
Vol. 33 (2002) ACTA PHYSICA POLONICA B No 1
INFLUENCE OF NUCLEAR CURVATUREON FISSION DYNAMICS� ��Christelle S
hmitt, Johann BartelInstitut de Re
her
hes Subatomique, ULP and IN2P3/CNRS67037 Strasbourg, Fran
eAgnieszka Surowie
 and Krzysztof PomorskiInstitute of Physi
s, M. Curie-Skªodowska UniversityRadziszewskiego 10, 20-031 Lublin, Polska(Re
eived De
ember 3, 2001)The dynami
al evolution of an ex
ited, rotating and deformed nu
leusis des
ribed by solving the Langevin equation in a one or multi-dimensionaldeformation spa
e investigating in parti
ular the �ssion 
hannel in 
oin
i-den
e with the emission of light parti
les. The in�uen
e of 
urvature termsin the used mass formula on �ssion dynami
s and multipli
ities of emittedlight parti
les is studied over a large range of nu
lear masses.PACS numbers: 24.60.Dr, 24.60.�k, 24.10.Lx, 24.75.+i1. Introdu
tionThe model whi
h we developed deals with light parti
le evaporation(n, p, �) in 
onjun
tion with the �ssion pro
ess. In a �rst step [1,2℄ we re-stri
ted the des
ription to highly ex
ited nu
lei where symmetri
 �ssion dom-inates. The dynami
al evolution of the 
ompound nu
leus from its rather
ompa
t initial state to its elongated s
ission 
on�guration is then des
ribedby a single 
olle
tive 
oordinate q related to nu
lear elongation and whi
his assumed to follow a sto
hasti
 equation of motion of the Langevin type:� Presented at the XXVII Mazurian Lakes S
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hmitt et al.8<: dqdt = pM(q) ;dpdt = 12 � pM(q)�2 dM(q)dq � dV (q)dq � 
(q)M(q)p+ FL(t) :Taking at the same time parti
le evaporation into a

ount, this dynami-
al equation is 
oupled to the equation governing parti
le emission in theframework of the Weisskopf evaporation theory [3℄. Finally, our results areobtained by a weighting pro
edure with the fusion��ssion 
ross se
tion ofthe rea
tion. A detailed des
ription of the model is given in Refs. [1,2℄.Until now, we used a 
olle
tive potential V (q) obtained in the Myers��wi¡te
ki Liquid Drop model (MS-LD) [4℄, whi
h 
ontains volume, surfa
eand Coulomb terms. The Liquid Drop (LD) parameters of the MS-LD weredetermined by a �t to nu
lear masses. But, as is well known, this parametri-sation overestimates the �ssion barrier heights of light nu
lei. The agreementbetween theory and experiment for pre�ssion parti
le multipli
ity was, how-ever, rather satisfa
tory over a wide range of nu
lear masses [2℄.In the 
ase of light nu
lei, one 
an, however, expe
t a non negligiblein�uen
e of nu
lear 
urvature along the �ssion pro
ess. In order to investi-gate this e�e
t, K. Pomorski and J. Dudek in
luded �rst and se
ond order
urvature terms in the LD formula and, taking into a

ount the most re
entexperimental data, proposed a new set of the LD parameters. This moreelaborated version of the MS-LD model, whi
h we will refer to the Lublin�Strasbourg Drop model (LSD), gives rise to a better reprodu
tion of massesand barrier heights [5℄, whi
h make us interested to investigate the in�u-en
e on �ssion dynami
s of the new 
urvature terms in the potential energysurfa
e 
al
ulations.2. In�uen
e of nu
lear 
urvature on emission probabilitiesLet us 
onsider the probability of emitting a given parti
le (n, p or �)from an ex
ited and rotating nu
leus, and dis
uss emission widths as a fun
-tion of nu
lear deformation with and without 
urvature terms in the LDparametrisation. In Fig. 1 we 
onsider the nu
leus 188Pt at two di�erent ex-
itation energies. Obviously, the emission probability in
reases with elonga-tion, whi
h is quite logi
al sin
e a larger deformation 
orresponds to a largersurfa
e through whi
h transmission 
an o

ur. More interesting is the fa
tthat emission rates present a strong dependen
e on the new 
urvature termsin the framework of the Weisskopf evaporation theory. A
tually, takinginto a

ount nu
lear 
urvature leads to a slightly di�erent level densityparameter a whi
h 
an be written in the following form:
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Fig. 1. Neutron, proton and � parti
le emission widths �n, �p, �� as a fun
tion ofnu
lear elongation q=R12=R0 for the 
ompound nu
leus 188Pt at an angular mo-mentum L=60~ and an ex
itation energy E�=60MeV (left side) and E�=100MeV(right side).
a(Z;N; q) = av �1 + �vI2�A+ as �1 + �sI2�A2=3Bs(q)+ a
ur �1 + �
urI2�A1=3B
ur(q) + a
urG �1 + �
urGI2�A0+ a
oulZ2A�1=3B
oul(q) :The values of the parameters de�ning a are summarised in Table I. Due tothe exponential dependen
e of the total level density on the level densityparameter a, even a small 
hange on a 
aused by the in
lusion of 
urvatureterms 
an give rise to non negligible 
hanges in the emission rates the Weis-skopf evaporation model. So, in
luding 
urvature terms leads to a higherwidth for 
harged parti
les, whereas, for neutrons, the details of this be-haviour depend on the ex
itation energy and the 
onsidered nu
leus.
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hmitt et al. TABLE IConstants de�ning the level density parameter a for the new LSD model using thetemperature dependen
e of LD parameters obtained by of Guet et al., [6℄.103av 103as 103a
ur 103a
urG 103a
oul �v �s �
ur �
urG52:3 106:08 �44:63 �249:08 0:5468 0:6224 7:891 0:0 0:03. In�uen
e of 
urvature on the �ssion barrier heightsThe in
lusion of 
urvature terms in the LD formula leads to a de
reaseof the �ssion barrier height, what implies a de
rease of the 
riti
al angularmomentum of the system for whi
h the barrier disappears. In Fig. 2 wepresent the deformation energy up to the s
ission 
on�guration for the nu-
leus 188Pt at an ex
itation energy E�=100 MeV. A barrier height of the or-der of 0:4MeV is obtained for an angular momentum L = 68~ in the MS-LDmodel, whereas the same barrier height is obtained already at L = 58~in the LSD parametrisation. Nevertheless, one noti
es that taking nu
lear
urvature into a

ount pra
ti
ally does not 
hange the slope of the �ssionbarrier. MS-LD LSDL = 68~ L = 58~
deformationdeformation
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Fig. 2. Mean symmetri
 �ssion path for the 
ompound nu
leus 188Pt at an ex
ita-tion energy E� = 100 MeV and a �ssion barrier height UB � 0:4 MeV.4. In�uen
e of 
urvature on pre�ssion parti
le multipli
itiesLet us �rst 
onsider di�erent entran
e 
hannels produ
ing the 
ompoundnu
leus 188Pt. In Table II we summarise the neutron, proton and � parti-
le pre�ssion multipli
ities obtained using the two LD parametrisations in
omparison with the available experimental data.
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s 435TABLE IILight parti
le pre�ssion multipli
ities for di�erent rea
tions leading to the 
om-pound nu
leus 188Pt. MS-LD LSD exp.34S +154 Sm �!188 Pt E� = 66:5 MeVMn 1:75 2:29 2:50� 0:7Mp 0:00 0:00 �M� 0:00 0:07 �16O+172 Yb �!188 Pt E� = 99:7 MeVMn 4:65 4:52 5:4� 0:7Mp 0:01 0:05 �M� 0:03 0:32 �34S +154 Sm �!188 Pt E� = 100:0 MeVMn 4:48 4:44 4:5� 0:7Mp 0:01 0:05 �M� 0:05 0:34 �Be
ause of larger 
harged parti
le emission widths in the model 
on-taining 
urvature terms, the 
orresponding pre�ssion multipli
ities are alsolarger for the LSD parametrisation. Moreover, the de
rease of the angularmomenta under 
onsideration using the LSD model leads to di�erent 
en-trifugal for
es what 
an also have a substantial e�e
t on parti
le emission.In the 
ase of neutrons, one noti
es a smaller e�e
t of 
urvature terms athigher than at lower energy. As seen in Fig. 1, neutron emission rates aresmaller at E� = 100 MeV with 
urvature terms than without and this al-most whatever the deformation. On the other hand, 
onsidering the mean�ssion path shown in Fig. 2, we 
an see that its length �q from ground stateto the s
ission point is a little longer (�q = 1:24) in the LSD than in theMS-LD (�q = 1:20) model whi
h implies a larger �ssion time and, 
onse-quently, more time for emitting parti
les. The larger emission probability inthe MS-LD pi
ture but the shorter �ssion time seem to 
ompensate, so thatone �nally obtains about the same number of emitted neutrons. At lowerex
itation energy, it looks like if 
urvature terms favour neutron emission.In fa
t, 
omparing neutron emission widths around this energy (Fig. 1), wenoti
e that they are larger in the MS-LD model for smaller deformationsand larger in the LSD one for more deformed shapes. Consequently, dueto this emission at large elongation, one expe
ts a larger neutron pre�ssionmultipli
ity in the LSD parametrisation. In any 
ase, the theoreti
al resultsfor neutrons are in quite reasonable agreement with the experimental data:
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e of 
urvature terms seems to be small. The same investigationwas done for the 
ompound nu
leus 160Yb and similar 
on
lusions 
an bedrawn.Let us now 
onsider the lighter 
ompound nu
leus 126Ba: theoreti
al andexperimental neutron results are summarised in Table III for di�erent en-tran
e 
hannels. One observes a larger di�eren
e in the predi
tions of the twomodels (as 
ompared with heavier nu
lei) and a better agreement with ex-periment with the LSD parametrisation. As lighter nu
lei 
an exhibit alongtheir path to �ssion more elongated and ne
k-in shapes, su
h a behaviour isnot really astonishing. TABLE IIINeutron pre�ssion multipli
ities for di�erent rea
tions leading to the 
ompoundnu
leus 126Ba. E� (MeV) MS-LD LSD exp.28Si +98 Mo �!126Ba 131:7 1:50 2:48 2:52� 0:1228Si +98 Mo �!126Ba 118:5 1:32 2:02 2:01� 0:1328Si +98 Mo �!126Ba 101:4 0:38 1:36 1:32� 0:0919F +107 Ag �!126Ba 118:5 1:32 2:08 1:85� 0:1119F +107 Ag �!126Ba 101:5 1:00 1:23 1:31� 0:17
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Fig. 3. Neutron pre�ssion multipli
ity as a fun
tion of ex
itation energy of thesystem for several isotopes of the element Z = 110.
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lear Curvature on Fission Dynami
s 437Finally, we studied the 
ase of some super heavy elements. In Fig. 3 we pre-sent experimental and theoreti
al neutron pre�ssion multipli
ities for di�er-ent isotopes of the element Z=110. One 
an 
on
lude for these nu
lei on therather small in�uen
e of nu
lear 
urvature, whi
h 
ould have been expe
tedkeeping in mind that heavy nu
lei �ssion at rather 
ompa
t deformations.5. Con
lusionIn
luding 
urvature in the LD model leads to a better reprodu
tion ofnu
lear masses and �ssion barrier heights. Our study showed the rathersmall in�uen
e of 
urvature terms on �ssion barrier slopes and neutron pre-�ssion multipli
ities in the 
ase of heavy and super heavy nu
lei, justifying,a posteriori, our predi
tions on pre�ssion multipli
ities evaluated using theMS-LD model. We, however, also showed that nu
lear 
urvature 
an playan important role in lighter nu
lei whi
h improves our theoreti
al des
rip-tion of �ssion dynami
s in
luding light parti
le emission. One importantresult of our study 
onsists in the strong dependen
e on 
urvature termsof emission widths for 
harged parti
les. Unfortunatly, very few experi-mental data are presently available for 
harged parti
le multipli
ities. Asthese measurements seem to 
onstitute a very severe test of our stru
ture-dynami
s-evaporation model, we would like to strongly en
ourage our friendsexperimentalists to investigate the emission of 
harged parti
les in 
oin
i-den
e with the �ssion pro
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