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THE SINGLE-PARTICLE DENSITIESIN THE FISSION OF 258FmM. WardaInstitue of Physi
s, M. Curie-Skªodowska UniversityPl. M. Curie-Skªodowskiej 1, 20-031 Lublin, Poland(Re
eived November 12, 2002)Dedi
ated to Adam Sobi
zewski in honour of his 70th birthdayThe spontaneous �ssion of 258Fm has been analysed in the 
onstrainedHartree�Fo
k�Bogolubov 
al
ulations. The bimodal �ssion in this nu
leushas been explained. The single parti
le energies and densities on the �s-sion path have been investigated. The pre-s
ission formation of the �ssionfragments have been found.PACS numbers: 21.10.Gv, 21.10.P
, 21.60.Jz, 25.85.Ca1. Introdu
tionThe physi
s of the spontaneous �ssion of heavy nu
lei has been quitewell investigated over the last 50 years (see e.g. the review arti
les [1, 2℄).258Fm is a very spe
i�
 nu
leus in this area. The half-live time is smallerby seven orders of magnitude then its neighbour 256Fm. The mass fragmentdistribution of 258Fm is symmetri
, with maximum at A = 129, whereas256Fm gives the asymmetri
 masses of �ssion produ
ts [3℄.Furthermore, in 
ontrast to the lighter nu
lei, the �ssion of 258Fm is thebimodal type [4,5℄. In one mode the distribution of the total kineti
 energy(TKE) of the two fragments has the maximum at 230 MeV, whereas in theother mode the mean TKE has the peak at 205 MeV. The two paths lead-ing to the �ssion were found in the theoreti
al des
ription of this pro
ess(e.g. [6�8℄). In the �rst mode, referred to as the 
ompa
t �ssion (CF)mode, the nu
leus goes through shapes, 
onsisting of two identi
al, tou
hingspheres. The Coulomb repulsion in su
h a situation is relatively strong and
auses the high TKE of the fragments.The nu
leus 
an also follow the path with re�e
tion asymmetri
 shapes.In this 
ase one part of the nu
leus has a big deformation, whereas the otherpart remains almost spheri
al. The larger distan
e between the 
entres of(1959)



1960 M. Wardathe mass of the two fragments at the s
ission point makes the Coulombrepulsion mu
h weaker, and the mean TKE, smaller. This is referred to asthe elongated �ssion (EF) mode.In this paper, the analysis of the �ssion pro
ess of 258Fm within self-
onsistent Hartree�Fo
k�Bogoliubov 
al
ulations with the Gogny for
es hasbeen done. In this 
onstrained 
al
ulation, both the CF and the EF �ssionpaths have been found. The di�eren
e in the TKE values and the massdistributions have been explained.Apart from 
hanges in the global properties of the nu
leus during the�ssion, single parti
le (sp) properties have also been analysed. The sp ener-gies and the densities of nu
leons in ea
h state have been determined. Thoseresults are helpful in better understanding of the �ssion pro
ess. The two
entres of the nu
lear potential, 
reated at the relative low deformation havebeen found. The pre-s
ission formation of the nu
lear fragments has beenproved.In Se
. 2. the outline of the theory is presented. The results of our 
al
u-lations are in
luded in Se
. 3. Se
. 4. 
ontains the 
on
lusions of this paper.2. TheoryThe Gogny density-dependent e�e
tive nu
leon�nu
leon for
e was takenin the following form [9℄V12 = 2Xi=1 (Wi +BiP̂� �HiP̂� �MiP̂�P̂� ) e� (~r1�~r2)2�2i+ i WLS ( �����r1 �r2)� Æ(~r1 � ~r2)(�����!r1 �r2) � (~�1 + ~�2)+ t0 (1 + x0P̂�) Æ(~r1 � ~r2) ��(~r1 + ~r22 )�
 + VCoul : (1)The D1S [10, 11℄ parameterization of the Gogny intera
tion has beenused. The mi
ros
opi
 self-
onsistent HFB equations have been solved [12℄by expanding the quasiparti
le 
reation and annihilation operators on �nitebases of axially symmetri
 deformed harmoni
 os
illator eigenfun
tions.The basis used in 
al
ulations had one 
entre with N0 = 15 os
illatorshells in a dire
tion perpendi
ular to the symmetry axis and Nz = 22 shellsin z dire
tion. This have made us possible des
ribe more thoroughly veryelongated shapes, whi
h appear during the �ssion of the nu
leus 
on
erned.In order to study di�erent paths to �ssion in these 
al
ulations, thefollowing 
onstraints have been used: the axial quadrupole (Q2), o
tupole(Q3) and hexade
apole (Q4) moments as well as the number of nu
leons inthe ne
k region (QN). The 
orresponding operators are given by



The Single-Parti
le Densities in the Fission of 258Fm 1961Q̂� = r�P�(
os(�)) and Q̂N = exp��z2a2N � ; (2)with aN = 1 fm. 3. Results3.1. Two �ssion modesThe shape of the potential energy surfa
e provides the most importantinformation on the spontaneous �ssion of nu
lei. As it 
an be seen in Fig. 1,in 258Fm the deformed ground state minimum is separated from the s
is-
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Fig. 1. (a): The �ssion barrier of 258Fm as a fun
tion of the quadrupole momentQ2 for N0 = 15. The solid line 
orresponds to the 
ompa
t �ssion path (CF) andthe dashed line to the elongated one (EF). The dotted line shows the redu
tionof the �rst barrier due to nonaxial degrees of freedom. The shapes of the nu
leusat a density of �0 = 0:08 fm�3 are depi
ted for several values of Q2 both for theCF and EF paths (note that the EF path leads to o
tupole deformed shapes).Additionally, in (b), (
) and (d) the o
tupole and hexade
apole moment as well asthe ne
k parameter QN are plotted, respe
tively, [8℄.



1962 M. Wardasion point by the two-hump potential barrier [8℄. The �rst hump is around10MeV high, but it 
an be de
reased by a few MeV by in
luding triaxialshapes in the 
al
ulations.The two paths leading to the �ssion appear in the se
ond minimumregion. After tunneling the �rst barrier hump, the nu
leus goes to the pathon whi
h the re�e
tion symmetry is 
onserved. The shapes of the nu
leuson this path 
onsist of two tou
hing spheres, whi
h means that it produ
esthe CF mode. The se
ond path leads to asymmetri
 shapes (Q3 6= 0). Thenu
leus is built of one near spheri
al part and the deformed one. This pathis responsible for the EF mode in the �ssion of 258Fm.The transfer to the asymmetri
 path is possible around Q2 = 90 b, sin
ethe potential energy of the nu
leus in both modes is similar in this region,and there is a small barrier separating them [8, 13℄.3.2. Single-parti
le energies and densitiesBeside the potential energy surfa
e we 
an also determine the single-parti
le energies as a fun
tion of the quadrupole moment Q2. The resultsobtained for protons and neutrons along the CF path are presented in Fig. 2.For small deformations with Q2 < 30 b, the sp energy spe
trum looks likethe traditional Nilsson diagram. In the spheri
al nu
leus, the main quantumnumber multiplets are well separated and the magi
 numbers 
an be easilyobtained.
Protons 258Fm
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Fig. 2. The single-parti
le energies of 258Fm nu
leus in the CF mode for di�erentQ2 values. The positive parity states are plotted with the solid lines, while thenegative parity states with the dashed lines.



The Single-Parti
le Densities in the Fission of 258Fm 1963

Fig. 3. The sp densities for j = 1=2 and positive parity in 258Fm at Q2 = 15 b.Labels des
ribes the number of energy levels from the lowest one. The equidensitylines are plotted every 0:002 fm�3 as a fun
tion of r on the horizontal and z on theverti
al axis.

Fig. 4. The same as in Fig. 3, but for negative parity.The new stru
ture appears from the 
haoti
 level spe
trum at Q2 � 50 b.The lowest levels (with E < 35 MeV) are grouped into blo
ks. Going to thehigher deformations, more groups 
an be found. The energy gaps separatingthem 
orrespond to doubled magi
 numbers (i.e. 4, 16, 40, 56, 100 and 164).In ea
h group, the pairs of the states with positive and negative parityand the same total angular momentum are 
oupled. Finally four-times de-generated levels are 
reated. The nu
leons whi
h these levels are 
omprisedof di�er only in parity and spin quantum numbers. At the s
ission point,multiplets, 
hara
teristi
 for spheri
al nu
lei, are 
reated again.



1964 M. WardaThese results 
an be easy explained if 
ompared with the shape of nu
leusat the s
ission point. The nu
leus is built from two spheri
al parts. Fromea
h of them, a new, spheri
al, daughter nu
leus 129Sn is 
reated. The spenergies must 
hange their arrangement to the ones 
orresponding to the�ssion produ
ts. In fa
t, the two-
entre system, manifesting the 
reationinto two Sn nu
lei, appears mu
h before s
ission point.The similar 
on
lusion 
an be derived from the analysis of sp densities.In the ground state, at Q2 = 15 b sp densities 
orrespond to the orbitalsof an ele
tron in a hydrogen atom. As an example, the densities of protonswith j=1=2 and positive and negative parities are presented in Figs. 3 and 4,respe
tively.The sp wave fun
tion and densities evolve with an in
rease in deforma-tion. At low quadrupole moments, sp densities deform their shapes, pre-serving ground state s
heme. At the larger deformations, the two-
entrestru
ture is 
reated. The rearrangement of the two lowest j = 1=2 protonenergy states of both parities at the CF path is shown in the Fig. 5. Forthese parti
les splitting into two 
entres 
an be noti
ed already at Q2 = 40 b.At Q2 = 80 b the density at the 
entral point of the nu
leus de
reases tozero. Moreover, from Q2 = 100 b the sp densities are identi
al in the 
ase ofthe two lowest energy levels. The nu
leons in these states are well lo
atedin the new 
reated 
entres.The same s
enario is repeated for the other pairs of levels with the same jand opposite parities. The general tenden
y is that states with higher energystart to transform their orbitals at higher deformations.

Fig. 5. The sp densities for the lowest (lower row) and the se
ond lowest (upperrow) j = 1=2 energy states in 258Fm for di�erent Q2 values. The equidensity linesare plotted every 0:002 fm�3 as a fun
tion of r on the horizontal and z on theverti
al axis.



The Single-Parti
le Densities in the Fission of 258Fm 1965In Figs. 6 and 7, proton states with j = 1=2 are presented again, yet atthe deformation very 
lose to the s
ission point with Q2 = 120 b. In Fig. 6states with positive parity and in Fig. 7 with negative parity are shown. The�rst three density distributions are identi
al in both �gures. In the followingpanels the two 
entre stru
ture 
an also be found, but the formation of the�ssion fragments is not 
omplete yet. The maximum of the sp density atz = 0 
an be even found for some states.

Fig. 6. The same as in Fig. 3, but at Q2 = 120 b.

Fig. 7. The same as in Fig. 7, but for negative parity.These results are 
onsistent with the results of the two-
entre shell model[14℄. Although we deal with one 
entre deformed basis, the 
luster stru
turewith two 
entres is obtained by self
onsistent 
al
ulations.



1966 M. WardaThe situation is slightly di�erent in the 
ase of EF mode. The re�e
tionsymmetry between the two parts is broken and energy levels in this mode
an not 
ouple into pairs (see Fig. 8). There are no su
h well de�ned energygaps as in the CF mode. The sp energies do not vary signi�
antly (espe-
Protons 258Fm
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Fig. 8. The single-parti
le energies of 258Fm nu
leus in the EF mode for di�erentQ2 values.
ially in the low energy states) even if big 
hanges in the deformation ofthe nu
leus are 
on
erned. In the EF mode, 
hanges in quadrupole momentare 
onne
ted with an in
rease in the distan
e between the 
entres of thefragments. This does not a�e
t strongly the nu
leons in the states that arelo
ated in one of the 
lusters.

Fig. 9. The single-parti
le energies of 258Fm nu
leus in the EF mode for di�erentQ2 values.



The Single-Parti
le Densities in the Fission of 258Fm 1967The nu
leons in some low energy quantum states are shifted 
ompletelyto the one of the nu
lear parts (see Fig. 9, where two the lowest energy statesare in the 
entres of two 
reating fragments of the nu
leus). However, somesp densities are spread out through entire the nu
leus for all deformations,and do not take part in pre-s
ission nu
leus formation (Fig. 10).

Fig. 10. The sp densities for j = 1=2 in 258Fm at Q2 = 150 b in the EF mode.Des
riptions are the same as in Fig. 3.4. Con
lusionsTwo �ssion paths were found in 258Fm: the symmetri
 one leading to the
ompa
t �ssion and the re�e
tion asymmetri
 
orresponding to the elongated�ssion in the total kineti
 energy distribution. The splitting of the nu
leusinto two fragments begins before the s
ission point. The nu
leons from thedeepest energy levels separate their orbitals already in the se
ond minimum(Q2 = 50 b). In the 
ompa
t mode four-times degenerated energy levels are



1968 M. Warda
reated with two pairs of nu
leons in ea
h 
entre of the system. The energystru
ture of fragments to be 
reated in the �ssion is manifested before thes
ission point.In the EF mode no groups in the energy spe
trum 
an be noti
ed. Thenu
leons with low energy are lo
ated in the spheri
al or in the deformed partof the nu
leus.The agreement of these results with the two-
entre shell model provesthat the deformed basis 
hosen in our 
al
ulations is su�
ient for the de-s
ription of the nu
lear �ssion.This work is partly sponsored by the Polish State Committee for S
ien-ti�
 Resear
h, grant No. 2P 03B 115 19. The author would like to thankK. Pomorski for fruitful 
ollaboration, and J.L. Egido, L.M. Robledo forhelpful dis
ussions and the fortran 
ode used in 
al
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