-FRAGMENT MASS DISTRIBUTION ANDPARTICLE EVAPORATION AT LOW ENERGIESC. S
hmitta, J. Bartela, K. Pomorskia;b, and A. Surowie
baIReS�IN2P3/CNRS and Université Louis Pasteur, Strasbourg, Fran
ebInstitute of Physi
s, M. Curie-Skªodowska UniversityPl. M. Curie-Skªodowskiej 1, 20-031 Lublin, Poland(Re
eived O
tober 29, 2002)Dedi
ated to Adam Sobi
zewski in honour of his 70th birthdayFusion��ssion dynami
s is investigated with a spe
ial emphasis on fu-sion rea
tions at low energy for whi
h shell e�e
ts and pairing 
orrelations
an play a 
ru
ial role leading in parti
ular to multi-modal �ssion. To fol-low the dynami
al evolution of an ex
ited and rotating nu
leus we solvea 2-dimensional Langevin equation taking expli
itly light-parti
le evapora-tion into a

ount. The 
onfrontation theory-experiment is demonstratedto give interesting information on the model presented, its qualities as wellas its short
omings.PACS numbers: 21.60.Jz, 21.10.Dr, 21.10.�k, 21.10.P
1. Introdu
tionThe des
ription of the dynami
al evolution of a 
ompound nu
leus alongits way to �ssion, i.e. from its rather 
ompa
t ground-state shape to its s
is-sion 
on�guration, represents an intri
ate problem. Many ingredients enterinto the des
ription of su
h a pro
ess, starting from a su�
iently pre
ise a
-
ount of the formation of the 
ompound system, to the determination of themulti-dimensional energy lands
ape, to the 
oupling between the 
olle
tivedynami
s and the intrinsi
 degrees of freedom of the nu
leus, to the 
on
eptused to des
ribe light-parti
le evaporation whi
h 
an o

ur all along the �s-sion path. As a general mi
ros
opi
 treatment is 
ompletely out of s
ope,di�erent theoreti
al approa
hes based on a more or less 
lassi
al pi
ture [1�6℄have been proposed.We have developed a model des
ribing the time evolution of a highlyex
ited rotating nu
leus and its subsequent de
ay through symmetri
 �ssionwith pre-�ssion light-parti
le emission [5℄. The aim of the present paper is(1651)
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hmitt et al.to extend our theory to lower energy. Through a 
omparison with the avail-able experimental data, in parti
ular �ssion-fragment mass distributions andneutron pre-s
ission multipli
ities, we hope to get some valuable informationon the behavior of transport 
oe�
ients at low energy.2. Evolution of an ex
ited rotating nu
leus towards �ssionTo study the time evolution of an ex
ited rotating nu
leus, the systemis assumed to follow a sto
hasti
 Langevin equation of motion [7℄ of one orseveral 
olle
tive variables that des
ribe in an appropriate and su�
iently�exible way the deformation of the nu
leus along its path to �ssion .2.1. Des
ription of nu
lear shapesTo des
ribe the large variety of deformed shapes that 
an appear in the�ssion pro
ess, the Trentalange�Koonin�Sierk (TKS) nu
lear shape para-metrization [8℄ is used. In the 
ase of an axially symmetri
 system thenu
lear surfa
e is given by�2s (z) = R20 �X̀=0 �`P` �z � �zz0 � = R20 �X̀=0 �`P` (u) ; z0 = 2R03�0 ; u = z � �zz0(1)with 2z0 the elongation of the shape in z dire
tion, �z its geometri
al 
enterand R0 the radius of the 
orresponding spheri
al nu
leus. The deformationparameters �` de�ne the shape.This parametrization is strongly related to the well known Funny Hillsf
; h; �g parametrization [9℄ re
alled below :�2s (z) = 
2R20� (1� u2) (A+ �u+B u2) ; B � 0(1� u2) (A+ �u) exp(B 
3 u2) ; B < 0 (2)with z0 = 
R0 and where A and B are related to 
 and h throughA = 1
3 � 15B ; B = 2h+ 12(
� 1) :We have tested the 
onvergen
e of these parametrizations for the des-
ription of symmetri
 �ssion-barrier heights and 
ompared it to the resultsobtained using the expansion of the nu
lear surfa
e in spheri
al harmoni
s.The agreement with experiment was better with the TKS parametriza-tion using 3 parameters �2, �4, �6 than with the later in
luding defor-mation parameters up to �14, thus showing the fast 
onvergen
e of the TKSparametrization.
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le : : : 16532.2. Fission dynami
s and Langevin equationFission dynami
s is investigated through the resolution of the Langevinequation whi
h for the generalized 
oordinates qi is given bydqidt =Xj [M�1(~q)℄i j pj ;dpidt = �12Xj;k d[M�1(~q)℄jkdqi pj pk � dV (~q)dqi �Xj;k 
ij(~q) [M�1(~q)℄jk pk + Fi(t) ;(3)where pi are the 
anoni
al momenta asso
iated with the 
oordinates qi.[M(~q)℄ represents the tensor of inertia determined in our approa
h in theirrotational in
ompressible �uid approximation of Werner�Wheeler as deve-loped by Davies, Sierk and Nix [10℄ and [
(~q)℄ 
orresponds to the fri
tiontensor 
al
ulated in the framework of the so-
alled wall and window fri
tionmodel [11,12℄. The 
olle
tive potential V (~q) is de�ned in our approa
h as theHelmholtz free energy at given deformation [5,13℄. The term Fi(t) stands forthe random Langevin for
e whi
h 
ouples 
olle
tive dynami
s to the intrinsi
degrees of freedom. We have Fi(t) =Pj gij(~q) Gj(t) where the strengthtensor [g(~q)℄ is given by the di�usion tensor [D(~q)℄ through Dij=Pk gik gjkand ~G(t) is a sto
hasti
 fun
tion. In our model it is assumed that di�usionis related to fri
tion through the Einstein relation [D(~q)℄=[
(~q)℄ T where T
orresponds to the nu
lear temperature [5℄. The expli
it expressions of thesequantities in the TKS parametrization have been presented and dis
ussedin details in [13℄.The fri
tion model we are using is based on a 
lassi
al 
on
ept validat high energy. When going to lower temperatures this pi
ture 
an onlybe 
onsidered as an upper limit sin
e nu
leon�nu
leon 
ollisions be
omeless and less frequent thus redu
ing fri
tion [14℄. We also know that theEinstein relation is in prin
iple only valid at high energy [15℄. We shall
ome ba
k to these approximations in Se
tion 4.5. and show that one has tomodify this simpli�ed des
ription at low temperature to 
orre
tly des
ribethe experimental data.Another quantity entering the Langevin equation and whose temperaturedependen
e requires spe
ial attention is the potential V (~q ) namely be
auseof the vanishing of quantal e�e
ts at high ex
itation energy. In our approa
hvalid up to now for symmetri
 �ssion, it 
onsisted of a temperature depen-dent Liquid Drop Model (LDM) term only. At lower energy we have to addto this ma
ros
opi
 
ontribution the shell 
orre
tions whi
h are evaluated atea
h deformation using the Strutinsky's approa
h [16℄ and the pairing 
or-relations whi
h we 
al
ulate in the framework of the BCS model [17℄ with a
onstant pairing strength (seniority s
heme) [18℄.
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hmitt et al.The generalized 
oordinates qi whi
h enter the Langevin equation areeither 
hosen as the deformation parameters generating the nu
lear shape(e.g. 
oe�
ients �`) or as more physi
ally relevant quantities (elongation,mass asymmetry, et
) whi
h are determined through these parameters [13℄.Up to now [5, 19℄ we have investigated the 
ase of highly ex
ited 
om-pound nu
lei giving rise to symmetri
 �ssion. Su
h a pro
ess 
an be des-
ribed approximately by a single 
olle
tive 
oordinate 
hara
terizing thenu
lear elongation as explained in Ref. [13℄. This approa
h has been provenquite su

essful reprodu
ing experimental pre-s
ission neutron multipli
itieswith an a

ura
y of 10�20% for nu
lei ranging from 126Ba to the region ofsuperheavy elements [19℄. As our aim in the present paper is to investi-gate systems at lower energy, one has to be able to des
ribe multi-modal�ssion 
aused by the 
ompetition between symmetri
 and asymmetri
 split-ting generated by the quantal e�e
ts present at low temperature. Dealingwith asymmetri
 shapes, we need to take at least two 
olle
tive variables(e.g. elongation and asymmetry) into a

ount des
ribing the 
ompound nu-
leus along its deformation pro
ess. For this purpose we 
hoose to use theFunny�Hills parametrization and to restri
t ourselves to the 2-dimensional(
; �) deformation spa
e imposing h = 0. Indeed, one 
an show that thein�uen
e of the ne
k parameter h 
an be 
onsidered as rather small, at leastin the semi-
lassi
al limit [20, 21℄.2.3. Entran
e 
hannel e�e
tsIn order to solve the Langevin equation of motion one needs to spe
-ify the initial 
onditions of the traje
tory (for reasonable statisti
s we needto 
onsider 104 to 106 traje
tories) from whi
h the 
ompound system startsand evolves either through the �ssion 
hannel or ending up as an evaporationresidue. The initial 
onditions for ~q0 and ~p0 are �xed to the ground-statedeformation and drawn from a normalized Gaussian distribution respe
-tively [5℄. The nu
lear systems we have investigated so far were generatedthrough heavy-ion 
ollisions whi
h 
an lead to a large variety of the angularmomentum of the synthesized nu
leus. The initial spin distribution of theformer is determined in our model by solving a Langevin equation [3℄ de-s
ribing the evolution of the two 
olliding ions from an in�nite distan
e upto fusion. The Langevin equation (3) is then solved in order to des
ribe thedynami
al evolution of the synthesized nu
leus taking parti
le emission intoa

ount by 
oupling the Langevin equation to the Master equations gov-erning this evaporation pro
ess. For ea
h traje
tory we start with a given
ompound system 
hara
terized by its ex
itation energy and angular mo-mentum. The �nal predi
tion, whi
h 
an be 
ompared to experiment, isthen determined by weighting the 
al
ulations made at given angular mo-mentum by the fusion��ssion 
ross se
tion [19℄.
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le : : : 1655Fig. 1 shows the fusion and �ssion 
ross se
tions obtained for the system28Si+98Mo!126Ba at a total ex
itation energy of E�tot = 118:5 MeV. Onenoti
es that �ssion yields are rather small and lo
ated in the tail of thespin distribution at high values of the angular momentum where �ssionbarriers are low. A study of the �ssion-barrier height as fun
tion of angularmomentum and thermal ex
itation energy is given in Fig. 2 from whi
h we
on
lude that a 
areful des
ription of the fusion 
ross se
tion through itsinitial spin distribution is ne
essary if one wants to des
ribe the 
ompetitionbetween the de
ay by �ssion and light-parti
le evaporation.
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hmitt et al.3. Light-parti
le emissionFission dynami
s of an ex
ited rotating nu
leus usually goes along withthe emission of light parti
les (we will 
onsider neutrons, protons and � parti-
les). This evaporation pro
ess is governed by the emission width � ��� (E�; L)for emitting a parti
le of type �, energy "� and angular momentum `� froma nu
leus 
hara
terized by its thermal ex
itation energy E� and its rota-tional angular momentum L. In order to determine � ��� (E�; L) we use twodi�erent pres
riptions.In Weisskopf's evaporation theory [22℄ the de
ay rates are essentiallyevaluated through the level densities of the mother and the daughter nu
leiand the transmission 
oe�
ient for emitting the parti
le from a given point ofthe nu
lear surfa
e into a given dire
tion as explained in Ref. [5℄. In pra
ti
eit is not possible to dis
uss the values of the emission width for ea
h energy,angular momentum and position of the emission point on the nu
lear surfa
e.We therefore use them to determine the probability ��(E�; L) of emittinga given parti
le from a given nu
leus at given deformation. This simpli�edpro
edure 
al
ulates a transmission 
oe�
ient obtained by an averaging overthe di�erent emission dire
tions and over the whole surfa
e of the deformednu
leus. A detailed des
ription of this pro
edure 
an be found in Ref. [5℄.Also other groups [2,4,6℄ have delt with parti
le emission in 
onne
tion with�ssion dynami
s but, to our knowledge, none of them has taken nu
leardeformation expli
itly into a

ount as we have, even if it is in an approximateway. In Fig. 3 the evaporation rate �� is displayed for a hot rotating nu
leus160Yb. It be
omes obvious that the deformation dependen
e of �� is essentialand that assuming a deformation independent emission width 
ould probablylead to wrong predi
tions.

Fig. 3. Emission widths for neutrons, protons and � parti
les emitted from thesystem 160Yb (E� = 50 MeV, L = 40~) as a fun
tion of elongation.
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le : : : 1657The se
ond approa
h we used so far to des
ribe parti
le emission 
al
u-lates the transition rates � ��� through the probability that a parti
le whi
himpinges on the nu
lear surfa
e at a given point ~r0 0 and with a given velo
-ity ~v0 0 is a
tually transmitted [23℄. In this framework the quantity � ��� isdetermined as � ��� = d2n�d"�d`��"�` : (4)The number n� of parti
les of type � whi
h are emitted per time unitthrough the surfa
e S of the �ssioning nu
leus is given byn� = ZS d� Z d3p0 f�(~r0 0; ~p 0) v0?(~r0 0)w�(v0?(~r0 0)) ;where the quantity f�(~r 0; ~p 0) 
orresponds to the quasi-
lassi
al phase-spa
edistribution fun
tion [23℄.Fig. 4 gives a 
omparison of the neutron and proton emission ratesin the two evaporation models obtained for di�erent values of a 
olle
-tive 
oordinate q related to nu
lear elongation [13℄ for the system 188Pt
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hmitt et al.(E� = 100 MeV, L=0~) [24℄. Both models yield emission rates that arereasonably 
lose for both types of parti
les for all elongations ex
ept for anin
rease of the distribution fun
tion approa
h relative to the Weisskopf pre-di
tion in the 
ase of protons for very large deformations. One should alsonoti
e the deformation dependen
e of the proton emission width �p that 
anbe easily understood if one keeps in mind that the Coulomb barrier whi
h
harged parti
les have to over
ome depends on the dire
tion of the emission(an emission along the tips is favored 
ompared to an emission perpendi
ularto the symmetry axis).The determination of the phase-spa
e distribution fun
tion is quite in-tri
ate in the 
ase of �-parti
les whi
h are 
omposite parti
les. We arepresently working on a model whi
h determines the �-parti
le distributionfun
tion f� through those of two 
orrelated protons and neutrons respe
-tively [24℄. 4. Theoreti
al results of �ssion dynami
s4.1. In�uen
e of quantal e�e
ts4.1.1. One- versus 2-dimensional Langevin equationIn the framework of the 2-dimensional Langevin equation solved in the(
; �) deformation spa
e, the LDM energy lands
ape is displayed on Fig. 5together with a typi
al �ssion traje
tory for the 
ompound nu
leus 227Paat a total ex
itation energy of E�tot = 26 MeV and an angular momen-tum of L = 60~. We 
hoose this spe
i�
 nu
lear system be
ause it wasthe obje
t of a re
ent experimental 
ampaign [21℄. As no shell e�e
ts aretaken into a

ount here, only the symmetri
 �ssion valley is present. Con-sequently the 
ompound nu
leus starting from its ground-state deformation(
=1:11; �=0), naturally ends up in the symmetri
 �ssion 
hannel. In this
al
ulation we have not 
oupled parti
le emission to the Langevin equationand therefore 
annot make any statement on parti
le multipli
ities. The �s-sion time, de�ned as the average time whi
h a traje
tory takes to rea
h thes
ission point, is in the present 2-dimensional treatment redu
ed by about7% (5.96 10�17 se
 versus 6.36 10�17 se
) as 
ompared to its 1-dimensionalvalue [20℄.Let us try to understand this result sin
e it might seem astonishing thatresolving the 2-dimensional Langevin equation, where traje
tories 
an �llout more e�e
tively the deformation spa
e (as it is demonstrated with thetypi
al traje
tory drawn on Fig. 5), would lead to shorter �ssion times thanwhen the 
ompound nu
leus follows the deepest symmetri
 �ssion valley ofthe 1-dimensional pi
ture. In fa
t we have to think of the Langevin equationas an approximation to the Fokker�Plan
k one whi
h deals with probabilitydistributions. In an 1-dimensional spa
e the system is 
onstrained whereas,the more the dimensionality is in
reased, the less 
onstraints one has.
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cFig. 5. Temperature dependent LDM energy lands
ape and typi
al �ssion traje
-tory for the 
ompound system 227Pa (E�tot = 26 MeV, L = 60~).This result on �ssion times seems also to indi
ate that in the 
ase ofhighly ex
ited nu
lei our previous 1-dimensional des
ription was alreadyfairly a

urate. The small 
hange in times should indeed imply a rathersmall 
hange in pre-�ssion parti
le multipli
ities.4.1.2. In�uen
e of shell e�e
ts and pairing 
orrelationsLet us now go one step further by in
luding in our potential energy
al
ulation quantal e�e
ts and their dependen
e on temperature. It is ge-nerally admitted that shell 
orre
tions have disappeared for temperaturesabove 2:5 to 3 MeV whereas pairing 
orrelations have already vanished atT � 1:5 MeV or even before. In order to take 
are of the T -dependen
e ofquantal 
orre
tions we multiply their values obtained at T =0 MeV with atemperature smoothing fun
tion whi
h goes to zero at T=3 MeV for shell
orre
tions and at T =1:5 MeV in the 
ase of pairing [25�28℄. The energylands
ape then obtained for E�tot=26MeV and L=60 ~ is drawn on Fig. 6.Comparing the lands
apes in Figs 5 and 6, one noti
es the appearan
e, dueto the presen
e of mi
ros
opi
 
orre
tions, of asymmetri
 �ssion 
hannelsbeyond 
 � 1:7 ending up in well pronoun
ed valleys around � � �0:035.
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Fig. 6. Same as Fig. 5 but with in
lusion of quantal e�e
ts.The resolution of the Langevin equation in the lands
apes of Figs 5 and6 gives rise to the distributions for the asymmetry parameter and �ssion-fragment masses presented in Figs 7 and 8 respe
tively. Whereas symmetri
distributions were obviously expe
ted for the pure LDM lands
ape, the dis-tributions obtained in the 
ase where quantal e�e
ts are present are a littlesurprising, be
ause of their very strong asymmetry in spite of the rather �atenergy lands
ape of Fig. 6 in the asymmetry dire
tion � for large elongations(
 � 2:0). However one should not forget that the fragment mass distribu-tion is de
ided all along the �ssion path and not only in the immediateneighborhood of the exit point [29�31℄. As the asymmetri
 valley is around1 MeV deeper than the symmetri
 �ssion path in the vi
inity of 
 � 1:8�1.9where � � �0:035, the predominant part of the traje
tories �nally ends upin this asymmetri
 
hannel.It is interesting to noti
e that the average �ssion time is in
reased from8.0 10�17 se
 to 16.2 10�17 se
 when going from the LDM pi
ture to the onewith shell and pairing 
orre
tions.In the LDM lands
ape the symmetri
 �ssion barrier at L = 60 MeV is ofthe order of 0:7 MeV. On the other hand when quantal e�e
ts are in
luded,the asymmetri
 fragment partition related to � � �0:035 
orresponds to abarrier of 0:1MeV. One noti
es that in spite of a lower barrier height when in-
luding mi
ros
opi
 
orre
tions the 
orresponding �ssion time is larger thanin the semi-
lassi
al pi
ture. One understands this result if we 
ompare thetypi
al symmetri
 traje
tory drawn on Fig. 5 to the typi
al asymmetri
 tra-je
tory drawn on Fig. 9. In the former 
ase the system 
annot over
ome therather high mountain top at 
 � 1:55 for � 2 [�0:06 ; 0:06℄ and 
onsequently
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Fig. 7. Fission-fragment distribution as fun
tion of the asymmetry parameter �(left) and of the fragment mass (right) when quantal e�e
ts are omitted.
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Fig. 8. Same as Fig. 7 but with in
lusion of quantal e�e
ts.has to bypass it along � � �0:1 before rea
hing the asymmetri
 valley for� � �0:035. One 
ould say that the path is longer. Let us note that asmall energy di�eren
e (of the order of a few hundreds keV) between valleys
an lead to very di�erent fragment distributions what suggests the strongdependen
e of the dynami
s on the details of the energy lands
ape. Thisdrasti
 sensitivity to the stru
ture of the lands
ape requires to be 
arefulwhen one performs energy 
al
ulations in the deformation spa
e.
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cFig. 9. Same as Fig. 6 with a typi
al asymmetri
 �ssion traje
tory.4.2. Dynami
s in
luding light-parti
le evaporationEven if we know that parti
le evaporation is strongly redu
ed at lowenergy we have to admit that we do not have yet a 
omplete des
riptionevaluating the emission widths �� at low temperature sin
e one 
an seriouslyquestion the validity of the Weisskopf's theory at su
h energies and sin
eour development of the more mi
ros
opi
 phase-spa
e distribution fun
tionapproa
h is not 
omplete. Nevertheless in order to investigate parti
le eva-poration, we 
onsider in this se
tion the 
ompound nu
leus 227Pa at a highertotal ex
itation energy of 56 MeV for whi
h we believe that the Weisskopf'sapproa
h should be approximately valid.In Table I we 
ompare the �ssion 
ross se
tion, average �ssion timeand light-parti
le multipli
ities obtained for the pure LDM des
ription tothe ones related to the potential energy surfa
e in
luding shell and pairing
orre
tions. As in the 
ase without parti
le evaporation, one observes anin
rease of the �ssion time when quantal e�e
ts are taken into a

ount.Whereas the neutron pre-s
ission multipli
ity is larger in the 
al
ulationswith mi
ros
opi
 
orre
tions, 
harged parti
le multipli
ities are smaller.With Fig. 3 we have seen that neutrons 
an be emitted whatever the nu
learelongation, i.e. all along the �ssion path, and that their emission probabilityin
reases with in
reasing deformation. A longer �ssion time should there-fore lead to a larger neutron multipli
ity. Charged parti
les are preferentially
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e of quantal 
orre
tions on �ssion probability, average �ssion time and light-parti
le multipli
ities obtained for the system 227Pa (E�tot=56 MeV, L=60~).V LDM V LDM + ÆE��s=�tot (%) 99:8 98:5�t�s(�10�17 se
) 2:335 3:275Mn 1:806 2:153Mp 0:010 0:006M� 0:017 0:011emitted at large deformations (see again Fig. 3). One has, however, to re-member that when 
harged parti
le emission is favored a substantial amountof the available ex
itation energy of the emitting nu
leus 
an already havebeen 
arried away through neutron emission. In addition one �nds that thegradient of the potential energy for the asymmetri
 �ssion path in
ludingquantal e�e
ts is larger between saddle and s
ission points than the one ofthe symmetri
 valley of the LDM lands
ape. This suggests that the 
orre-sponding time s
ale for the des
ent from saddle to s
ission is smaller in the
ase when shell and pairing e�e
ts are present what again favors a redu
tionof 
harged parti
le multipli
ities.4.3. In�uen
e of ex
itation energy and angular momentumAs shown in Fig. 10 an in
rease of the total ex
itation energy of thesystem from 26 to 56 MeV (whi
h for a given angular momentum L = 60~implies an in
rease of the thermal ex
itation energy) leads to a larger 
on-tribution to the symmetri
 �ssion mode. This result is obviously due to thevanishing of quantal e�e
ts when the nu
lear temperature in
reases. How-ever it 
an also be partly explained by a larger di�usion generated by thelarger temperature (see Einstein relation). The 
orresponding larger os
il-lations thus allow the nu
leus to explore more easily the energy lands
apebeing able to over
ome higher barriers and 
onsequently to pass from onevalley to another instead of being trapped preferentially in the deepest valley(whi
h is asymmetri
 for the system presently 
onsidered). In Ref. [21℄ wealso investigated the impa
t of the angular momentum on �ssion dynami
sand obtained an relative in
rease of the symmetri
 �ssion 
ross se
tion forin
reasing angular momentum due to a de
rease of the �ssion barrier height.
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Fig. 10. Fission-fragment mass distributions for two di�erent values of the totalex
itation energy of the 
ompound nu
leus 227Pa at an angular momentum ofL = 60~.4.4. Evaluation of shell 
orre
tions 
lose to the s
ission pointIn the framework of the Strutinsky method, shell 
orre
tion 
al
ulationsneed to determine nu
lear single parti
le levels whi
h in our approa
h are theeigenve
tors of a deformed Saxon Woods potential of standard parametriza-tion [9℄. In pra
ti
e these states are obtained by an expansion in the basisof a deformed harmoni
 os
illator. This os
illator basis is an one-
enter ba-sis whi
h is probably not so well adapted if one is interested in des
ribingshapes near the s
ission point. Indeed, for su
h strongly elongated and pos-sibly ne
ked-in surfa
es, a two-
enter basis seems to be more adapted takingthe stru
ture of the nas
ent fragments better into a

ount. We stress thiste
hni
al detail in order to fo
us on the importan
e of a 
areful determina-tion of shell e�e
ts at very large deformations. To illustrate this point we
ompare in Fig. 11 the fragment mass distribution obtained when the dy-nami
al 
al
ulation is arti�
ially stopped at an elongation 
s
is = 1:8 to theone obtained when this 
al
ulation is 
arried through up to the geometri
als
ission point 
s
is=
geo where the splitting into two fragments takes pla
e.The broad distribution related to 
s
is =1:8 
an be easily understood withFig. 6 where the quite �at potential lands
ape in the � dire
tion around
 � 1:8 
an give rise to a large variety of mass partitions. In spite of this,the �nal distribution at 
geo is rather strongly asymmetri
. Moreover thevalue 
 = 1:8 
orresponds to a quite important elongation, i.e. an elonga-tion for whi
h one 
an already have a reasonable idea of the asymmetry of
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ent �ssion fragments [31℄. The present investigation points out theimportan
e of quantal e�e
ts for 
 > 1:8 and with it the ne
essity of theira

urate determination for these largest deformations. To avoid problemsrelated to the 
hoi
e of this one-
enter basis we perform the diagonalizationtaking a very large number of basis states into a

ount.
s
is = 1:8 
s
is = 
geo
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Fig. 11. Fission-fragment mass distributions obtained for the system 227Pa (E�tot =56 MeV, L = 60~) for 
s
is=1:8 and 
s
is=
geo (see text).4.5. Temperature dependen
e of transport 
oe�
ientsAs mentioned in Se
tion 2.2. we probably overestimate fri
tion at lowtemperature. As demonstrated on Fig. 12 the redu
tion of fri
tion by a fa
torof two (0:5 w&w) results in a striking di�eren
e as 
ompared to the full wall-and-window fri
tion (w&w). A larger fri
tion 
auses a de
rease of the kineti
energy of the system whi
h is therefore more sensitive to the �ne stru
tureof the lands
ape and 
onsequently is more easily trapped in the deepestvalleys. A smaller fri
tion, on the 
ontrary, allows the system, with largerkineti
 energy, to move more freely through the lands
ape, to over
omemore easily eventual barriers, resulting in a broader distribution. Redu
ingfri
tion by a 
onstant fa
tor is obviously an extremely 
rude approximationto a real temperature dependent vis
osity. We use this pi
ture here simplyto investigate the in�uen
e of fri
tion on fragment distributions and light-parti
le multipli
ities.The pro
edure used in order to simulate in an approximate way the va-nishing of quantal e�e
ts with temperature (see Se
tion 4.1.2) is still nowa-days subje
t of 
ontroversies, in parti
ular what pairing is 
on
erned [25�28℄.
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e of shell and pairing 
orre
tions 
annot be negle
ted,even if our system is already in the beginning of its de
ay at quite low ex-
itation energy, whi
h 
an still de
rease along the �ssion path (namely dueto parti
le evaporation).w&w 0:5 w&w

0

0.01

0.02

0.03

0.04

0.05

0.06

80 90 100 110 120 130 140
mass (amu)

pr
ob

ab
ili

ty

0

0.01

0.02

0.03

0.04

0.05

0.06

80 90 100 110 120 130 140
mass (amu)

pr
ob

ab
ili

ty

Fig. 12. Fission-fragment mass distributions obtained for the system 227Pa (E�tot=56 MeV, L=60~) with the full (w&w) and a redu
ed (0:5 w&w) fri
tion (see text).5. Confrontation with experimental dataAs the agreement theory�experiment at high ex
itation energy is quitepromising [19℄, we would like to 
ompare in the present se
tion our predi
-tions to the available experimental data 
on
erning the �ssion pro
ess of thenu
leus 227Pa synthesized at a total ex
itation energy of E�tot=26 MeV [21℄.In the 
al
ulations we should obviously take parti
le evaporation into a
-
ount. Sin
e we do not have for the moment a 
omplete reliable evaporationtheory at our disposal at low temperature we �rst performed dynami
al 
al-
ulations at higher energy for whi
h we believe that the Weisskopf's approa
his about reasonable. This study showed us that the in�uen
e of parti
le evap-oration on the �ssion fragment mass distribution 
an be negle
ted [21℄. Asthe probability of emitting parti
les de
reases with ex
itation energy [5℄, wealso expe
t a really small impa
t of evaporation on the mass distribution at26 MeV. Consequently we 
ompare in Fig. 13 mass distributions obtainedfor E�tot=26MeV without taking evaporation into a

ount with the experi-mental mass distribution. We have 
onsidered in the theoreti
al 
al
ulationsthree di�erent fri
tions: 25% of the wall and window value, 20% and 15%.
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le : : : 1667The experimental analysis has exhibited a multi-modal �ssion-fragmentmass distribution [21℄ 
omposed of three modes: the symmetri
 one andtwo asymmetri
 modes 
entered around mass A = 132 
orresponding tothe double magi
 132Sn nu
leus and around mass A = 140 related to thedeformed 140Ba nu
leus, explained [32, 33℄ by the 
losure of the deformedneutron shell N = 84. The 
omparison with our predi
tions shows that inthe 
ase of a fri
tion 
orresponding to 15% of the wall-and-window valuethe model reprodu
es quite well the symmetri
 �ssion mode. We would liketo mention here that mi
ros
opi
 
al
ulations performed by Hofmann andIvanyuk [34℄ indi
ate that su
h a redu
ed vis
osity is about what is to beexpe
ted at su
h low ex
itation energy. However our 
al
ulation gives onlyrise to the asymmetri
 A=132 
hannel, the A = 140 mode being absent.0:25 w&w 0:2 w&w 0:15 w&w
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Fig. 13. Experimental (solid line) and theoreti
al (histograms) �ssion fragmentmass distributions for the system 227Pa (E�tot = 26 MeV) for di�erent values of thefri
tion.In order to understand the disagreement between our model and the ex-perimental data for asymmetri
 �ssion we have to remember that we have
hosen to des
ribe nu
lear shapes in the 2-dimensional deformation spa
e(
; �) imposing h=0. Taking h di�erent from zero will allow us to 
onsidera larger variety of nu
lear 
on�gurations. We thus believe that with the res-tri
ted 2-dimensional parametrization we are not able to give a des
riptionof the deformed shape of 140Ba but that when taking h 6=0 into a

ount wewill des
ribe that shape and the 
orresponding asymmetri
 �ssion valley sothat a part of the traje
tories whi
h, for h=0, end up in the A=132 
han-nel will rea
h, in the 
ase of h 6= 0, the previously missing A=140 valley.The 
ontribution to the �ssion mode A= 132 will then de
rease while theone of the A = 140 
hannel will in
rease, thus rea
hing a better agreementbetween theory and experiment when we will have extended the present2-dimensional treatment to a 3-dimensional one. Investigations along thisdire
tion are under way.
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ussion and 
on
lusionsWith the purpose to study multi-modal �ssion, we have developed amodel des
ribing the dynami
s of the �ssion pro
ess by the resolution of a2-dimensional Langevin equation 
oupled to the Master equations governingparti
le emission. Starting from a more or less 
lassi
al des
ription proven asrather su

essful for des
ribing symmetri
 �ssion at high ex
itation energy,we extended our theory to multi-modal �ssion by in
reasing the dimension-ality of the deformation spa
e in whi
h the Langevin equation is solved inorder to be able to deal with asymmetri
 shapes and by in
luding quantal ef-fe
ts (shell and pairing 
orre
tions) in the potential-energy 
al
ulations. Ourinvestigations show the strong sensitivity of the dynami
s on the stru
tureof the potential-energy lands
ape what implies the ne
essity for a 
areful de-s
ription of the later, in parti
ular in the determination of shell and pairing
orre
tions at large deformation.Comparing theoreti
al and experimental �ssion-fragment mass distribu-tions one observes a rather promising agreement whi
h, as we believe, 
ouldstill be 
onsiderably improved if the 2-dimensional treatment is extendedto a 3-dimensional one. We also point out the importan
e of taking intoa

ount the temperature dependen
e of nu
lear fri
tion whi
h as we haveseen should be signi�
antly redu
ed at low energy. Another 
ru
ial aspe
tof the problem lies in the ne
essity of a reliable evaporation theory at lowex
itation energy.Up to now the general analysis was that pre-s
ission light-parti
le multi-pli
ities were the quantities to investigate [6, 19℄ for a better understandingof �ssion dynami
s. Our present study shows, on the 
ontrary, that at lowex
itation energies where the number of emitted parti
les is small and, inthe frequent 
ase where the 
ompetition between symmetri
 and asymme-tri
 
hannels exhibits multi-modal �ssion, the fragment mass distribution isprobably more relevant, in parti
ular for investigating transport 
oe�
ientslike nu
lear fri
tion.Two of us (C.S. and J.B.) are very grateful for the hospitality extendedto them on many o
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