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Self-consistent calculations of fission barriers in the Fm region
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The fission barriers of the nucl&Fm, 2% m, 258 m, 2°No, and?°°Rf are investigated in a fully micro-
scopic way up to the scission point. The analysis is based on the constrained Hartree-Fock-Bogoliubov theory
and Gogny’s D1S force. The quadrupole, octupole, and hexadecapole moments as well as the number of
nucleons in the neck region are used as constraints. Two fission paths, corresponding to the bimodal fission, are
found. The decrease with isotope mass of the half-life times of heavy Fm isotopes is also explained.
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[. INTRODUCTION [5—11]. All these papers are based on the mean-field single-
particle potential and the Strutinsky shell correction method.
As a result of the loss of stability, with respect to sponta-Most of them deal with the form of the potential-energy sur-
neous fission, the number of elements is limited to only &ace only. These static calculations usually give two fission
few more than 110. Both experimental and theoretical studie¥alleys: one leading to the elongated form of fission frag-
of spontaneous-fission properties are crucial for understandnents(EFs and the second one which corresponds to two
ing the stability properties of the heaviest elements. Théearly spherical fragments, which is usually referred as the
abrupt transition that occurs froff%Fm to 258Fm in fission- ~compact fissiorfCF) valley. It has been pointed out by Brosa

fragment mass and kinetic-energy distributions and in thé&t - [5] that this new CF valley is associated with the dou-

spontaneous fission half-lives of heavy nuclei was found exPly magic =50, N=82) shell closure in the fission frag-

perimentally (see, e.g., the review articles {iL,2). For me_lr_1rt]sé macroscopic-microscopic  calculations of the

258 m and heavier isotopes, the spontaneous-fission half-life : P pX .

decreases relative ®°Fm by several orders of magnitude. POtENtal-energy surfad®Es for Fm reported in Refl8]
o Y 9 " are based on the Woods-Saxon single-particle Hamiltonian.

The mass distribution of fission fragments%3fFm becomes

. . . o The collective potential-energy surfaté3,8,) was mini-
very narrow with a single peak at symmetrical fission and th%ized there with respect to the deformatior? paramesars

kinetic-energy distribution has two pea_ks: one at high energ ., andBs. Two fission valleys were found, bifurcating right
(230 MeV) and the second less prominent at lower energy sy the exit from the fission barrier. It was also showfigh
(205 MeV). On the other hand, th&¥m isotope exhibits & hat for the largest values @ (8=1.6) the EF valley cor-
rather strong mass asymmetric distributiod /Ay responds again to symmetric fissiofiz& B5=0). This the-
=112/141 and only the low-energy peak is observed in theretical result is in line with the observation of Hulet al.
kinetic-energy distribution. This is a rather puzzling situa-[3,4] where they found symmetric fission only and equal
tion, from a macroscopic point of view, as a substantialfission half-life times for both fission modes, i.e., for the
change in the properties of both isotopes is not expectedragments with a large total kinetic ener¢g@F valley and
Therefore, the different fission properties of both isotopedor those with a small total kinetic enerdigF valley.
have to be attributed to subtle shell effects, making its theo- Contrary to the estimates of R¢8], the results obtained
retical explanation even more challenging. by Maller et al.[6,9,17 indicate the existence of the second
A qualitative explanation of all these phenomena by thebarrier on the EF path. The authors have found even a third
existence of an additional fission valley in the multidimen-switchbackpath going from the SF valley via the second
sional potential energy surface was proposed by Hetlet.  saddle to the EF valley. These calculations are based on the
[3,4]. They assumed a bimodal character of the kineticfinite-range liquid drop model and the folded-Yukawa single-
energy and mass distributions to show that fofFm there  particle potential. Additionally, in Ref$6,9] a smaller mass
should exist two different fission paths leading to two dis-parameter is postulated along the CF path in order to obtain
tinctly different scission configurations. The first one is thethe comparable spontaneous fission half-life time for both
conventional scission configuration of two fairly elongatedfission modes of°®Fm. In Refs[10,11 Mdller et al. tried to
shapes corresponding to the low-kinetic-energy peak and tHénd a solution to this problem by making calculations on a
broad mass distribution. The second one leads to compative-dimensional space using a finite-range liquid droplet
scission, i.e., a configuration of two touching spheres corremodel. They have also found two paths leading to fission, but
sponding to the high-energy peak in the kinetic-energy disthe low-energy mode was presented as an asymmetric one,
tribution and the narrow peak in the mass distribution atwith mass asymmetryM /M =152.2/105.8, which does
symmetric fission. not agree with the experimental data. It was showh3id]
After the discovery of bimodal fission iR°¥m [3,4], a  that in 2°%m both modes of fission only lead to a symmetric
number of theoretical papers have focused on this problersplit of the nucleus.
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There are also some estimates of fission barriers madehich contains a central finite-range interaction, a zero-range
within the constrained Hartree-Fock-Bogoliub@FB) ap-  spin-orbit term, and a zero-range density-dependent interac-
proximation with Gogny or Skyrme effective interactions tion, respectively. The Coulomb interaction has to be added
both at zero spirf13-21 and at high spif22]. Most of in the case of protons. The central interaction is a sum of two
these calculations were made for nuclei with: 100, where  Gaussian with widthg:; and u,. Here Po and P+ denote
only the traditional fission pattEF) appears in the experi- the spin and isospin exchange operators, respectivelypand
mental data. In21] calculations forZ>100 showing the s the total density.
compact fission patkCF) were carried out for both nonrel- We use the D1§15,27 parametrization of the Gogny
ativistic (Skyrme interaction with the Ski4 parameteesidd interaction. The D1S parameters were adju§téd to give a
relativistic (|n the context of the relativistic mean field with better surface energy ter(nruciaJ for a proper description of
the PL-40 parametrizatigrirameworks. the fission phenomendnand their numerical values are

Recapitulating we can say that nuclei in the Fm regiongiven by
represent a very wide variety of fission types. The low-mass
isotopes fission with an asymmetric mass distribution of the W;=-1720.30 MeV, W,=103.639 MeV,
fragments. The spontaneous fission half-lifle,{§) increases

from about 0.8 ms fof*¥m up to 126 yr for’>m and then B;=1300.00 MeV, B,=-163.483 MeV,
falls down again to 0.36 ms fd®%m in order to grow again
by one order of magnitude fot®Fm. The situation changes H;=-1813.53 MeV, H,=162.812 MeV,

especially dramatically when one goes fré#iFm to 5% m.

The fission half-life decreases by seven orders of magnitude
and reaches 0.36 ms and, as was described above, a very
narrow symmetric mass distribution appears in the fission

M,=1397.60 MeV, M,=-223.934 MeV,

pn1=0.7 fm, w,=1.2 fm,

yield. Moreover, a similar behavior characterizes heavier nu- _ (1+7) _
clei in the neighborhood of°%m. Up to now this rapid to=13906  MeVIm:™,  xo=1,
change of systematics dfs; has not been well described y=1/3, W_s=130 MeV fn?. 2.2

theoretically[11,25.

The aim of the present investigation is to look at the formThe choice of the Gogny force with the D1S parametrization
of the fission barriers obtained with Gogny forces for thejs based on the fact that whenever this interaction has been
nucleus®*°Fm and its neighbors. In particular our aim is to ysed to describe low-energy nuclear structure phenomena an,

answer the following questions: at least, reasonable agreement with experiment has always
(i) Do there exist two fission valleys for nuclei in this peen obtained. This degree of agreement has been obtained

region? for both calculations at the mean-field level and beyond
(i) Is it possible to reproduce the experimental mass disf26,15-18,22,27—37

tributions of the fission fragments? In the microscopic HFB calculations we have used the
(iii) Is it possible to explain the rapid change of the meacomputer code dff38] where special attention was paid to an

sured fission half-life betweefP®m and 2*%m? accurate computation of the matrix elements of the Gogny

In order to answer the above questions we have pefinteraction for very big bases like the ones used in this paper.
formed constrained Hartree-Fock-Bogoliubov calculations aghe self-consistent equations have been solved by expanding
described in Sec. Il, where we give a brief outline of thethe quasiparticle creation and annihilation operators on finite
theoretical model as well as a description of the forces angases of axially symmetric deformed harmonic oscillator
configuration space. In Sec. Ill we discuss the results obtHO) eigenfunctions. The size of the bases used depends
tained. Section IV contains a summary and some concludingpon two parameterdl, and g, which are related to the
remarks. allowed range of the HO quantum numbers through the re-

lation

Il. THEORETICAL MODEL 1
. . _nz+(2nL+|m|)§NO-
The Gogny density-dependent effective nucleon-nucleon q

force is taken in the following forni26]:
g forn2e] Along the perpendicular direction we talé, shells (i.e.,

2n, +|m|=0, ... Ng) and along the direction we include

. . B (1T up togNy shells depending on the value af 2+ |m|. In the

V= 2’1 (Wi +BiP,—H{P,—M;P,P e 1724 present study we have useé=1.5, a value which is suited

for the elongated shapes along thdirection typical of the

fission process, anby=13, 15, and 17. The reason to use

different values ofNg is to study the convergence of our

results with the basis size. Other parameters characterizing

+Veou the HO bases are the oscillator lengthsandb,. These two

quantities have been determined, for each calculated wave

(2.1)  function, so as to minimize the HFB energy for tNg=13

2

HIW (V= VX 8(r—12) (V= Vo) - (01 + a5)

- -

ry+r,
2

>

+to(1+XP,) 8(r1—T2)

p
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basis. The same values bf andb, are then used in subse- placed by the zero-order approximation. The effect of the
quent calculations wititNy= 15 and 17(see below for a dis- “cranking approximation” in the Yoccoz moment of inertia
cussion of the convergence was analyzed with the Gogny interaction for heavy nuclei in

To study triaxiality effects in the first fission barrier we [22] by comparing it with the one extracted from an angular
have also carried out calculations where the axial symmetrynomentum projected calculatioisee alsg37] for a com-
requirement was released but left-right symmetry was imyparison in light nuclei The conclusion is that the exact REC
posed. As these calculations are much more time consumirig a factor 0.7 smaller than the one computed with the
than the axially symmetric ones we had to restrict them td'cranking” approximation to the Yoccoz moment of inertia
the Ny=13 case but, as will be discussed later, this is not dor strongly deformed configuratioria similar behavior has
limitation in the region of interest. been observed for the Thouless-Valatin moment of inertia in

In order to study the different paths to fission we have[41]). We have taken this phenomenological factor into ac-
used in our calculations the following constraints: the axialcount in our calculation of the RECs.

qguadrupole Q-), octupole Qs3), and hexadecapoleQ() In the last section we analyze the spontaneous fission
moments as well as the number of nucleons in the neck rdialf-life of several Fm isotopes. The analysis was carried out
gion (Qy). The corresponding operators are given by in the standard WKB framework whefl; is given(in sec-
onds by
_ 52
QA=I’}‘P>\(C0$6’)), QNZGX%_E» (2.3 T=2.86x10 21+ exp29)]. (2.9
ay

In this expressiors is the action along th€, constrained

with ay=1 fm path which is given by

In the minimization process neither the two-body kinetic- b
energy correction nor the Coulomb and spin-orbit pairing S=f dQ,\2B(Q2)[V(Q,) — Eql. (2.5
energies have been taken into account. Additionally, the Cou- a

lomb exchange energy has been treated in the Slater approy, the collective quadrupole inertB(Q,) we have used

mation[35,39. The reasons are the following: First, the cal- 4o adiabatic time dependent Hartree-Fock-BogoliubA

culation of the Coulomb exchange and pairing energies if)HFB) expression computed again in the “cranking” ap-
eProximation and given by42]

extremely time consuminB5] and its inclusion would pre-
vent the large-scale calculations presented in this paper.

From [35] we know that Coulomb pairing can be very im- M_3(Q,)

portant for collective masses but has little influence on the Batorre(Q2) = —5———, (2.6
energy landscape. On the other hand, the Slater approxima- MZ4(Q2)

tion to the Coulomb exchange energy works fairly well in all with

casegspherical or deformed nuc)eand is an affordable and

reliable approximation. Concerning the spin-orbit pairing its |on|z

contribution to the pairing field is very small, especially at M_p(Qy) =2, — . 2.7
zero spin, and can be safely neglected. Finally, the two-body w (E,+E)"

kinetic energy correctiori2b-KEC) is not included in the 20 - A
variation process because, for heavy nuclei, it remains alereQy, is the 20 component of the quadrupole oper&ler

most constant for most of the physical configurations. As thid" the quasiparticle representatip#0] andE,, are the qua-
term was included in the fitting of the force, we have to Siparticle energies obtained in the solution of the HFB equa-

include its contribution at the end of the calculation in ordertOn. ) _ ] ]
to obtain reasonable binding energies. In the expression for the action the collective potential

We have also subtracted from the HFB energy the rota¥(Q2) is given by the HFB energywith the 2b-KEC and
tional energy correction€RECY stemming from restoration REC correctionsminus the zero-point enerdy PE) correc-
of the rotational symmetry. This correction has a considerlion €(Q) associated with the quadrupole motion. This
able influence on the energy landscdped therefore on the ZPE correction is given by
height of the fission barrieysas it is somehow proportional 1
to the degree of symmetry breaking and theref_ore propor- €0(Qy) = EG(Qz)BKTlDHFB(Qz), (2.9
tional to the quadrupole moment. A full calculation of the
RECs would imply an angular momentum projectj86,37]
which is only feasible for light nuclei. In order to estimate
the RECs we have followed the usual recjg8] of subtract- M_,(Q,)
ing to the HFB energy the quantityAJ?)/(2.7,), where G(Q2)=2M2—(Q)-
(AJ?) is the fluctuation associated with the angular momen- T
tum operators in the HFB wave function ag is the Yoc-  Finally, in the expression for the action an additional param-
coz moment of inerti§40]. This moment of inertia has been eter E, is introduced. This parameter can be taken as the
computed using the “cranking” approximation in which the HFB energy of thgmetastableground state. However, it is
full linear response matrix appearing in its expression is reargued that in a quantal treatment of the problem the ground-

where

(2.9
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FIG. 1. The HFB energy obtained fbly= 13, 15, and 17 for the FIG. 2. The potential-energy surface obtained with the HFB
compact fissiofCF) path of 2°Fm as a function of the quadrupole calculations(dotted ling, the one taking into account the two-body
momentQ,. energy correctioridashed ling and the one including also the ro-

tational energy correctio¢solid line) for the compact fission path of

25 H
state energy is given by the HFB energy plus the zero-point Fm as a function of the quadrupole momepy.

energy associated to the collective motion. To account for
this fact, the usual recipe is to add an estimation of the zero-B- Two-body kinetic energy and rotational energy corrections
point energy to the HFB energy in order to obt&g In our The influence of the two-body kinetic energ®b-KEC)
calculations we have taken a zero-point energy of 0.5 MeVand the rotational energy correctioRECS on the binding
for all the isotopes considered. It is the standard value, but ienergy and the fission barrier ¥%m is shown in Fig. 2. It
our opinion the energ¥, could be considered as an adjust- is seen in the figure that the 2b-KEC shifts up the binding
able parameter which shifts the half-lives of neighboring nu-energy by around 13 MeV with respect to the HFB estimate,
clei as a whole. while the REC is negative and its magnitude grows from 0
for the spherical configuration to about 5 MeV in the region
of the second barrigisee inset The plateau observed in the
A. Convergence of the calculations REC starting inQ,=140b is due to the fact that from there

: ey on the solution corresponds to two separated spherical frag-

n our calculations bases witho=13, 15, or 17 were ments. In this case both the moment of inertia and the fluc-
used in order to check the convergence of the results. AS 3} ation of the angular momentum operators are proportional
example of.these tests we display in Fig. 1 the HFB ENerYIeR the square of the distance between the fragments. As a
corre_spondmg to the CF path 8?6F_m as a function oR, consequence of the behavior of the REC as a function of the
for different values oNo. A comparison of thENOZB and guadrupole moment, its inclusion decreases the second bar-
theNy=15 results S.hOW thatl.o:. 13 is enough n the region ey by a few MeV and that has an important influence on the
around the first barrier but this is not the case in the region ofy q1ematics of the spontaneous fission lifetimes of heavy Fm
the supgrdeformed minimum, arou@}=100Db, where a 4 isotopes as will be seen in the next section. All potential-
MeV shift is observed in going fromio =13 to No=15. energy surface§PES3 presented in this paper contain both

UsingNo=17 we obtain rather stable results as comparegnhe 25-KEC and REC corrections described above.
with the Ny=15 calculations. That is, for most of th@,

range the difference between thg=17 andNy=15 ener-
gies is almost independent f@,. The difference becomes
visible only forQ,>200 b, but this region is irrelevant to our  All nuclei considered here have similar barrier shapes ex-
investigation as it corresponds to solutions with well-hibiting two humps. The ground-state minimum is at ap-
separated fragments. This behavior is typical for all pathgroximatelyQ,= 15 b, which corresponds to the deformation
and nuclei presented in this paper, and from the above corparameteis,~0.25. The first fission barrier is, in our axially
siderations, one can conclude thég=15 is sufficient for ~symmetric calculations, about 10 MeV high but it is de-
the planned HFB calculations. We have also checked thatreased by a few MeV when triaxial shapes are included in
this fast convergence with basis size is a consequence of thikee analysis, which is in agreement with results of other au-
optimization of the oscillator lengths carried out for eachthors (consult, e.g., Refq.24,21]). The lowering of the fis-
quadrupole deformation. The oscillator length parametersion barrier due to triaxiality comes together with an increase
were chosen so as to minimize the HFB energies inNpe  of the collective mass and therefore the effect of triaxiality
=13 calculations. on the fission half-lives is rather small. This is in agreement

Ill. RESULTS
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256Em are plotted for the CF patfsolid line9 and the EF
path (dashed lines In panel (a) we show the potential-
energy surfaces as a function of the quadrupole moment for
both paths. Along with the energy curve we have also plotted
the real shape of the nucleus for relevant values of the quad-
rupole moment. The reduction of the first barrier by approxi-
mately 4 MeV due to the triaxial degrees of freedomi$
typically in the range between 0° and 8°) is marked by the
dotted line. We observe that after tunneling through the first
barrier the nucleus goes into the superdeformed region. In
fact there are two superdeformed minima, on®gat 50 and
another at 70 b, separated by a tiny barrier. The deeper mini-
mum atQ,=70 b, is situated 2 MeV below the ground-state

E energy. However, it is only separated from the scission point
-1880 F /\/\‘. x E atQ,=130 by a barrier which is only 2 MeV high and there-

fore it is rather unlikely that this superdeforméground

-1890 | > ; i
statg minimum can live long enough so as to be considered

-1900 f ' ~~~~~~~~ E a metastable state. The fission products corresponding to this
1910 b ‘ ~~~~~~~~~ ] path are identical and spherical; in fact, the fragments are
s F N\ T two spherical*?®sn nuclei. Such a type of fission pagolid
= -1920 F ] line in Fig. 3 was called in Ref(8] the compact fissiofCF)
Y qgso b ] path. It was also shown ifi8] that the octupole moment
along such a path is equal to zero, which is in line with our
-1940 F ] results; see pandb) of Fig. 3. After passing the scission
1950 | 256 ] point the potential energgthe Coulomb energy in faciof
Fm ® this fissioning system decreases rapidly with growing quad-
-1960 f o 1 rupole moment. The other path, called the elongated fission
1970 (EF) path, begins aQ,=70 b. This path plays a crucial role

0 50 100 150 200 250 in the fission process of this nucleus. It corresponds to the
Qe [4] reflection asymmetric shapes wiffy# 0 as one can observe
FIG. 3. () The fission barrier o%%m as a function of the ' panel(b) of Fig. 3. Both fission paths differ also signifi-
quadrupole momen®, for No=15. The solid line corresponds to cantly in the hexadepapole moments, pafeg) and in the
the compact fission pattCF) and the dashed line to the elongated NUMber of nucleons in the neck region, pafwl For quad-
one(EP). The dotted line shows the reduction of the first barrier due'UP0le moments larger than 120b one finds that the EF

to nonaxial degrees of freedom. The shapes of the nucleus at Rath has a gentler slope than the CF path. _
density of po=0.08 fm 3 are depicted for several values & In order to understand the shapes of the EF path for this

both for the CF and EF pathsote that the EF path leads to octu- nucleus and the heavier isotopes considered we have plotted
pole deformed shapesAdditionally, in (b), (c), and(d) the octupole  in panel(a) of Fig. 4 the shape of°*Fm at the deformation
and hexadecapole moments as well as the neck para@gtare  Q,=200 b. On the left-right asymmetric shape distribution
respectively plotted. of the fissioning nucleus one can distinguish two fragments
connected by a neck. One of the fragments is close to a
with the results of Refl.24] where it was found that the least sphere and the other one has a rather large quadrupole defor-
action trajectory, or in other words the dynamical path tomation. In order to study the mass contents of both fragments
fission, leads only through the axially symmetric shapes ofve have plotted in pandb) the quantity
the fissioning nucleus. Finally, a superdeformed minimum at
an energy similar to the ground-state energy appeaf3,at z o
~50 b. It is separated from the scission point by a small N(z)=27-rf dz’f dr,p(r,,z")
second barrier, which, as we will see in the next section, - 0
plays a fundamental role in the fission half-lives.
for both protons and neutrons. The number of particles cor-

A. Nuclear properties along the fission paths responding to the magic numbers 50 and 82 is marked in
. ) . panel (b) with horizontal dotted lines. From this plot we
In this section the potential enerdy, the octupoleQs,  |earn that both fragments have roughly the same mass and

and hexadecapol@, moments as well as the neck parameteriney correspond to Sn isotopes close to the doubly magic
%g are |n\2{5est|gated 2%"3”9 the fission paths for the nucleiszgy The fact that a strongly left-right asymmetric mass
25¥m, #No, and **Rf. distribution leads to two fragments with roughly the same
1 2560, mass is a remarkable result that will be commented on later.
' Finally, no significant lowering of the density is observed in
In Fig. 3, the results of the calculations for the nucleusthe neck regioripanel(c) of Fig. 4].
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FIG. 4. The shape of°*m at deformatiorQ,=200 b on the -
elongated path to fission as well as the number of partitleand 2 00k
the density(c) of protons(solid line) and neutrongdashed lingas i
a function ofz. The number of particles corresponding to the magic 1990 E
numbers 50 and 82 is marked in paitl) with horizontal dotted

lines. 0

The transition from the CF to the EF path takes place first
atQ,=90 b because, for smaller quadrupole moments, the,
EF path lies on a 5-MeV-high shoulder above the CF path a
can be seen in Fig. 5, where cross sections of the potentiafsMN-

energy surface for various quadrupole moments are plotted .
as a function of the neck parame®y,. At Q,=90 b the tion. Apart from the two valleys described above a few other

: ths were found. All of them are localized much above the
iggglndueerstzgt%esei:gn Z?ézgvﬁif)SF%z?hp\?vi?; Sggort_::sréiiggf} and EF paths so it is rather improbable that the fissioning
for the higher values of,. Such a behavior, referred to by Aucleus will follow one of them.
other authors a “switchback pati12], seems to be ener- 5 258
getically most preferable. Fro@,=100 b up to 130 b the '
minimum corresponding to the CF valley becomes a shoul- It was found experimentally in Refg3,4] that the nucleus
der as is seen in Fig. 5. This means tR¥Fm cannot con-  ***m exhibits bimodal fission. Both modes have a similar
tinue fissioning along this mode and will proceed through theabundance and symmetric mass distribution. In paaedf
EF path which explains the low-kinetic-energy distribution Fig. 6 the CF(solid line) and EF(dashed lingfission barri-
of the fission fragments of this nucleus. The minimum cor-ers are shown. The octupole moment, hexadecapole moment,
responding to the CF valley appears agai@at=140 b but and the number of nucleons in the neck regiQR,, corre-
at such large quadrupole moments the fragments are alreagponding to both paths are presented in pafi@is(d) of Fig.
separated. AQ,=140 b the fission valleys CF and EF are 6. Generally speaking the picture is very similar to the one of
separated by a 4-MeV-high ridge. 25%Em, but there are some important differences which cause

The fragments which are created in the EF process othanges in the fission yield GP%m.

256m have different deformations but nearly equal masses The first distinction between this nucleus afiFm is the

as seen in Fig. 4. This is inconsistent with the experimentalact that the second hump of the fission barrier on the CF
mass distribution which shows a mass asymmetp/A, path (at Q,=120 b) has practically disappeared and rises
~141/112[23]. Our static calculations are based only on theonly 0.5 MeV above the superdeformed minimum. Addition-
PES of the fissioning nucleus and it seems that dynamicallly the top of the second barrier is placed a few MeV below
effects could play a certain role in the fission ©fFm. It  the ground-state energy.

could also happen, but this is rather less probable, that we are The second difference with respect ¥Fm is the rela-
not able to find such a mass asymmetric path in our calculaion between the two paths leading to fission. As seen in

FIG. 5. The cross section of the potential-energy surface of
®m for different values 06, as a function of the neck parameter
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FIG. 6. The same as in Fig. 3, but for tR&Fm nucleus. o
FIG. 7. The same as in Fig. 5, but for t&¥Fm nucleus.

Fig. 7, the minima corresponding to the CF and EF coexist
along the fission path; i.e., the ridge between them does not
disappear along the whole way to fission. Its height always
exceeds 1.5 MeV. It means that the nucleus could fission via
the CF valley or change paths and proceed with the EF frag-
ment path starting fromQ,~90 b. At higher quadrupole
moments the transfer from the CF to the EF path is also )
possible but it is less probable as the ridge between the paths 1040 1 e |
in the region of the second hump rises up to 3 MeV. Such a
configuration of the EF and CF paths seems to enéwee

1030 —— . . . ———

cause we do not account here for dynamical effgbimt both 1050

modes are fed with similar intensity. This result is in agree- 1060 .

ment with conclusions of Ref$3,4], where a comparable = -

abundance of both modes was found. 2 1070 .
We can identify the CF path with the high-total-kinetic- w

energy(TKE) mode in the fission of°¥%m and the EF path -1080 1

with the low-TKE mode. In the CF path the nucleus splits

into two identical, spherical parts which are twWé°Sn nu- -1090 1

clei. At the scission point, the distance between the centers of
masses of these spherical fission fragments is relatively
small, which gives a strong Coulomb repulsion and in con- 1110 ) ,
sequence a high mean value of the TKE of the fragments. 0 5 10 15 20 25

The fissioning nucleus passing through the second EF path Q. [b]

has a similar elongated shape as the one describett%em

in Fig. 4. The distance between the mass centers of the two FIG. 8. The potential-energy surfaces for some Sn isotopes as a
created fragments is much larger than the one for the CRunction of the quadrupole mome®@,. Both the 2b-KEC and REC
path. It causes a weaker Coulomb repulsion between fragare included in the curves.

-1100
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FIG. 9. The same as in Fig. 3, but for tR@No nucleus. The FIG. 10. The same as in Fig. 5, but for t&No nucleus.

dotted line corresponds to the two-body solution.
the fragments for the EF path to be of the order of 23 MeV

ments and in consequence a smaller mean TKE of the fra%";iltler than for the CF path, in good agreement with experi-

ments.
We have got also some arguments in favor of the hypoth-
esis that in the fission of°%m one deals with a kind of 3. %*No and **%Rf
cluster fissior{2], both in the CF and in the EF paths. Look-  Figures 9 and 1QFigs. 11 and 1Pshow the PES and its
ing at the proton and neutron density distributions along botltross sections for the fissioningP®No(?°°Rf) nucleus. In
valleys we have found that the nuclet’Fm splits into two  these nuclei, the second hump of the potential barrier disap-
parts with equal masses. Each fragment has around 50 prpears completely. After tunneling through the first barrier
tons and 79 neutrons. The only difference is that one of théhey fission directly.
12%3n fragments created in the EF path is highly deformed In the nuclei ®*No (Fig. 9 and 2Rf (Fig. 11), as in
with B,=0.6 whereas it is spherical in the CF path. As the?°fm, the CF and EF paths are also found. A transition
different TKEs of the two paths could be explained in termsbetween both valleys is possible@;=90 b, as can be seen
of the energy difference between the spherical and superd@ Figs. 10 and 12, where there is no ridge separating them.
formed fragments, we have performed additionalHere, similarly to the case of°®Fm, the minimum corre-
Q,-constrained HFB calculations for a few Sn isotopes. Thesponding to the CF path turns into a shoulder at at@ut
results for'?6-13%n even-even isotopes are presented in Fig=100 b, but appears again &,=120-130 b. It makes
8. A shoulder(or even flat minimum fort3Sn) is seen for all  possible the comeback to the CF path, although the probabil-
isotopes afQ,=10-14 b. This superdeformed second mini-ity for such a process is relatively small. This effect explains
mum for *3%Sn corresponds t@,=12 b(or 8,=0.6) and it the experimentally observed low abundance of the high-TKE
is located around 23 MeV above the ground state. This sunode: 5% for?*®No and even less fof®Rf.
perdeformed state can be identified as the deforrfé8n In configurations close to scission another third path cor-
fragment, meaning that the 23 MeV accumulated in the suresponding to two compact fragmeritearked by the dotted
perdeformed state will be taken away by post-fission neulines in Figs. 9 and 1lwill appear. In contrast to the above-
trons or+y rays and will not be converted to the kinetic en- considered Fm isotopes, the two fragments have a small
ergy of the fragments. Therefore, we expect that the TKE ohsymmetry in mass with a rate bf, /M =132.5/125.5 for
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FIG. 11. The same as in Fig. 9, but for tRERf nucleus. FIG. 12. The same as in Fig. 5, but for tA¥Rf nucleus.

2580 and My /M =136/124 for 6°Rf. In both cases the

number of protons is the same in both fragments. This asynievel and in >*%m a few MeV lower than that. In these

metry is in line with the experimental results for these nucleinuclei only the first hump will influence the fission half-life

[3,4]. time. The fission barrier of>4Fm has a completely different

shape. Although the shift up of the second hump with respect
B. Spontaneous fission half-lives to 2°%Fm is not larger than the corresponding shifttfFm

with respect to*>%m, this small shift causes the whole sec-

(T.;) decrease rapidly with mass. This falloff has up to now®nd barrier to be now above the ground state. This effect

(see, e.9.[25]) not found a satisfactory explanation. mfluen(_:es the theoreUcaI_estlm?tes f_or_ fission h_alf-hves ina
The shape of the potential barrier is one of the most imdramatical way. The half-life fof>*Fm is in our estimates 11

portant factors which determines the fission half-life of nu-orders of magnitude larger than that f6fFm when the
clei. The fission barriers fof*Fm, 2°Fm, and 2°%Fm (for ~ Symmetric(CF) path (solid line in Fig. 3 is taken into ac-
the CF path only are plotted in Fig. 13. All curves are count(open symbols in Fig. 14 It becomes much shorter
shifted in order to get the ground-state minimum in the samésolid symbols in Fig. 14 and almost equal to the experi-
position. One can see in Fig. 13 that the first hump of themental one, when the reduction of the fission barrier due to
barrier is practically the same for all these nuclei. In fact, thethe left-right asymmetry degrees of freedom is included. It
almost 10-MeV-high fission barriers are reduced by a fewhas obviously to do with the fact that the size of the fission
MeV when including the effect of triaxialitysee Figs. 3 and barrier to be tunneled ir®m reduces slightly if one
6). However, as already mentioned, it was shown in Rf] switches to the EF valley @,~90 b. The estimates done
that the dynamical effect prevents the fissioning nucleusssuming the axially symmetric form of the fissioning
from taking axially nonsymmetric forms, so we have decidednucleus are marked in Fig. 14 by circles, while those for the
to perform the estimates df,; for the both(axial and non- nonaxial case are denoted by triangles. It is seen that the
axial) cases. inclusion of the nonaxial degrees of freedom decreases the
The main difference between these three isotopes is in thealues of T¢; obtained in our one-dimensional calculation
location of the second hump with respect to the ground-staté.e., without the dynamical effects of R¢24]) by about one
minimum. In 2°Fm the second barrier is at the ground-stateorder of magnitude.

For heavy Fm isotopes the spontaneous fission half-live

014310-9



M. WARDA, J. L. EGIDO, L. M. ROBLEDO, AND K. POMORSKI PHYSICAL REVIEW @6, 014310 (2002

' ' ' ' 10" . .
10" ¢
SN =R
101 | Fm o 8
i LE
10F ° 103 B :':: \ 1
= o[
3 z 1
= o - -0
w < 104 |
10| 102 b
[ @
1r xexp 4
20 | 3 3 Ows
102 | A Oth
W0 A @ th (asym)
_30 L L 1 1 4 10 L '
0 50 100 150 240 250 260
Q, [b] A
FIG. 13. The fission barriers fof*Fm, 25%Fm. and 258 m FIG. 14. The spontaneous fission half-life times of Fm isotopes

evaluated along the CF path. The ground state is set to zero in tHfS @ function of the mass number. The experimental @a¢a are
three cases. The second solid line startin@at 60 b corresponds taken from the NuDat database while the theoretical estimates com-

to the EF path of%Fm. puted with a model based on the Woods-Saf®g) potential are
taken from Ref[25]. The present estimates are represented by solid
In Fig. 14 we compare our estimates for the spontaneousircles for fission along the CF path whereas the results for fission
fission half-lives ) with the experimental data and also along the EF path are represented by open cirglese that both
with the results of dynamical calculations on the basis of theestimates coincide if>*~?*#m). These results were obtained as-
Woods-Saxon potential made in RE25]. It is seen that we suming the axial symmetry of a fissioning nucleus. Similar esti-
have qualitatively explained its decrease for heavy Fm isomates done yvith the inclusion of nonaxial degrees of freedom are
topes. It is due to the fact that the second hump goes belofarked by triangles.
the ground-state level id°® 2°%Fm. In fact, we did not re-
produce well enough the half-life time f6P%m which isin  the heavier even-even nuclei has been described properly.
our calculations three orders of magnitude shorter than the We also explained the decrease of the half-life times for
measured value and, therefore, the abrupt change in the sythe heavy Fm isotopes. In the case BfFm, the second
tematics of the fission lifetimes appears two mass units todump on the fission barrier is located above the ground state.
early. In heavier isotopes it goes down by a few MeV below the
ground-state minimum and therefore does not give any con-
IV. CONCLUSIONS tribution to the half-life times of these nuclei.

responds to a symmetric mass split. This is a new phenom-

sion barriers. There is always one of the fission trajectorieg,on which could be discovered only in the HFB type of
which leads to compact fission. Another path, leading to an.culations with the Gogny oé-pairing forces which dis-
alternative mode corresponding to a spherical and an elon;,

gated fission fragment, has been found for all these nuclerli.InguISh between orbitals in different fragments.
The shape of the second hump of the potential barrier and the
relation between the two fission paths in the potential-energy
surface are crucial for the way in which fission occurs in
these nuclei. Two of the authorgK.P. and M.W) gratefully acknowl-

In 2%%Fm fission follows only the elongated fission path edge the warm hospitality extended to them by the Departa-
but we are unable, in our static calculation, to reproduceanento de Fsica Tewsica of the Universidad Autwoma de
properly the mass asymmetry of the fission products oMadrid as well as grants from the Spanish Interministerial
2% m. Similarly to the experimental situation the theoreticalCommission of Science and Technology, Ref. SB99-
approach yields only a low-TKE mode in the fission yields,BA6182184 (M.W.) and of the Spanish Foreign Ministry
which was found theoretically. In contrast to this, the isotopgK.P.). This work was partly sponsored by DGICyT, Spain
2% m may fission along the CF or EF valleys and bimodalunder Project No. PB97-0023 and the Polish Committee of
fission take place there. The observed experimental differScientific Research, Grant No. 2P 03B 11519. A critical
ence of the TKE between both modes is well reproduced byeading of the manuscript and comments by Johann Bartel
our model. The mechanism of bimodal fissiondfFm and  are also acknowledged.
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