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FISSION OF HEAVY NUCLEI AT LOW ENERGY� ��C. S
hmitt, J. BartelIReS, Université Louis Pasteur, Strasbourg, Fran
eA. Surowie
 and K. PomorskiInstitute of Physi
s, M. Curie-Skªodowska Universitypl. M. Curie-Skªodowska 1, 20-031 Lublin, Poland(Re
eived De
ember 2, 2002)Considering �ssion dynami
s at low energy, shell and pairing e�e
ts 
anplay a 
ru
ial role giving rise in parti
ular to multimodal �ssion. To followthe evolution of the 
ompound nu
leus along its path to �ssion we solvea 2-dimensional Langevin equation taking expli
itly parti
le evaporationinto a

ount. The fragment mass distribution and neutron pre-s
issionmultipli
ity obtained in a fusion-�ssion experiment performed in parallel are
ompared to the predi
tions leading to an improved theoreti
al des
ription.PACS numbers: 21.10.Gv, 24.60.Dr, 25.85.�w, 29.40.M
1. Dynami
al des
ription of the �ssion pro
essEven if dis
overed more then 60 years ago, �ssion remains today, due tothe large number of e�e
ts entering its des
ription, subje
t of theoreti
al andexperimental debates related to nu
lear stru
ture as well as to dynami
s. Athigh ex
itation energy the absen
e of shell e�e
ts leads to symmetri
 �ssiononly and our theoreti
al 1-dimensional approa
h has proven rather su

essful[1℄. Nowadays a large variety of available experimental data related to �ssionat low energy exhibits multimodal �ssion, i.e. the 
oexisten
e of symmetri
and asymmetri
 splitting [2℄.To des
ribe the evolution of the 
ompound nu
leus along its �ssion path,we use in the present work the Funny-Hills shape parametrisation whi
h only
onsists of 3 deformation parameters (
; �; h) whi
h have a dire
t physi
al� Presented at the XXXVII Zakopane S
hool of Physi
s �Trends in Nu
lear Physi
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h�Polish POLONIUM fellowship(No. 01704UG/2000), by the KBN (No. 2P-03B-11519) and by the proje
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hmitt et al.interpretation [3℄. In this spa
e we solve the Langevin equation re
alledbelow in its general multidimensional form:dqidt = 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+Xj gij(~q) �j(t) :To a

ount for symmetri
 as well as asymmetri
 �ssion, at least 2 defor-mation parameters are needed. In a �rst approa
h, we restri
t ourselves tothe 2-dimensional (
; �) spa
e always putting h equal to zero. For the ingre-dients entering the Langevin equation (inertia, fri
tion, Langevin strength),let us start with the ma
ros
opi
 
on
epts su

essfully used before to des-
ribe symmetri
 �ssion [1, 4℄. One point where we need, however, to gobeyond this semi-
lassi
al pi
ture at low energy 
on
erns the potential ener-gy whi
h hen
eforth will in
lude shell and pairing 
orre
tions [5℄.The Langevin equation is 
oupled to the Master equations in order totake into a

ount the evaporation whi
h 
an o

ur all along the deformationpro
ess [4℄. In the present work, parti
le emission is 
onsidered through 2 dif-ferent 
on
epts: the statisti
al Weisskopf model [6℄ whi
h proved reasonableat high energy but on the validity of whi
h one might have some doubts atlower ex
itation and the re
ently developed more mi
ros
opi
 Thomas�Fermiapproa
h whi
h 
onsiders the nu
lear system as a Fermi gas of nu
leons [7℄.2. Experimental investigationsIn a fusion��ssion 
ampaign performed at the JINR in Dubna, a 18Obeam (Elab = 76 MeV) was used to bombard a 209Bi target leading to the
ompound nu
leus 227Pa at an ex
itation energy of 26 MeV. The �ssion frag-ments and the neutrons emitted in 
oin
iden
e were dete
ted by asso
iatingthe spe
trometer CORSET [8℄ and the liquid s
intillators DeMoN [9℄. Time-of-�ight measurements allowed in parti
ular to extra
t the �ssion fragmentmass distribution as well as the neutron pre-s
ission multipli
ity.In Fig. 1 one 
an observe that this mass distribution displays multimodal�ssion sin
e it 
onsists of 3 di�erent modes: a symmetri
 �ssion mode givingrise to elongated fragments, an asymmetri
 
hannel 
entred at the doublemagi
 spheri
al 132Sn nu
leus and a se
ond asymmetri
 mode 
orrespondingto the slightly elongated 140Ba nu
leus [5℄. This experiment also showed thatthe neutron pre-s
ission multipli
ity slightly in
reases with the asymmetryof the �ssion 
hannel as 
an be seen in Fig. 1.
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Fig. 1. Fission fragment mass distribution (left) and neutron pre-s
ission multipli
-ity as a fun
tion of the mass asymmetry (right).3. Confrontation theory�experimentTo test the validity of the model, the experimental and theoreti
al massdistributions are 
ompared on the �rst part of Fig. 2. Let us try to under-stand what 
an explain the stri
king disagreement. One main reason 
on-
erns the wall-and-window fri
tion model [10℄ used. Indeed, this ma
ros
opi

on
ept is known to be valid in the high-temperature limit. On the otherhand re
ent mi
ros
opi
 
al
ulations [11℄ showed that fri
tion de
reases withde
reasing nu
lear ex
itation. We therefore 
ertainly overestimate fri
tion.This seems to be 
on�rmed by Fig. 2 where we 
an see that redu
ing fri
tionsubstantially improves the 
omparison theory-experiment. In spite of thisbetter reprodu
tion of the experimental data for a redu
ed dissipation, thetheory only gives rise to a single asymmetri
 mode at A = 132, the one atA = 140 being absent. It is important to re
all here that we are working forthe moment in the restri
ted 2-dimensional (
; �) deformation spa
e puttingh = 0. We believe that this might be the main reason why we are not able1 w&w 0:25 w&w 0:15 w&w
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Fig. 2. Experimental (solid line) and theoreti
al (histograms) mass distributionsfor the system 227Pa (E�tot = 26 MeV) for di�erent values of fri
tion.
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ribe the deformed 140Ba shape and expe
t that, taking h expli
itlyinto a

ount, the 
ontribution to the mass A = 132 will de
rease in favour ofA = 140. In addition, as mentioned before, the Weisskopf evaporation ap-proa
h is not well-adapted at low energy. As soon as the intri
ate treatmentof the 
omposite ��parti
le emission will be 
ompleted we will 
ouple themore mi
ros
opi
 Thomas�Fermi theory to the full dynami
al 
al
ulation.Bearing in mind all these 
on
lusions, we developed our model and presentbelow the �rst promising results.4. Towards a more realisti
 theoreti
al des
riptionIn order to investigate the in�uen
e of in
reasing the dimension of thedeformation spa
e, we 
ompare in Fig. 3 the potential energy along thes
ission line in the 2-dimensional (
; �) spa
e for h = 0 to the one obtainedafter a minimisation with respe
t to h. One observes that, whereas a singleasymmetri
 �ssion valley is present at the mass 132 (j�j � 0:020) for h = 0,another asymmetri
 
hannel appears after minimisation around a mass near140 (j�j � 0:088). This result seems to attest that extending the dimensionof the spa
e 
ould improve the predi
tions substantially.
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Fig. 3. Potential energy along the s
ission line for h = 0 and after minimisationwith respe
t to h (see the text).Con
erning dissipation, we performed a full dynami
al 
al
ulation usingthe temperature dependen
e of the fri
tion re
ently proposed by Hofmannand Ivanyuk [11℄. Comparing Figs. 2 and 4 one noti
es the sensitivity ofa pre
ise des
ription of this temperature dependen
e.Finally we give in Fig. 5 a 
omparison of the evaporation rates obtainedin the Weisskopf and in our re
ently developed Thomas�Fermi approa
h [12℄.One 
an see that the latter gives rise to similar but sometimes substantiallylarger emission rates. Consequently, on average along the path to �ssion, weexpe
t larger pre-s
ission multipli
ities using this more mi
ros
opi
 pi
ture.
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Fig. 4. Same as Fig. 2 for the temperature-dependent fri
tion 
(T ) of [11℄.
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Fig. 5. Neutron emission rates �n in the 2 theories for 3 di�erent deformations:spheri
al, deformed, 
lose to s
ission (from left to right).5. Con
lusion and outlookWe extended our quite su

essful model des
ribing symmetri
 �ssion tostudy systems at low energy by solving the Langevin equation ina 2-dimensional deformation spa
e. The 
onfrontation theory-experimentindi
ated that we need to in
rease the dimensionality of the treatment, thatthe temperature dependen
e of the transport 
oe�
ients has to be takeninto a

ount and that the Weisskopf evaporation theory 
an no longer beused at low energy. The re
ent results we have obtained following these 3dire
tions have been shown as quite promising.We would �nally like to mention another interesting result emergingfrom the present work. The pre-s
ission multipli
ity was often 
onsidered asthe pertinent variable to study in order to investigate �ssion pro
esses, [1℄.At low energy, however, the number of emitted parti
les is rather small.
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hannels, the fragment distribution seems to bea relevant variable to investigate dynami
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