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Applications of a Global Nuclear-Structure Model to Studies
of the Heaviest Elements

Peter Moller{ and J. Rayford Nixt

t Theoretical Division, LANI,, Los Alamos, NM 87545, USA

Abstract. We present some new results on heavy-clement nuclear-structure prop-
crties calculated on the basis of the finite-range droplet model and folded- Ynkawa
single-particle potential. Specifically, we discuss calcnlations of unclear gronnd-
state masses and microscopic corrections, a-decay properties, f-decay properties,
fission potential-energy surfaces, and spontancous-fission half-lives. These resnlts,
obtained in a global unclear-strnctnre approach, are particnlarly reliable for de-
scriliing the stability properties of the heaviest clements.

1. Introduction

Ihe mumber of elements is limited becanse nnelei become inereasingly nnstable with respect to
gpontancons fission and « decay as the proton nnmber increases, Already in the mid-1960' it
was specnlated that this trend might be broken at the next magic nmmbers beyond thase in the
donbly magic nnclens 431'b 0. Many calenlitions on the properties of the heaviest clements
were carried ont over the next several years, lhoawever; since that time significant improvements
have been incorporated into the model that we nse for these studies and we present here some
of one most recent resnlts, More extensive presentations will appear in o forthcoming review
[1] and in a fortheomng issme of Atomic Data and Nuclear Data Tubles [2]. The new resnlts

are particularly relinble in the heavy elonent region,

2. Model

In the macraseapie micreapic method D total potential energy, which is calenlated as
function of shape, protom mmber Z,and nemoon nimmber N s the s of @ macraseapic term
and i micrcsenpie term representing, Vhe shell plas paiving, corveetion. Thas, the total nnelein

potential eaerpy can lne wiitten ae

Fra(Z, N shape) P (2, Noshape) 1 P70 N oshape) (1)
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Figure 1. Comparisan of experinnental and calenlatd microscopic correetions for 1654
mielei, for n macroscopic madel carresponling ta the finite-ringe deogplet model. The hot-
tom parl showing the differener hetween tlese twn gnimtities is eqnivalent to the Jdilference
betwesn meisneed and calenlated groml-state masses. "Tlhene are wlinost. no systemalic
crenrs cetiining foe el almve N = 65, e which region tee veeor is anly (0.448 My V.

o

The preferred model in the enreent ealenliations has its orvigin in a 1981 nuclear mass model
[3.4]. which mtilized the folded- Ynkawa single particle potential developed in 1972 [3,6]. ‘I'he
macroscopic model nged in the 1981 calenlation was a finite-ramgoe liguid-drop madel, which con-
tained i modificd snrlaee-energy term 1o aceannt lor the finite range of the nnelear foree, he
madified snrface.energy term was given by the Ynkawa plus-exponential finite-range model [7].
This madel is nsed inonr calenlation of fission potential-energy snrfices.

Onr preferred macroscopic madel is now the finite-range draplet model, for which addi-
tions of finite-range surface enerpy effeets and an exponentiol term [R] have resulted in dra
matic improvenents in its predictive properties, as snmmcirized in the disenssion ol Tsble Ain
Ref. 9], We refer ta this new macrosenpic el as e finite vimge draplet made] (FRDM),
which aldneviation is also nsal todesipnate the fall imsenscapic microscapic nneleir strnetnne
madel. For the ealenbition of gronnd stane propertios woonse here the liatest versiom, which is

denaded iy FRDN (1992) ]2].

3. Grannd-state properties

Figae 1 adnovs the vesnlte od the FRDN (199) ancdear mace calonlation, The disaepam v

fertwerr meianed aml calvnlated e b in the lower gen ol thee e is gnite sanall,
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in partienlar in the heavy region. 'T'he gond agrecement resnlts from several ossential now
featnres in the calenlation relative to those in tloe TOST calenBation B monely a new maera
seopic el a0 Lipkin Nogami paaring, model with an improvead form smd pacaeters ol e
etlertive intera tion pairing gap O] and mivimization ol the poonmnd state ene gy with respeet
ta higher mmlipole shape distontions L The FRDM wveannts T Comloab vedistrilimtion
eileets, which are pantienlnly important in the heavy vegion [T Toassnre the reliability of
aonnclear mass imadel e extvapolation o the siper vy pepiom, it is in one view necessary
ta nse i globa apguan e in which the mvalel cometams e adisted taca Livge region of 1he
prerimlic sestem, asis odote heves Approaches in which the npedel constants are adjnsted foca
limitea] heavy repiom, anch ae teovepivae alewe Plo e non b becoreliable T extragedation ine
the snperheavy epiom,

Toorest the vehability of e FRDA Bacestngrodaiom foevoand thee Jesaviest known elepnen
weo lave peanfamed aorather sevene et i wlie bewe soljast the model constants onldy 1o data
m e aepiow 7.8 UN Gl e 2080 Toae e THID ke inaseas s thisn pegiom o uagsl
o IS b e o 20N S aal e o Stackond o et lins alamt vaee thind of all
hown e are esadadieds witle inclen vengewssd Toone bohe vl ab thee repion o ol s tnen
W thew apply the odel with alisas voaamds to e alontortin o all known maseessin om
sl veriear and vommpare e el toooo snackand wealel e fip 0 The errea o e

hown noeles o oo 0710 MoV copaguaed et VeV watly v Staacdand taeaded ol jpneaed
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Figure 4. Comparison of measnred and calenlnted a-decny Q valnes for the N = 15H4
and 155 isotonic chnins,

proton nmuber 2 = 115 and nentron nmmber N = 179, at an energy of =944 MeV. At
Z = 1A, N = 179 the energy is almost the same. This mininmm s located in whe region of
snperheavy elements. An interesting featnre of the contonr diagram is that there is a peninsnla
of stability extending from the snperheavy island toward the region of known heavy clements,
On this peninsala there is a "rock” of increased stability centered at Z = 109, N = 163,

The thres heaviest known elements oz Ns, oulls, and jgoMt were all identified from their
a-decay chains [12 4], which limited their stability. The single most import, nt. quantity
devermining the o doecay halt lile is the @ valne of the decay, Tn the heavy-olement rogion an
nncertainty of 1 MeV in the @ valne corresponds to nneertaintios of 108 and 104 for @, = 7
MeVoand Q,, =9 MeV, respectively [15)].

In 1989 Miinzenherg ot al. [16) compared @ valnes for a decay along the N - 150 and
N = 150 isotanie lines to pradictions of the TOS8 FRLDM [17). In fig. 1 we make a similar
camparison of measnred data to predictions of the carmmt FRODM [2]. These resnlis based on
the enrrent FRDM show o el improved sigreement with the measnred vilnes relative to the
caomparison with am obler nass model in 1989 by Miinzenherg, et al, 1],

We havae catimatel aalecay half lives 2 corresponding, ta ane calenlited ()., valnes hy
e of the Vidda Seaborg, syavmatios [I8] with parinmeter ealnes that were determined i an
adinstiment that i hnled wew adata e even even mdei [0 The anelens #7210 has aeal
anliated a decay hall Ble ol atwmt 50 s, The anelei #4110 and #1100 the conter of the
superthvavy islind lave Galenlated «cdecay Talf lives of 0y and TH6A v, espectively, whivh, il

acenrate e oat the possibility that aoperheavy elemente aeem in i,
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Figure 5. Lxpericnanal fissica-fragnent nass amed Kinetiv-energy disteibntions for thee
lission of melei ehwe to 241 m, whose syimmetrie Trngments nee donbly magic. Tl sty
tees of these disteilmtions eelleet the valleys, eisdges, minnna, aned saldle Jaints of e
mplerlving vonelene potential-eneegy sielires.

Applicarions ol vnre madel ta the calenlation of ;- decay halllives and g-delayed nentran
vinission is disenssed elsewhore [20,21).
4, Fission praperties

Fora bag, time experimental stadies of spontancons fission poroperties showal gradnal, poe

divtable el ol anel properties aespeontamaome dission: half lives and mass and Kinetie
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Figure 6. Niclear shapes for which fission potential-encrgy surfaces are calculated. The
selected shapes allow fission into both compact spherical fragments with high kinetic ener-
gies and elongated fraginents with normal kinetic energices.

encrgy distributions as the region of known nnclei above nranimm expanded. However, in the
1970’8 evidence started to acanmmlate that there were rapid changes in fission propertics in
the heavy-ferminm region. The first obsesvation of the onset of symmetric fission at the end
of the periodic system was a study [22] of 2*TFm fission. For 4810 the changes are even niore
dramatic. Fission booemes symmetric with a very narrow mass distribution, the kinetic energy
of the fragnents is abont 35 MeV higher than in the asynmetrie fission of B8, and the
spontancons-fission half-life is 0.38 ms, compared to 2.86 v for 2, The fission-fragment
mass distributions and kinetic-energy distributions of #81'm and fonr other heavy miclei are
shown in fig. 5, taken from ref. [23]. Animportant featnre of some of the kinetic-energy distri-
butions is that the shape is not Ganssian, Instead, some of the distributions are best deseribed
as a s of two Canssians,  For #** 1 m, for example, the kinetic-energy dise ibntion can be
represented by twn Canssians centered at abont 200 and 235 MeV. “This type of fission is
referred to as bimodual fission,

It has been proposed that the rapid chamge in half-life when going from Ay Lo 81
is dne to the disappearance of the second saddle in the barrier below the gronnd-state energy.
Fission throngh only sae harrier, the first, gives very goad agreement with the abserved short
alf life of 281 [20,25]). Nowever, ane uay ask i and how the spontimeons-fission half-life is
connected ta the cimge in other fission properties at this transition point, snch as the change
to symmetvie fissian and high Kinetic enegies, We show that the old interpretation that the
Lanrvier ol 2% has disippeared below the gromnd state is inconsistent. with resnlts from the

present ealenfintion and propose i new mochamism fia the short half lite.
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Figure 7. Calcnlated potential-energy anrface for 2°8Fn), showing three pathis to fission.
Initially, only one path starting at the gronnd state exists. Later this path divides into
two paths, one leading to compact scission shapes in the lower part of the fignre and the
other leading 1o clongated shapes in the upper part of the fignre. At a late stage in the
barrier-penetration process, a third "switchback path" branches off from the path leading
to compact shapes and lewls back into the valley of elongated scission shajies. Because this
takes place late in the barrier-penetration process, the fission prohahilities for fission into
conipact and elongated shapes are expected to be ronghly comparable. Experimentally the
probabilities differ by only one order of imagnitinde. The incrtia associated with fission into
the lower valley is considerably simaller than the inertia for fission into the nppeer valley.

Althongh theoretical considerations had far earlier led to snggestions of several fission
paihs in the potentinl-energy snrface, theoretical spontancons-fission half-life calenlations nntil
rather recently considered only shape parameterizations that allowed for the conventional valley
[6,26--30). Early calenlations that showed, to some extent, the influence of fragiment shells at a
relatively carly suage of the fission process, hefore scission, appeared in the carly-to-mid- 1970
(31 33).

The first calenlition that showed prononneed mnlii-valley stenetnre and predicted the
corresponding spontancons-fission half-lives was performed in refs, [34,35]. An improved model
that also inelnded odd nnelei wis presented somewhat later [36]. We show resnlts from these
calenlations in fips. 6 10, in anits where the radins Ry of the spherical melens is anity. These
resnlts [34,36) showed that some of the good agreement between ealenlinted spontimeons-fission
half-lives and measnred valaes obtiined in earlier calenlations [26.27) for mnelei close to 28y
wis fortnitons,

The high Kinetic energy fragments in heavy Ffission were thonght to correspond 1o
fisstion throngh a scission confignration of two tonching spherical fragmoents, and law-Kinetie

cpergy fission was interpreted as lission thirongh o scission conlignration of two elongated
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Figure 8. Shapes corresponding to the contour map in fig. 9. Shapes associated with the
new valley are in the lower part of the figure and remain syiminetric. As the switchback
path from the new valley crosses over the saddle at r = 1.4, ¢ = 0.75 into the old valley,
asymmetry becomes niore and niore prononnced. As asymmetry develops, the overall
extension of tlie nnclens remains approximately constant for fixed valnes of r.

fragments. Fignre 6 shows a sct of shapes that !eads from a deformed gronnd state to both
these scission confignrations, and fig. 7 shows the corresponding calenlated potential-energy
surface. The three paths are discussed in the caption to fig. 7

In the shaded region of fig. 7 we have investigated the effect of a third mass-asynnetric
deformation. The resnlting most favorable shapes are shown in fig. 8, with the poter © i energy
corresponding to these shapes shown in fig. 9. ‘T'he saddle along the long-dashed «chback
path has been lowered by mass-asymmetry, but the saddle leading to two tonching spherical
fragments is not lowered by mass asymmetry. The reason that this saddle appears somewhat
higher in fig. 7 than in fig. 9 is dne to interpolation diffienlties in a region of rapidly changing
energy in the former fignre,

Finally we present in fig, 10 calenlated and mea-ared spontancons fission half-lives for
some heavy elements of interest. Spontancons-fission half-lives are related 1o an integral along
the fission path of the product of an inertia fanction and the barrier along the fission path.
Becanse the barvier in the valley leading to two tonching spheres is calenlated to be above
the gronnd-state energy for 2% 1m0 the mechanism of the short halflife is nof the absence of
a second peak in the barrier. Instead it is a very low inertia associated with fission in the
new valley, No trnly reliable microscapie calenliation of the inertia along diflerent fission paths
exists tiday, it the level strnetnre in the new valley snggests o very low inertia for fission

along this path.
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Figure 9. Contonr map for ***Fm, showing the vicinity of the onter saddle along the
new valley and the saddle along the switclihack path hetween the new valley and the old
valley. ‘T'he energy has been minimized with nspect to the mass-asymmetry coordinate ag
for fixid valnes of the other symnietric three-gnadratic snrface shape parameters. The new
valley inters i the extreme lower left of this fignre, and fission mmay either evolve intu the
olil valley across Uwe sadille at r = 1.4, ¢ = 0.7% or proceed in the direction of compact
scission shapes across the saddl at r = 1.6, 0 = 0.74. These two saddles are of abont eq:al
height.

5. Summary

We conclnde by snmmarizing some important resnlts on the stability of the heaviest clements

presented here:

o ‘I'hic inclusion of Conlomb-redistribntion effects in the mass model lowers the calenlated

mass for 272110 by abont 3 MeV.
o ‘T'he snperheavy island is now predicted to be centered aronnd 288110 and #¥'110.

o The calenlated a-decay half-lives of 272110, %110, and #1110 are 70 ms, 4 y, and 1565 y,

respectively.

o ltelitive ta carlier resnlts, we abtain shorter spontancons-fission half-lives in the snper
heavy region. For mmelei in the vicinity of 272110 a *ballpark™ valne is 1 ms, Tl some
spontancons fission half-lives may be comparable 1o a-decay half-lives,

o Spontimeons-fission half-lives may e significantly different fram the "ballpark™ valne ol

ms for two reasons. One is the general nncertainty of the calenlations. Another is tha
for odd systems spercialization emergies can lead to inge ineregses in spontianeons-fissiom

half-lives, with np to 10 orders of magnitmde possible,

Maore extensive disenssions ol the vesnlts presented here may be fonnd in a series of recent
publications [1,2,10,11.20.4-1.36.37].

This work was snpparted by the U0 S, Department ol Fnerpy,
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Figure 10. Experimental spontaneous-fission half-lives compared to calculated values for
fission along the old and new valleys. A new valley is present in the calculated potenti»'-
energy snrface only for N > 158. When half-lives have been calenlated for both val eys
for a particnlar neutron number, the shorter (dominating) calculated half-lives should be
compared with experimental valnes. The discrepancy between calenlated and experimer.al
valies in the vicinity of N = 152 may arise from cither an error in the calculated ground-
state energy or the neglect of fission along the third (switchback) path.

For No tliere is a new experimental featinre of fairly constant half-life for N 2, 156, which
is reprodinced moderately well by the calenlations.

For Rf the experimental half-live is nearly constant as a function of N. The theoretical
half-lives for RT are too high near N = 152, However, the discrepancy corresponds only to
an error of about I MeV in the calculated gronnd-state energy.

For Z = 106 the calculated half-life in the new valley is fairly conustant heyond N = 166.
‘This shaws that the destabilizing effect of the spherical magic-fragment neutron nmnber
N = 2 x 82 approximately cancels the effect of the deformed magic-gronnd-state nentron
mmber N = 162,
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