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_ Abstract

The sﬁability of excited superheavy nuclei with respect to fission is
studied on the basis of reélistic shell models and of the B.C.S. Hamiltonian.
A statistical ﬁppfoach is used to caléulatevthe deformation probabilities of
excited nucléi as well as the fission and neutron decay Widtﬁs. The results
of the calculations show a rapid‘washing out with energy of the shell effects
responsible for the high fission barriers predicted in the superheavy region.
The first chancé'fiésion prébabilities are calculated for ﬁuclei.is the region
between Z = 108 and Z = 126. Two sihgle—particle.modelsvproposed by Nilsson
and by Bolsterli et al. have been used in the calculations. The results are
discussed iﬁ terms of the possiﬁle‘production of superheavy elements by means

of standard nuclear reactigns.

TWork performed under the auspices of the U. S. Atomic Energy Commission and
supported in part by Centro di Radiochimica e Analisi per Attivazione, Universita

-di Pavia, Italy.
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1. Introduction

Shell model calculations-ha?e led' to the expécﬁation that magic or
near magic regions exist close to Z = 114 and N =118§. Shell.closures are known
to produce nuélear binding enefgies substantially lérger:thah averége: further-
more such potential_energy depressions Qre limited to spheriéal or near spherical ’
configﬁfatioﬁs."Onvthis basis it was expected that the presence of such shells
would genefaté substanfiﬁl fissioh barrieré in a region'whe}e-the>liquid_drop
model predicts ihsignificanp barriers. The main mode of instability for
very high Z élements is spontaneous fiésidnf thé presénce of magic
or near magic regions Woﬁld allow for éubstantial fiséion barriers, thus increasing
the spontaneoué fissioﬁ'half lives.

Such cdnsiderations have'led to a.great amount df-theoreticalistudy on

152,3,4> and also to the attempt of

o5

the»stabilify4of superheavy elements
537,899

: synthesizing_thém by means of nuclear reactions 6) 6r to find them in naﬁure
but with incohélusive results.

The theoret;cal‘studiés carried on so.far'cbpcerned the nuclear potential
energy surfgce'#s‘a function‘of one or more deforﬁation parametéfs. Such
potential eﬁergiés are calculatéd ﬁsﬁally by means 6f the sé—célléd Strutinskilo)
proéedure. The use of the éheli model as sﬁch for the calculation of the nuclear
binding eneng; while accountihg reasdn&bly well for fhe'fluctuations dﬁe to
the shells, leads to erronédus absolute values. The Strutinski. pfocedure 
subtracts from the 0verall energy calculated by meéns of the shell model, a
suitaﬁly smoothed eneigy, obtained from tﬁe model itself. The'fluctuatioﬁs or - .
wiggleé obtained in this way are then added £o the liquid drop energy which

provides a satisfactory smooth value for the overall binding energy.
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In this;ws&'the‘nuciear potential:energy can -be described reasdnably'
wellband equiiibrium defermations, ﬁasses, fission barriers,‘alpha and beta .
decay energies can be predicted |

The application of such a method to the superheavy nuclel has led to
impressive predictions such as fission barriers of 8 or 9 MeV and large overall

2’3) 232 238U have fission

deeay'half lives in many cases . For eomparisonb Th and
barriers of ebout 6 MeV while ﬁﬁe other actinides have even lower fission
barriers. |

The analysis of the potential energies_aione does not allow one to draw
definite conclusion regarding the actual possibilityvof msking.such superheavy

elements. Two ore problems must be studied. The first concerns the actual

- possibility of obtaining suiltable compound nuclei: since sﬁbstantielly large

projectiles are needed in order to reachithe magic region, there is some doubt

‘whether complete,fusion of target and projectile with a subsequent relaxation

ef the’system to the cbmpount nuclear stage is indeed possible. This point has
been,discussed'by W. Swisteckill). The second preblem, which is the subject of
the present-paper, concerns the sttenustion,ef the shell effects‘with excitation
energy. As it has been menfioned above, shell effects are responsible fér_the
large predicted figsion barriers: the excitation energy, by depleting the lower
shell ef nﬁcieons and.by populating the higher.one, tends to introduce a

sﬁ@aring of the shell effects. Such an effect is improperly considered a

‘reduction of the fission barrier height with increasingvexcitation energy. In

treating the:present subject, a thermodynamical or a statistical approach is
ncre appropriate and penetrating. If the system were at constant temperature,
one could simply substitute the free energy for the potential energy; the free

energy, just as the potentiel energy, has the property of being '
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at a ﬁinimum for'eQuilibrium configﬁrations. Sueh a potential would account

for the warming up of the:nucleue wiﬁh the coneequentvsmearing'of sheli effects.
Hoﬁever, a compoﬁnd nucleué, particularly when large excureions from equilibrium
deformations are involved, can_hardly Be considered at constant temperature.
Aetuaily, the compound nucleus is af a fixed excitation energy and consequently
the preper thermodynamical'fﬁnction to use is the entrepy. At each excitation
energy, one should study the rariatien of entropy with deformatioh or, in the
language of statlstical mechanics, the variatlon of the statistical probabillty ‘
with deformation.‘ All the information required regarding the washing out of
shell effects'will be included in such functionms.

In the present paper, a theory will be illustrated which allows one to
calculate thevstatistical probability assoclated with deformation, the location
of the fiesien transifion state, the fission width and.the fission probability on
the basis of the‘shell model. Furthermore, the theoretical models necessary for
suchvcalculatiohs will be presented. Finally, ectual calculations will be
presented for eome'superheavy'nuelei ranging from.Z'= 110 to Z = 126. In such
calculations, two different shell models have been_used.

Sqme preliminary results of suéh calculations were published elsewherelQ).
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2. Theoretical Considerations

2.1. Probability of Deformation

13’lh), a calculation of the statistical probability

Invpfevious papers
associated with a given deformation for an excited nucleué, was presented. The
érocedure is Eased uponvthé cou@ling of one or more cbllectiﬁé modes of motion
with the’infernai degrées of freedom, with the assumétion that excitation energy

is randomly shared between internal and collective dégrees of.freedom. The

deformation probability at a given excitation energy turns out to be:

v 2Tm A,—1/2

P(E, €) ae = == p(ET) ae , | (1)

where € is the collective coordinate, m‘is the inertial méss'associated with

it, E, = E - V(e) is the local excitation energy at the deformation €, V(e) is

T
the potential energy, p(ET) is the level density due to internal degrees of

ffeedomﬁat the deformation € and at the local exéitation.energy ET and:

In such an éxpressiqn, theilgading térm‘is b(ET); it accounts‘fof.eSSentially.

all of the fluctuations of probébility'as a funcﬁioﬁ of deformation ;nd it
contains the feature of the shell smearing with excitation .energy. Of‘ﬁuch

less significance is the ilnertial mass, which; although it depends both on
excitation enefgy and deformation, has.an insignificant effect on the relative
'probability.. The.potential energy V(e) is &ery relevanf also, since it appears_in

the dependence of ET upon E in the argument of the level density.

(N3
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Actually, the success of the calculatioh depends on the ability to evaluate
both the potential energy and the level density on the basis of a realistic
nuclear model. | |

The expression given in eq. (1) is relevant to the fiésion process in
so‘fér as if-céﬁ déscribe the prbbabiiity of fluctuationé in shape no matter
how large. The_fission process is indeed connected with a large fluctuation
in‘shape, and its probabilitj is related to the probabilityvof such fluctuétions.

In the next section, such considerations will be treated quantitatively.

2.2. THE TRANSITION STATE IN FISSION
In thercése of a non4fissionihg and, in géheral, non—decaying compdund

nucleus; eq. (1) is a function approaching to zero at somevlarge deformaetion
(P = 0 for E = V(e))band with a finite intégrél over thé deformation space.
This infegfal is the overall level density df‘the nucleus  at the excitation
energy E. if can be said thét the system is bduhd in the éompoﬁnd—nucleus‘
deformation:space. With a nuéieué whiéh can undérgévfission,-a new situation
occurs: namely, along some direction in the deformation space, the probability
does not ever go to zero; howevef, éfter going through a minimum, it incfedses
dramaticallyvar configurationé farther and farther away ffdm gphericity. Also
the integral éf the probabilityfofer the deformationvspace tends to diverge.

In such_a_case; one cannot speak of statistical equilibrium in a true sense:
'if_is better té think in terms of a bulkvprobability, contained within a
deformation boundary which could-Be called the éompound.nucleus region and which
leaks out through some special deformation cbhfiguration into the region where

the fission fragments are formed. If the decay probability is small, the system
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caﬁ be still-coﬁéidered quasi-bdund in the compound nucleus configuration aha
the'compoundjhucléusvitself retains a thsical.éigﬁificancé.. The specialb.
configuration which controls the flow of'probabilify fbwards fission is the
_region where the_probability itsélf.is at a minimum and ié called transition
state.

| Usuallyvthe transition state is cohsidered to be locatéd at fhe fission
saddle pbinf which is a point in thevpotential'energy surface. H6Wevef, suéh an
identificatidn.is not neceSsaiily correct when the fission barrier is primarily
the.résult of shell effects rather thanvderiving from the.liquid drop botential
energy. Indeed the excitation eﬁergy will tend to wash out the shell effects,
.But such a wﬁshihg out éan take place at a different rate for different defor-
mations. Thefefore the minimum in.probgbility (or the transition state) does
not necessarily coincide in defofmation with the saddle point at all excitation
energies. lIt.fOllOWS'that in order to evaluate the fission.widths and
probabilities;.one should search for the location of the transition state at |
all excitation energles. Similar cbnsiderations have béen made by Ramamurthy

et al.m").

2.3. FISSION DECAY WIDTHS AND PROBABILITIES
" The fission width can be written as follows:

E
X

R | v
where E_ = E - V(e ) and the coordinate € takes its value where P(E, &) is at a
minimum. The level density p(E) refers to the compound nucleus. By recalling

the exponential behaviour of the level density, one can write with very good

approximation:
1

FF T 2mp(E) AT p(Ex, e)
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where

This apprbximation shows clearly the simpie reldtion between the fission width

and the deformation probability at the transition state. It can also be seen

that the fissioh;width is in&ependent of the inertial mass of the transition

state.
Similarly, the neutron decay width is given by the relation:
o E-B.,
' : . Y
. ' J P S mmu ! o, plx) (E‘— B, ~ x) dx
N amp(E) o p2 - Tinv S
; ’ o

‘where m. is thevneutron'mass, () is the cross section for the inverse reaction

and B is the neutron binding éhergy.' The lével-density p(E) refers again to
the compbund'nucleus, while p(x)_refers_to the reéiduél'nucleus after neutron
emission.

~Also, the neutron decay width can be Wfiften in an approximate and

convenient form:

__1 o paim 12/3 1 |
;FN = EEBTEYAX 0.18918 A™" -A'2 o(E - BN)

where A is the mass number of the residual nucleus, A'!' = q Qn,A x) T
and the numerical constant is calculated on the assﬁmptionvof constant inverse

cross sections.

The first chance fission probabillity is:



»

9= - LBL-206

aSéuming that fission and neutron emissibn are the only competing decay processes.

The first chance fission probability must not be confused with the total
| : o | - o ’
fission probability EE-. While the former accounts for the compound nucleus
‘ ‘R ’ : _
fission only, the latter includes all the fissions occurring along the whole

neutron evaporation chain and in meny cases, could be much larger than the first

chancelfission:probability.
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| 3; ModolsiEgployed in tﬁé_Calculatioos
3.1, THE SHELL MODELS R |
Vvao différeht éheli ﬁodols have been employéd in the present Caicﬁlations.
- The fifst'modél, proposed by Bolsterli gg;gi.ls) contain the spin‘independenf part
of the single particle potenfial'whioh is obfained.by folding an effective two
.nucleon inﬁeraction with' a uniform shaib—surface psuedo density. Such a form
ofjfhe potenﬁial is very olose'to the Wood SaXoh potential. In such a medel
the shape of ﬁhé nuCleus‘is specified by means of smoothly Joined porfions of
three quadraticAéurfacos of.ro%olution. The.single.particle enérgy levels and
spins have béen calculated fof the nucleus i?SX and used without modification
for the other nﬁolei closé-by. The sécond model consists of a modified three
dimensional hamenic.osciilator potentiai propOsed.oy Nilsson2): the shapes of
the nucieus haye,been restricted_to'a fémily of ellipsoids of revolution. The

values of the coupling parameters K and ﬁ which have been used are:

,Protons‘ o . - Neutrons
Xk 0.053k ' 0.063k4
uo 10.686 . . 0.256

)

These values are expected to be more suitable for A = 296. The calculations presehted

here extend below and above this mass number: no attempt has been made to
modify the couplihg parameters. The ohly A dependence in the calculation has

been that introduced by the gcalihg quantity:

hwg = 41/at/3
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3.2, CALCULATIONS OF THE FISSION BARRIERS

The potentigl eﬁérgy of supefheavy nuclei as a function ofvdeformaﬁion
‘has been caiculated by means'of a'médified Stfutinéki.procedure illustratéd 
elsewhérélh).- The fission baffiéfs‘obtgined from the model proposed by Bolsterli

et al. were taken from the same authors: such fission barriers for the nuclei

296, 290, 298, 296
108" 1107 114% 116

from the NilsSpn model have been calculated by us with the parameters specified

X and X are shown in fig. 1. The fission barriers obtained

in the previous sections. Only one deformation coordinate, the_ellipsqidal

- deformation € has been.taken into ACCount, since it has been shown that for

superheavy nuélei.the hexadecgpble coordinate_eh is not particularly relevant
| 290

- up to the top of the fission barrier. The fission barriers of the nuclei llOX,

298, 292, - 296, 296, 298. 296, 310, 308. 310, 312, 308, 310, 312
110X’ 112X’ 112X? 11hx’ 11hx’ 116X’ 116X’ 118X’ 118X"118X’ 12hx’ 12hX’ 12hx’
312, 31k, 316 o ; ; . —
126X’ 126X’ 126X are shown-in fig. 2 through fig. 8 together with the liquid

drop energiles.

3.3. THE LEVEL DENSITIES

Thellevel denéity formalism employed here has beén described in détail
in_a prévibus papérlh). The level densities are calculatea‘on the basis of the
agtual sets ofiéingle particie levelé,at,different deformations by meéns of
a nﬁmeriééi pfdéedure}. Thefpaifing éffects are accbﬁntéd f&r by'mgaﬁs of‘the
B.C.8. Hamiitonian which enters in the expression for the grand partition
function uéed for evaluating the level density. Even-odd effects are allowed
fqr by incrementing the ground stgte energy by the lowestvquasi-particle |
excitation gssociated to tﬁé odd nucleon. The compléte ¢onsis£ency of the
potehtial,energies and of the level densities is to be stressed: both are

based upon the same shell model levels and the same B.C.S, Hamiltonian is used
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for the pairing’effects " The level den81ty calculations should be considered
to be qulte accurate and to contain a large amount of physlcal informatlon
without the 1ntroduct10n ofeany‘empirical'constant; The washing out of the
shell effeets; which will be seen to océur with increasing excitation energy,
is therefore a’direct predietion of the single particle model. In fig. 9 twb
level density curfes ae a functieh of energy.are shownﬁ they refer'to;the
same nucleue5iigx_at sphericity end'at the transition state deformation. It
can be observed that the two level density curves behave so as to eliminate

the effect_of.theITVMeV difference in potential energy between the ground state

and the saddle point. This point will be taken-up again in the discussion.

3.4, ACTUAL CALCULATIONS

The potential energy'curves'afe'first calculated as functiens of‘defof-
mations on the basis of & given shell model. - The seme shell model is then used
for the level density calcu;ations. .The potential energies and the level
den31t1es are then used to. obtain the deformation probabilitles of the super-

heavy nuclei for e set of excitation energles as described in sec. 2.1. A

quantity related to the deformetion probabil:ty, namely 2n P(E;:)h/(QWm)l/z

N : . 296 290, 298, 296
presented 1n.f1g. 10 through fig. 13 for the nucle1 108X, llOX, 11hX’ 116X calcu-

lated on the basis of the shell model_proﬁoeed»by Bolsterii et al. and in fig. 1k

290. 296
110X and )¢

At each excitatlon energy, the minimum in deformatlon probablllty (the

and fig. 15 for the nﬁdlei X on the basis of the Nilsson model.
transition state) is searched fdr and the deformation probabilility at the transi-
- tion state is trensformed into the fission decay width as described in sec. 2.3.

Similarly the neutron decay width is calculated by using the.level density
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of thé.residuél‘nucleus at its most probable.deférmation whiéh in all_fhe'cases
stddiéd tﬁrned oﬁt to be spheridity. The neutron binding energies, necessary

. for phe.néutron decay width caléulations.have been faken from Nilsson gE_gi,Q)
and are'presénted in Téblevl together wifh the.fission barrier heighté. The
fission decay wildths énd the neutron decay widths are then used to‘evaluate the
first-chance fission probabilities as a function of éxcitation-energy. Such
calculations have been perforﬁéd for all the'nuclei listed in sec. 3.2. The
fiséion probabilitie§ calculated from the Bolsterli.gﬁ_gk. shell model are
presented in fig. 16 and those calculated from the Nilssoﬁ shell modelvare

presented in fig. 17 through fig. 23.
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Mg ‘biscusSidn

Thé iﬁfluénée of the effecté.prodgced by‘the'néar'magic regioﬁs cldse to
yA =:1lh'ahd N = 18h_can:be evaluated by observing the_actﬁal poténtial-energy
curves in cémparison with the liqﬁid drop pptenfial eﬁérgies in fig. 1 through
fig. 8.~ Ohlyta'smalllsémple'of nuclei have been.éoﬁsidefed here: a much larger
sﬁrvey has been made-ﬁy Nilséon 93_31.2) and by Nix3) where calculaﬁed»masses
and‘half lives are also reported{ ‘A substantial number of such nuclei are pre--
vdidted to haﬁe oﬁefail.half livés sufficieﬁtly léng to make.them.observable
experimental;&'if they‘c;n be'ﬁrodﬁded"in their groundfstates.'-The:conditiéns
for reaching the ground states are,-firsﬁ, the compoﬁnd nﬁcleus formation
through some Suitable reaction;ysecond.fhe sﬁr&iQal'with réépéct to fissionvof
thevcompound.nﬁcleﬁs dec;y stage;. It has been stressed in sec. 1 tﬁat_the first
point is very pooriy’known. "As far as the‘secdﬁd point is concerned it is
possible now'to'give answers which should.be as accurate as thg potential energy

calculations.

.1, TEMPERATURE DEPENDENT SHELL EFFECTS

| :it was stated in séc. 1 tﬁat the excitétion energy is expected to destroy
the shell effects: this is particularlj iﬁportant in the case of superheavy
nuélei whosélstébility against fission:relies'uniquely upon the shell effects.
'The.’ primafy'sheli'effects‘are.locél deviations from uniformity in the

single particle'léVel density: such deviations‘affect the potential energy in

the region close to the Fermi surface. Thermodynamical or Statistical quantities are .

also influenced by the shell effects. The pertﬁrbations of the single-particle

level density can be expanded in Fourier series. GilbertlT) has shown:that a
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perturbation»with'a anelength A is washed out by the temperature foildwing

the relation:

S a gxp(—zﬂzT/X) ;:
where T"is'the teméerature aﬁd_ S is thevtempe?aﬁurevdépendent part of~the_b
shell'éffectS'as théy influeneé some statisficél quantity sucﬁ as the entropy.
The pfééént calculatiohs'inciude such washing bﬁt-automaticaliy.' A very striking»
: gxample is the fbllowing. The'nﬁcleusliigx has a fission barrier of v 7.5 MeV
aﬁd the location of thé ﬁop of the barriér is ét £ = 0.225'as can be obéer&ed
in fig. 5. In fig. 9 the levéi densities are shown as a funcfion of excitaﬁion
energy for theisame nuéleﬁs i?gx,ét the deforﬁétioh'e =0and € = 0.225. 'The
level'densify at € = 0 does not.increase'qﬁite as fast as that at € = 0.225: the
valué of the forﬁer at 20, 40, 60 MeV is equal to that of ﬁhe iatter at énéfgies
lower by 3.5;_6;0, 7.5:MeV respeéti?ély. This‘gi#es a rather accurate idea éf
the.rate at which thé‘shell effects”arevdestroyed byvthe éxcitafion energy. In
this case the compound nucleus ét 60'MeV excitation enefgy dbes not feél any -
shell effect Whereas in the.ground state it amountéd to 7;5 MeV. In this seﬁse
it could be said that the nuciéus at 60 MeV excitation energy does not have a
relevant fission barrier.any longer. A more'geheral view of such effects is
given by the deformatién'probability cufves-presented-in’fig. 10 throﬁgh fig. 15.
At low excitation energies the maximum probability is ;entered at.sphericityg
the highef this peak is the stionger the‘shell effects are. The com?ound nucleus
region is limifed by the'transition state aséociated to the minimum iﬁ |
defo:mation propability;-'It'should bevpointed’outvthat the portions of the

curves beyond'the transition. state may be physically meaningless,. since in. such .
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regions the system is not egpecﬁed to be at statistical equilibrium. - With
increasing excitation enefgy, the compound nucleus peaks tend.to become
decréasihgiy-ghéfp while the deformafibn prébability at the transiﬁiqn state
increases éubstantially. At the highéstleXCitatioﬁ energies thé combbund'
nucleus peak is npt visible any longer;V only a more or less_fiat region in the
defofmétioﬁ p?ébability'cah:be obsérved:élbée to épheficity;' Undef such.cOn—"'
ditions the shell effects have essentially.disappeared and the nﬁcieus is lefﬁ
with only the liquid drop smooth pofentiai energy.: therefore it is quite 7
doubtful whether one is justified in conSidering the existence of a compound

nucleus at all.

L.2, FIRST—CHANCE,FISSION-PROBABILITIES

The first chance fission probabilities P_ = I‘F/(I‘F + FN) which are to

F
be discussed are presented in fig. 16 through fig. 23. In order to have a frame
of reference in the analysis of such quantities, it is worthwhile to consider

an approximate expression for I‘F/I‘N obtained by assuming a uniform model in the

level densitiesf

-B

'.I:F.:e________.l — E exp (BN Fy
. . >
FN 0.19 A2/3 T T
where A is;thé compound nucleus mass number, N and BF are the neutron

binding energy and the fission barrier height respectively and T 1is the nuclear
temperature; Such an expression can be obtained from the equations in sec. 2.3

for the high energy limit.
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" For a nucleus with A?¥ 300, the temperature T =1 MéV corresponds tb

an excitation energy between 30 and 40 MeV. In the case in which By ::BN the

fission probability PF given by the above expfession is ébout’O.l.. Similar
= 0.5, B

calculations show that for P -’BF-= 2.15, for P

N F
= 0.9 By - BF = 6.35. In all such cases

F = 0.7 BN - BF = 2.98

for P_ = Of8 BN - BF = 3.5, for P

F F

the'fiésionvprobability is expecfed to decrease very slowlj with_excitation
energy. | | |
A'firStvinspection of the calculated first chance fission probabilities
shows that for~excitation energiés_of the order of 35 MeV and above, extremely
“high values'are reached, up tb ~v 0.95. Such high values would bevpredicted by
thé uniform'ﬁédei'for neutron bihding‘energies betwéen 3 and 5 MeV lafger than
tﬁe fiésioﬁ barfiers:. since the neutron binding energies arebqf the order of
5 to 6 MeV this impiies fhat, in ordef to obtaiﬁvsuch fission probabilities'the
uﬁiform model wbuid require vanishingly small fission barriers. A check in
fable'l shows imﬁediéteiy that the tfﬁe fissién barriers are either Qery close
to the neﬁtron bindihg energies or even laréer; It is thén possible to say that,
at sufficiently large excitation energies the calcuiated fission probaﬁilitiés-
behave gg_ii_the nuclei undér investigation hadvvanishingly small fission bar-
riers. The question may arise why the washing out of the shell effects involves
primarily the fission barfiers and not the neutron binding energies. The answer
is rather éimple: altﬁéugh in superhéavy nuclei the fission bafriers arise
becgusg of spéll effects, the neutron binding épergies dgrive pfimarily from
thé liguid dfqp.eneféy térmé; Therefore thé neutroh binding.energies are only
slightlybaffected by the excitétion energy. The low enérgy behavior of fission

probabilities are insteaduto'be'considered normal in the sense that they reflect
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to'a iarge exfeut the actual values of the fissiou‘odrfiers; For fission Bar_.
.riefs substantielly larger than the neutron binding enefgies, the fission |
probabilifies_assume Quite low values andvincrease rapidly with excitation
energies.. Fd# fission'barrier vaiues smaller than the neutron binding energies,
the fissioh'probabilities.assume rather iarge values which can sOmetimes fluctuate
with increasiug.excitation énergies dependiug upon the'relative_rate of increase

ovaF and rN

.3, STABILITY OF EXCITED SUPERHEAVY NUCLEI

of course, the first chance flss1on probabllltles alone do not 1ndlcate
directly.the overall probability for the compound nucleus to reach a ground
state. The quantifies.which should be calculated are the total fission proba-.
bilities Wﬁich take into account.the probabiiity of fission decay at every stage
of the>neutron eVaporatiOh cascase. Although the present calculatious have been
performed_onl& for even even nuclei and fherefofe'do not give sufficient infor-
mation for the calculation of the ouefall fission probabilities ﬁore than one
isotope corresponding'toAthe same atomic nuﬁber has been cdnsidered. Since
such isotopes-are very close to one another,'én4estimate'of the chance of
surviual for a given compound uucleus can be obtained. - The general conclusion
is that the stabilify of the excited compound superheavy nuclei against fission
isvby far smaller than could be guessed on the basis of the fission berrier’
calculations. Only for a few cases does the probablllty of surv1val seem
substantial and even then is significant only for relatlvely low excitation
energles. However, 1f the formation of the superheavy compound nuclei is suf-
' flClently likely, then the possibility that a detectable fraction of some com-

pound nuclei will reach a ground state is not ruled out by the present calculatlons,
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Asﬁa further remark.it'canvbe séid that the pfeéentbcalculations'have
been carried’bﬁt on the asSumpﬁioh‘that’the'single parficle spectrum is independent
on éxcitaﬁidn.énergy. -A self consistent calculation may shéw how good this
approximatioﬁ is. If, as it céﬁid beigueséed, the excitation energy tends to
“smear out thé sinéle pérticié spécfrum.itsélf, then the present éaléﬁlations
represént a soméwhat opfimisfic evaiuation of thebéuperheavy cémpoﬁnd nucleus
stability. | |

vIt’shOﬁld bé menfioned thththe present calculations do not account
for the effeét of the angular momentum oh the»fissipn bérrief. ‘8ince angular
momentum tends tQ decrease the fission barriér, the preéent estimates for the

fission probabilities may be somewhat optimistic.
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Table 1. Neutron binding energies and fiésion barriers for superheavy nuclei.

| BN(MeV). (BoisteriiﬁgifZQ; Ir.lol'del) .(Niliziie:idel)

iggx | k5T | | | 2.80

ﬁgx o 6as ks 3.93
iigx ) o W R '». - 5.3
fiﬁx N XD S es
fffx | : | o 6.29 | | ‘.' 169 9.2
figx N | 7.30 | | B 7o | o 745
A ske | | 810
200X o 6ot o S 8.33
B0 s s
S ) 5.76 ,.‘ o '_ N R
Tt : | 8.13 | | | .00
Tt ST e

(continued)



-23- - - LBL-206

Teble 1 (continued)

B (V) B(Mev) B(MeV)
N (Bolsterli et al. model) (Nilsson model)
i ~ T.57 o . 6.1k
31k o | | 8
126% o 7.51 , | | 5.83
316 7.36 | - o 219"

126%
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Figure Captions o
290, 298

. - | 296, 29 296 '
1. Fission barriers for thg nuclei 1083,_110X,v11ux,-an§ ll6X calcu}ated
on the basis of the shell model proposed by Bolsterli gﬁ_g&,ls).
L , T ., 290 298 ’ .
2. Figsion barriers for the nuclel ilOX and lloX calculated on the basis

- of the Nilsson quelz). The black dots represent the potential energies

Fig.
Fig.
Fig.
Fig&
Fig.
Fig.

Fig.

calculated by means of the Strutinski procedure; the s0lid line represents

the liquia_drop fotential energy.

292 296X.'

3. Séme}as'fig. 2 for the nuclei llgx‘and 112

L, Saﬁe as'fig. 2 for ﬁhe:nuclei iiﬁx and iiix.

5. Seame as fig..2 fqr the nuclei f?gx and figx.

6. Same as fig. 2 for the nuclei-iggx, iigx,'aﬁd iigx;
7. ©Same as fig; 2 for the nucleil igﬁx, i;gX, and'féﬁxf
8. Same as fig. 2 for the nuclei iézx, iégx, and i;gx.

iigx at the ground state and at the saddle-point

déformation, respectively. The excitation energy is measured taking the

9. Level densities for

local value of the potential energy asvzéro. The washing out of the 7.5 MeV

" difference in potential energy is visible at 60 MeV excitation energy.

Fig.

Fig.

Fig.

10. Deférmation probabiiities at different excitation energiles for fggx

on the basis of the shell model proposed by Bolsterli et al. The deformation

. . . . C 1/2
parameter y is defined in ref. ls). The quantity P(E,y)h/(2wmy)_/ ‘has the.

dimension MeV—l/e.
S 290,
11. Same as in fig. 10 for llOX.
: o 298
Fig. 12. Seme as in fig. 10 for lth.
296
13. nge as ;n fig. 10 for llGX'
290

Fig.

1k, Séme as in fig. 10 for X; the calculations have been performed.onb

‘llO
the basis of the Nilsson model.
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15.
16. First chance fission probabilities-for 108X’
basis of the shell model proposed by Bolsterli et al.

17. TPirst chance fission probabilities for

Same as in fig.

the Nilsson model.

18.
19.
20.
21.
22,

23.

»ISame as 1n fig.

Seme gs in fig.
Same as in fig.
Seame as in fig.
Seme as in fig.

Same as in fig.

14 for

17 for
17 for

17 for

17 for.

17 for

17 for

~25~

296
1165

296,

1107

292X and 296X
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56w 2.

figx and figx.

2085 T1%. end 375X,
2w
5 B, v
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