Lawrence Berkeley National Laboratory
Recent Work

Title
ON THE NUCLEAR STRUCTURE AND STABILITY OF HEAVY AND SUPERHEAVY ELEMENTS

Permalink
https://escholarship.org/uc/item/0d8319f2

Authors

Nilsson, Sven Gosta
Tsang, Chin Fu
Sobiczewski, Adam

Publication Date
1969-01-13

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0d8319f2
https://escholarship.org/uc/item/0d8319f2#author
https://escholarship.org
http://www.cdlib.org/

o~

_(,H—-d; s

Submitted to Nuclear Physics UCRL-18692
Preprint

32

ON THE NUCLEAR STRUCTURE AND STABILITY
OF HEAVY AND SUPERHEAVY ELEMENTS

Sven GOsta Nilsson, Chin Fu Tsang, Adam Sobiczewski,
Zdzislaw Szymanski, Slawomir Wycech, Christer Gustafson,
Inger-Lena Lamm, Peter Mbdller and Bjdrn Nilsson

January 1969
Kot v 2D
LAWRENCE
RADIATION LABORATORY

JUL 141963 AEC Contract No. W-7405-eng-48

LIBRARY AND
DOCUMENTS SECTION

e - e e e - .

TWO-WEEK LOAN COPY

o This is a Library Circulating Copy
‘ which may be borrowed for two weeks.
For a personal retention copy, call

; Tech. Info. Division, Ext. 5545
i : s
Al I\ L ‘ﬁ_ J

- 5, P n - s . ‘\ o L -

R -

— -

— - i — hamansiianad ’ -
-7 M - = ind e i e

WRENCE RADIATION LABORATORYS

/

UNIVERSITY of CALIFORNIA BERKELEY'

26981-T¥DN



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




s - UCRL-18692 . = 7

ON THE NUCLFAR STRUCTURE AND STABILITY

) . X
OF HEAVY AND SUPERHEAVY ELEMENTS

Sven Gosta Nilsson! and chin Fu Tsang®

Laﬁrence Rediation Laboratory, University of.California
: "~ Berkeley, California

v . .-

Adam»Sobiczewski, Zdzislaw Szymanski and Slawomir Wyééch

Institute for Nuclear Rescarch and University of Warsaw
Warsaw, Poland
) ’ . . « . .
Christer Gustafson, Inger-Lena Iamm, Peter Moller and Bjorn Nlls

Department of Mmthematlcal Phy31cg, Lund Institute of Tuchno]ogy
Lund, Sweden .

‘; f’Janu§:yvl3, 1969

Work supported by the U, S Atomlc Fnergy Comm1551on, the Swedlsh
Council of Atomlc Research and the Polish Atomlc Fnergy COﬂm]SQiOn.
Present &ddress’ The Departnent of Hathematlcal Phy51cs, Lund

'Ingtitute of Technology, Lund Sweden.



pLN—s

miim

. ADSIRACT
Nucledr.potential energy surfaces as a function of deformations
are calculated on the basis of a modified oscillator model. In

particulaf, guadrupole (P2) and hexadecapol.e (Ph) deformations are

‘considered. The average behavior of the surface is normalized to that

of e liquid drop through :the empléyment of a generalized Strutin;ki
prescription. In this way a synthesis of the single £;¥ticle rodel
and tﬁe liquid drop model is obtained.

Lowest minima in the potential eﬁergy sﬁrfaces'give the groﬁnd
atate’masscs and distortions. These results comparé éxtrcmely well
vith éxperimental deta.  Spontancous fission half lives are oﬁtained._

The inertial parameters associated with fission barrier penebtration
P

are derived empirically as well as by a’microscopic nodel. Shape

'(fission) isomerle states are also found. Their N end Z dependenég

in the present model are discussed snd results tabulated.
Thevcaicul&tions arc extended to the prediéted superheavy
region around Z = 11k and N = 184. The total overalld stability

vith respect to alpha and beta decay, and spontaneous fissicn 1s found

to be most favorable in the vicinity of 2 .= 110 and N = 184,

Detailed diagrams and tables arc exhibited.



L nies
AT

2.

£

- ,,. C . B SRt
C-iibe I S ‘ TOEN.

" 'ON 'THE NUCLEAR STRUCTURE AND STABILITY -

OF HEAVY AND SUPERHEAVY ELEMENTS

QUTLINE ’

'Introducinn .

One-body Potential

1.1, =Deformed Oscillator Potentlal |

' l.2. Condltion of Volumc Conservation o

’

lf3."05c111ator Frequency and Proton and. Neutron Latter Radii

1. h Results for Single Partlcle Energies

The Pairlng Force

o 2.1._'Isospin Dependence of Pairing

7.

.7.2. Shape (Fission) Isomers :
- 7.3, ‘The Octupole Degres of Freedom : B '
,Barrier Penetratlon and Microscopic Theory of the Fission Process

2.éﬂ Surface Dependence of Pairing

" Coulomb: Energy

Ground State Distortions

Generalized Strutinski Prescription and Normalization to o

- the Liquid Drop Model
Nuclear Masses

'IbtentialEncrgySurfaces

7.1. " The Structure of Spontanecous Fission,Barricrgmgf Heavy

and Superheavy Nuclel

- Nuclear Stabilities . - '_; T { }u-,'

9.1. Spontaneous Fission Half Lives



S 92 Island of Stabillty in uw Supezhea\ry Region s

. 9 3 u\lI‘ViVing uupel he&vy F']Cmentg . - L
: 104 POSSible FXPerimental Pxoduction of Superheavy N“Clelﬁ3}f :
lo 1. Heavy ion heactions “

o 10.2, Neutron Capture Reactions :

Ve



o~
(Dc-

‘; . L ."" ; B s E S S
_ INTRODUCTIOV |
It was fOund a long time aeco” ’ ’3) that simple equilibrium :
C ‘ th cl_,. )
calculations based on'deformdble shell model were able to reproduce
* the expellmental ouadlupole moments in the "rare ealth" and "actinide"
.-~:reg10ns. In the Mottelson Nilsson calculationsl) 51ngle pertlcle
'gll o energles are s1mply added as a functlon of the quadzupole dlstortlons,
- and the shape correupondlng to the minimum energy wa found. The-
caleulations neglected the effects of Coulomb and pairlnv ioteractions,
" which are, however, con31dered by Bés and Szymanskl ), Szywansklﬁ)

' !
..and also by Soblczewsk16). on the whole, the reoults of vefy .

" are reproduced, indicating'that Coulomb and palrlng forces at the

°:equilibrium point counteract eaeh other. In these.latter.ealculetioos:‘
:the‘positions of the low-and high~lying sﬁells arefrather~critical in .
" contrast to thebcalculations first mentioned where the combinations of
entering orbitels.were reotrlcted. _pur preeent eim is to.exiend end
" _generalize this treatment to-describe. larger and more éeherel distor-
' tlons,that are aseociated yith %he fission process., ' .‘ ‘
I‘.,-" i In the preeent work the Bés and Szymaneki method.ieffurther'

[ developed by

-

1) The employment of’ an improved fbrm of nuclear fleld

L]

o A;f_" . 2) The inclusion of the hexadccapole (Ph) :degree of fxeedom.
‘3) An evaluation of the Coulomb interactlon withouu resort to .

BT ~ expension.
Axfg [il~"li-h) The use of a surface dependent pairing force. .
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As in eazller calculations the conuiancy of-nuclear cent al den51ty is
prov1ded by the condltlon of conservatlon of volume enclosed by equi-
potential surfaces. |
Aithoﬁgh this ﬁethod appearé adequate to tréat egﬁ&librium
diétortions,-it fails fo give.the absolute value of the total binding:
energy and to dﬁscribe the energy éﬁrface.at very iarge distortions. A
renormalization of the energy surface is achieved by the.applicatioﬁ of .
a method first introduced by Strutinski7);' By this method the total
energy¢i§ renormalized so thﬁt its smooth overall trend reproduées the:

deformation behavior -of a liquid drop8’9’lo).

The paramcters of the
ligquid-drop model that enter are not adjusted in the present calewlations,

, vthe latest paramoters, 21) : .
but are takenAequal to Y~ of Myers and Sw1ateck15 .

. In this way we have obtained ground state shapes 4n P2 and
Ph deformations which are w1th1n & few percent of the experimental ‘
" values. Nuclewr masses are also obtaxncd as minimun point cnergleu‘
. These are found to agree well with experlmcntal results,
The potential energy surfaces present secondary minima for

large prolate distortions. This effect was pointed out bywstrutinskiT)

/

and may also be found in our calculations reported at the Lyseki‘
Conferencelg),» They are associated expe rlmcntally with uhe occurrence
of fission (shape) isomers andA (n,f) resonances. The phgnomépon is
particularly prominent for nuclei in the vicinity of A = 240.

| To obtain the spontaneous-fission half livés we have employed

. : - o
the VKB approximation for barrier penetration. The inertia paranmeter

associated with the barrier penetration has been estimated 5oth

[



, Vempirlcallyfrom thespontaneou" f15u1on ha]f live of the actJnide

"ki!and also by means of a mlcroscopic thcorj duveloped in &naloby w;‘“ t%ﬂ l’

';7fﬁtime dependpnt treatment of v1bratnons.; -

St

Half lives of alpha decay and spontzncou fi s1on 68 uull au

f  tabillty against beta decay are calcu]atcd for thc actinlde clcnnnto

fﬁfaqd for the region ofvsuperheayy;nuclgi'around, Z llﬂ‘_and :§‘§£l8h;;5
}ﬁicﬁ are'prgdicted to be relatiyéiy stéﬁiehbgbthe pvcovnt OulnLlLuLJV.
25 calculation§ as well és by carlief:stﬁdics : A darcuunlon 15 gsvoq Ibr.
;fithe‘possible:production 0f thésé superhéuvy'nuclei aql 1re pOunlbloi;‘
;icandidétés for survival 11 earth]y watter and in primiry coxs e
“ﬁrgdiation. |

Most of the fecultovglwvﬁ hére have alsonbecn preépauCJVQV.O\P{ 3 5

" of the authors (SCN) in rcf..'hln'i.Jﬁ

e
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1.. OME-BODY POTENTTAL

Our calculations are based on a modified harmonice oscillator .
, potential‘With.a given dependence of co-ordinates describing deforma~ . o v

tion512 ). -The oscillator_freQuencies and strengths of couplings of

o _ : : A d
angular momenta are assumed to have & slow variu&ion with the mass
number.

Such a phenomenological nodel may appear unreliable as:we try
tovextrapolate to very heavy nuclei fa; beyond presently known regions.
Indeed a Hartree-Fock calculation based on detailed'knowledga of nueleor
forces may be more attractive. However the large numhe;“of matrix
velements ﬁssociated with interactions among the.great nurter of
particles involved makes such a calculetion imyractic#l with presently
avaiiable computers.,- ] |

The wmost realistic one~body centrel potential étrpresent R
considered to be the Woods-Baxon shape with cdnstant surface diffuseness,”
We are currently studying such a potential for deformed nuclei. It has
been found that the deformed harmonic csecillator potentfal with é Tew -
correction terms can do as. well &s the Woods-Saxon potential te repra-

Jronenium oergosition

duce the empirical level order and the angular- ¥ of the sing
particle state obtained from an.empirical analysis of '(é,s) and p;d)

rcactions. We have therefore, as a first step, assumed the same

deformed harmonic-ozcillator potential to be applicerble &iﬁo for

4

considerably larger distortions than those of the nuclel studied in K

W

the above reactions.

M



The defmmed oscillator potential in the shape or a spheroid '  ‘

‘ ”"t"\_"may be written s,

" up to second order in g, As in ref.‘

et

osc -

'_'n:: k E

- %

O(e) - '

.

§ —Wd./ﬁ x), etc. By doing this, one can transform o

?.
3~

M v
[491 (x +y)+wz

2

1 1 DEFORMED OqCILLATOR PO’IENTIAL o

coeh

2‘

If we introduce the deformqtlon parameter 5,

.‘:’o(i) ‘(‘1,+‘ %_g_)

£) r"Py(cos .9,)

)

o Swe v»obtv_a.vin g;ﬁ'q‘uadrupole ‘part of the :ﬁoteh't'i'al-' vp‘ropofti_oha;_l‘j to ' B

gy

.': " we use. stz etched co- ordma’ces AU NN

avay coupling terms of ¥ P (cos _Q) bctween shells N and N

M

v

vhere 8, 1is angle in the strefchcd co-ﬁox‘*'d'inat"_e_s': and e

s
P

osc

Son
mu—- '

We then gct to flrst ozdcr in

£,

-'OC' ':”&EL P2(Co$ et.)). b




B
~ We introduce deformations of higher muitipoiesT at this stage

(compare yef. R%) by adding terms proportional to
¢, oo ( e,) “p (cos &) and €.p°P (cos )
c-»ho\.. h cos v: 3 A«§GQ—- 6 >05 P g a{-f'&“ﬁ v“ ﬁ

The main reason for applying the higher multipblé terms in'these forms
with the .B? factor is that they enable us to write ‘down the condition
for ‘volume conservation very simply (see below).

The oécillator potential shapes with _P2 and Ph given by'

<
"
RO =t

. , , . v
osc 'ﬁ.Qb(é: Sﬁ).g (1 - 5 §,P2 +-2u§h Ph)

'qre ;llustrated in Fig. 1 oﬁ an e, £, DPlane.

The spin-orbit term is an essential feature of the shell nodel.
‘Slnﬂe the only three available vectors of nucleon motion are 1ts spin
s, velocity vy and gradient of thegpotentlal at 1ts"posxt10n, 'SV,'

the simplest invariant term one may construct is3) s+ (p x W). With

»this we get a spin-orbit potential:

i (ﬂg'l/}' <~L 2 (-z\ ‘
-2 g . i 1 s
* e (KT 2 2 Dy 3%

. yherq 'zi‘ is defined in terms of the doubly-stretched co-drdinates

M\ o, S '
e = t;F) af--x etc. which transform the harmonic oscillator

0
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ellipsoid into a sphere. Pres entlv we anproxim*tc thif“term by

2, + s where £ is defined in the stretched co~ordinates; (L ﬂ;ug):

Vso . £t ,,s,
“ It is well known that one cannot fit ‘the level spectra of
deformed nuclei by the oucillator potentinl with a vpin~orbit term
.only. One needs a correction term that truncates the potential more
and more with increasing A it is natural to consider an cXpansicu of
the radial dcpendénce,of the po{cntial, in which the iﬂ? or r2
harmonic (oscillator) term is the 10we3t~ordér term. The next tern
(anharmonic) one should consider is then the ;ﬁ' term,'whoso e %
elements within one oseillstor sheli are sctually the ggme as thoaé of
(om £ ) apart from additive constants. &n alternative approach wUu’“

be to look &t V ¢ as the lowest-order term of an cxpznsion and o

add g term proportxona’ to V

2 :
osc However, we choose ;the former

approach and write down the correction as

~()

vC orr

- where the second term is the average of the correction within = shell

N.

Ve mny'summarize by writing down the single«part;cle-Hamiitonian

1)

&s



S’

-8-
e .2 2 B
1 2 1 d ) b‘)' :
% 4 A v Eez(e Sg sy
Hp =3 9l -E—la>[ b 357 NN a:ﬁ |

-2 2 2
v =58 myleon ) + 2 6 5 By (oos 2)]

- 2 % &Q(gt c 5l - <£)IJ)), ’

~ where the first two terms in the square bracket give the kinetic eue?qy

. , , _ ‘ v o
and x and y are adjustable coupling paramecters. Ve define .ﬁb

.0 2 ' . : .
by ‘gbj = 0 ug, which enters from volume conservation (see below)
-— - s .

and is a function of mass number only. The above lamiltonian includes

only P, aﬁd Py, co-ordinates. P3 and P deformations can be

included similarly. Only terms of p4 within ong N-shell are presently
considered, o
1.2. CONDITION OF VOLUME CONSERVATION :

LIt is well known that nuclear dénsity is approximately constant

except near the nuclear surface for any deformations. ¥n other words, .

the nuclear volume remains the same when the nucleus is deformed:

Due to the short-range nature of nuclear iwo-body interactions, the

nuclear potential field should also have etout the same volunme in space

independent of deformation. One way fd formulate this éond;tion
mathematically is to require that the volume enclosed by a given

équipotentidl surface is conserved.

' For the spheroid harmonic oscillator poténtial,-the condition

corresponds to

RENE

14

R

N e
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'w’m2'=;cmmUmt'= 82 .
-y - v . -0 .
The conditibh applies to all equipotential surfaces at the same time.
When terms involving 353 P5’ 'Eh Py, and <6 P6 are involved, we get
volume conservation as a scaling of 9yt N
o 1 ~ 5 Heos 9) -
Q5 L .2 )2 .2 . p /2
L ez -39% J, Q- 3.EP2 + ?f} 5t 2EP), + 2¢.P0) :

”-_;It should be emphasized here that this condition holds for all cqul-'

. potentlal surfaces at one time. The relatlve SimplICItXJOf this

. A . 2 2, 2
expressio?-ig one reason fbr'taklng £0 Ph’ EBE.PB’ and £gP P6
" in these forms. Added terms that can be writien as povers of v0°¢
can convenientlv be included in a volume cons ervatlon condition on.
ab(i’}fh’ «++), but only for one equipotentlal surface at a time.
However;'it is not simple to impose volume conservation 6n

! : | '
Q‘ -and zt * 8 terms in the potential ~As the effect of these terms:

is to bring down levels from other shells, it is not expected that they

'fvhave negligible effect on volume conservation condition. To correct

for this roughly we subtract from the potential the average>value of -
these terms 'for each shell while retaining the volume éonservation
%cohditibn given abové. As (E . s) for each shell vanlshes but not -

(p ), we have Aintroduced in the last section potentlalu

. ’ o , ' ) . h
-vso o« £t - § and also 'Ycorr cp - (_2 )N .
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~10.
. We have'ndtedibéfore thut.within oné‘g:shell the matrix‘elements

W : : ' ‘ :
of ’gh - (e:)N are identical (within an additive CQnStﬁﬂt) to those of

"

! : :
‘%(ﬁa - (£2)N)_ Actually the eddition of p' makes the well narrower

e

aﬁd hence tends to push the shells apart beyond the oScillator apacing

: 1 S S
fﬂb. A subtraction of (Qf)N restores the width of the potential for
each shell but still causes the potential #alls‘to rise faster locally. o

. . f) . ’
. 0n the other hond, the addition of -£,° lowers the effective oseilla-

~b
_ ‘ . “ I 2 2 v 43
tor shell spacing below -¥E0’ ghile (“fk + (fxv)N) restores the
spacing to 'ﬁgb. This 1g possible only with the introdugtion»of the

peculiarity that each shell be given its own potentinl shape. In

spite of this artifice, orthogonzlity is still preseved =3 10ng'as_ggé_-

entire matrix is diagonalized.

1.%. OSCILLATOR FREQUENCY AND PROTON ANMD NEUTIRON MATTER RADII

. o ... e
The oscillator paramecter 0y is usually determined from the

condition that the nuclear radius Le reproduced. %he comzonly employed -

0 -1 : ’
value of 4yb = b1 A /5MeV .leads, for e spherical shape, to o value
of the root-mean-square radius of proton matter £-10% less than that of
neutron matter. Qbviocusly one is not restricted to emgleying Lhe same
0 | \ ‘ .
value of @96 for neutreons and protons. One may let the difforent

neutron and proton potentials and the Coulonm‘repulsion'hmong the -

o 0 , .
protons be reflected in the use of u} % a%. Indecd one ¢dn ensure
. it ¢ I .

approximately equal neutron and proton root-mean<square rudii by

choosing

L gs




vhose average value is approximately

i wants a8 much excess in the neutron radlugféorresponas f '” 8

"0 L.b. RESULTS FOR STNGLE PARTICLE EN RGD, S " '. o

Cool
£0

o W= B
D20 SR ety ‘MeV .

There are presently emplrlcal 1nd;cations that the nuclear

as

'P.

‘ 1?or whethgr ong should require’ (r )' = (r?) and a larger neutrov
. §ﬁrfacé diffuseness; ofvﬁhethgr an intgrmedlate-sipuation is more
'  vdesiréble. .Caiculations'éarriéd out'with‘alterﬁativgvagéﬁhftion§u"
' _exhibit only small relativé differences fqr_groupd étaﬁe’ﬁassés; |

.. shepes, and fission bairier heights.‘i'

There are two vhell parameters 55_'and .E; in the ﬂlnole

' 5?fpa?ticle Hamiltonian .ﬂsp' These are optnmlzed to’ reproduce the
;Lf experimental 1eve1’scbeme$;for'the rare-earth,nuclcl (W_«,]65) and '

. ..the actinides (A g 2h2).

'iﬁisurface 1s neutron rich But at thls time one is not sure whethcr onp?f:;f,f“
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- “the spectra of “Bi eand

1e-

In Figs.-?—ﬁ of ref.12)& we exhibi# the enérgy'éigonValucs as
fuﬁctions of .f" for 3, Ch’ c(, cqual‘to zeré, fqrvﬂhe Lwo im?brtnnﬁ
regions of deiormnd nuclei. These diagrams ar¢'rqﬁghly adequate for H
165 <A <175 and 2k5 < A < 260. As hexadecapole distortions arev
»importnht at the beginnir ! and the end of the rare edrthvéﬁd also the'.
beéinning‘ﬂnd end of the actinide regions, we exhib%t diagrams

(rigs. 2a-1) valid for nuclei with 150 < A < *6;, 175 < A < 190,

—

225 < A < 235, 250 < A < 260, where eu/= -0.04, 0. oh, -0.0%, end

anpa

0.0h, respectively. Song improvement of the level schemes is
noticeable particularly for rare-carth nevtron levels.
For the other regions, we assume that r and y vary 1inearly

with the mass number A. We have used the followling linear relstions
(see Table 1) ' :

My = 0.624 - 1.2k Lo
’ Neutrons
K, = 0. 061 - 0.0026 o= |
By = 0. h9§ +.0.6h9 1655
Prétopé'
L 0.076G - 0.0779 1ooo o

o

ﬂs & check the spectrum obtained by interpolatioh for K &ndA it to

A= 208 is plotted in Figs. (3a,b). 1he agrccmgnt with*tL single-
hole levels of 20(@1 and QOZPb is encouraging. On the oth‘z hand,
. 209 209

Pb are less well reproduced. The

s

-




become incereasingly important with excitation energy in the

o parameteré appropriate to the actinide region. As the parameters

N =178 - 184, As detalled calculations bear out, this situation is

B~

DR : g - ~13

levels in the latter cases Stgrt at a binding energy of only '3:h Mev,

and the 1ncﬁfficicncy of the oscillator well is thereforc'expécted to

2091
Q

and EO’Pb spectra.

For the A o 300. region, as did other authofél7118;19:20> we

' find proton number 114 to be a fairl& good magic numberlg)t For the

. neutrons, there does not appear anything clearly "msgic" for the shell

,4‘
L

and p are extrapolated into the A = 300 region (see Fig. 3a,b),

L

the N = 164 subshell disappears entiiely vhile the.shell closing at

N = 184 may be said to éppfoach magicness (as does also N = 196).

For comparison we have included in the same figures the level

 schemes obtained by Rost according to similar extrapolation rules
outlined in ﬁef.'?1)}. Although in the details there‘are'considerable-
© differences, there is an overall'agreement in the prediction of low

* level density for spherical shapes for A = 11h - lé6gpand‘for.

’

favorable to the establishmeni of a spherical ground state and hencel

¢

- & large barrier against fission.
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2. C9HE PATRING FORCE

Of relotively minar importance for the pquilibriue distortion. -
/ : . -

is the pairing force cuce the coupling schems is established for . .~ ¢

deformed nuclei. Mowever, we require the binding encrgy for the ground

state and the transition reglon o be good to 1 part:in 2000 foeruf

purpoée of studying nuclear stability. Then the pairi%é effect i;

decisffc;

The palring force, originally intfoduced by Lokr, Mottei;on;

and Pines 7/, was basically thought of as being a sme13f1ed rcp:cucptun

tion of ;g:fofce interaction, Eut further lindted to act only betweéﬁ: )

pairs of time réQefsed statés, which havélthc lufge#t orbital overlap;f.

The single-particle encrgy'sum is replaced by the exprassion

B = yeéve-é(}—’u v)g—c,(ﬂvz‘-#cvzl y
s ¥y oYX Lo v
v Y yoT

where. gv. ere the_single—particle enefgies and.‘gv anﬁx_zv the i
usuql’pa;ring f&cﬁorb. The sums are.takgn sep&raégly 6ver‘;cutrcns;uﬁér'
 protcns with pairing matrix elements -gn and gp, fcspfc£t§c1y.: The -

last terg}with summation 5:, ofer occupiwjiencrgy levg#s,t] .

C?ZS?EQZEE;“ihe subiraction of the dingonai-
pairing energy* so that oﬁly~the strict ceorrelation ene;gy rnmains.; L,
The'overall A dependence of G is assumed to be proportional
— — , _
to’ é;i. This corresponds to the fact that in lieu of any cthzr _9v'

correlations, the overlap integral should be inversely proportional to

the volume. In the ciwplified version of pairing cnergy one employs

© o s e -

e ..t e e et « =
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S
SR

. K

' mass¢diffcrence, which in the simple pairing theoly is equal to A, halt

one single average pairing matrix clement as given above and a

corresponding choice 6f the cut-off energy above and below the Férmi'

- level. To some extent a'grea er cut-off energy can be comp noated bv

& smaller mwtrlx element within & given rcglon of A. However, in

_:addltlon one has to accouny for the empirical regul+ that the odd-even

)

the pairing gap, depends on ;é a5 follows:

A ‘—'—'i '];g"‘ FR’V .

: Vi

!The magnitude of A end its A -dépendence will set some limits on

the freedom of choice (see below).

2.1. ISOSPIN DEPENDENCE OF PAIRING

. . -‘ '
The pairing effect has its main contribution from T“S-interaction,

‘which depends critically on the collision enérgies. The'cbllisipn '
" energles may be found from the depths of the neutron and proton potentizl
- wells which, in turn, depend not only onngﬁ_ but also on R T%us,thé

- pairing matrix element is isospin dependent.

In the limlt N’ : %4, the 0011131on velocities are to the lowest.

ordér similarly distributed for both neutrons and_protons; It is

therefore reasonable to assume an expansion in N .- Z:

4

Mulh hcnhon . — N -2
S\Sr, r GtA - go pa gl A "
ﬁ;f where the plus sign holds for protons and the minus.s*gn holde for

‘neutirons. In other words, we havc replaced the usual varamters e
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and Ep by éO “and. £y défincd sbove, Actually eveﬁ'in the N = 2

case, though similar orbitels sre £ilxed, the protons ere affected by

the Coulomb field. One might ailow for this by giving diffefent &5

and g, values to neutrons and protons. This would. slsc account for

. some higher-order terms in (N-2)/A in the expansion. MHowever ve

assume at the moment the same set of gO,'and %ﬁ for neutrons and
protons, without introducing any additionel parameters.

It was found that we could reproduce reasonably well the ecppiri<

) e . S
cal odd-even mass differences and their A ¢ -dependence for coustant

g9 and"gl. from ‘A =~ 150 to A = 250 by including Wﬁﬁj.g) or
ot | t

“«@5 N ) states above and below the proton or neutron Fermi level.

These somewhatl arbitrary’cuﬁ~offs correspond roughly to the inclusion

"of three proton or neutron oscillator shells.

With these preseriptions we find g, = 19.2 Mgv and '
fiL = T.h McV by Litting A to odd even mass differences in ithe rora
earth and actinide nuclei. Figures ha,b show the fi£ achievéd in'the'-;

t

rare earth region.

2.2, SURFACE DEFENDENCE OF PATRING

To reproduce the indicated energy gap at the fission sdddle

240

point25) of about 2 MeV for Pu  and of about 3-4 Mev &t the

v . 210 o .
fission saddle point for Po one must, as Stepien and Szymanski

2! : : :
déid ‘2 essume an increase of G with distortion. Such an assvmption

—

receives support from the energy gap celeuwlation based-on the "slab

 model” by Kennedy, Wilets, and Hehleyzﬁ). We have in separate



N
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'calculatlons assumed G to be constant with deformation and to be
proportlonal to thc surface area, respectlvely. The latter assumptioh'
“appears to account better for f1891on half- lives as well as for the

' apparen%éﬁarge energy gap at the fission saddle p01nt

Setting G directly proportional to '8 corresponds to the

!.; simplified assumption that the contribution to the pairing from the .

. inner regions of the nucleus is negligible and that the surface region'

is entirely.responsible'for the pairing. The assumption that pairing

is largely a surface phenomenon is based oh,the fact«that'at the large

- collision veldcities encountered in the center of the nucleus, the

s phase shift becomes very small and ultlmately changeo sign. The

>'vslab model calculatlonSQF) bear out that b is proportlonal to 83/2

3

while the simple assumption of G~S leads to A~ S° as borne out

by Fig. 5. The surface dependence of G suggested by the slab model

‘ thus appears to fall half-way between the two assumptions of G onst. -

B and G ~ S

That the assumption of G~S implies‘é ~ 833 can be seen

from the following simple arguments. For the case of doubly degenerate -
.evenly spaced levels dlstrlbuted between 19/2 and C/2 with a level

" distance of ‘B:; one obtains the approximate relation

. 2
A.‘: CeGe‘ «

 Cons1dcring a small deviation in G from a "normal value GO

G = GO +.§G s
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. Prov1ded 69 is small and '52 s gvz We thus Obtain 4£;;lfﬂf7

‘ﬁlFor the empirically realistlc caue of Ge~m %j ve obtﬁin A.g;iji{fffgf " )

) B B

The effect of the inc]u°10n of p;izlng rolquV° to a v*wnl~ _ fffff

"'*fisumm&tlon of uint,le--partaclc encxglcs 1° exhlb ted in’ Fig. 6 for *“e.if -'

bl

’*Jflcase of Fm ‘While ‘the panrinv cnerby i, aboux 1h Mey: for S;%fbkbf{f\*

'7,fvit is reduced to about l MeV at the egvilibrlum distoxt*ow ard **r«n~i :i
1ﬂ5after exhibiting stlong fﬂuctuqtluas The variation in A; ' 'AQG:TQ’“

. Land o :
- with _E,'fOT 2)‘"m nay be stuaieﬂ in Fig 7
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. X - CouLOMD ENERGY e
The Coulomb energy may be written as . _ - ' o

P e . ]
B = Z ﬁr'(r coer,) ~ Y ({ -Hr)dl' ceedr,
e i '£1‘ ol = ™ ez’ Al R

>

?f-é:’::r?:x L" where, if correlations are neglected, ¥ 1is the Slater determinant of
7'f’ singie-particle states. If we further neglect antisymmetrization and
”{f . réplace Y by a simple product'of,single-pafticle waveFunctions, ve

get

where the sing1e~particle density £y is defined as

AT TR
‘i.f;;_  ;: ”1  The Coulomb energy c#n'then be evélugied witﬁlthe siﬁgle-paiticlef-.
| fA‘géve unction calculated in'Sectionuit. 'Preseﬁtly-wé ha&é been content
Qo -' with the simplificatioﬁ of assuming p = pi; to be a homogeneous
+ :-. ; charge distribution with constant density inside & sharp surface
| bgencldsing & volume equal to %£_§é3 ., vhere -Bc is tﬁéﬁéfrective
radius,so defined that the total charée is enclosed if fhe cﬁarge
- density‘is constant everyvhere ’p(r R ) = p(O) The surface may be - -

};(;;.,i- - described by 1r(@), which is a function of deformatlon..



C

‘§(£¢ eh--o)- assumes the vaiqe of one for a simple ;phere. Tﬂe second

11) | |

‘term is the diffuseness correction as derived by Myers and Swiateéki

- ~20~

In principle this ib & six- dlmensional integral,: lf can hgweveg

. be reduced 6) to a two-dimcnv:onnl inuegral in termq of elliptic

functions. This two~d1men31onal integral is then evalu&ted nunerically

~for axielly symmetric but otherwise arbitrary shape.

We have introduced corrections for surface diffuseness and

‘ - thse, . o
exchange energy, which are oiorder of a few percent The expression.

used may be written as

2D 2 N
| V Ze \ g:‘z 070)6 .
B = 255 ["‘(5’ CYRD S a(ﬂ) I } -’

where the first term is obtained by thevintegration dcséribed aﬁove,_ o

with & denoting the diffusencss depth (taken to be 0.546 fm). To

lowest order in a/R » the correction has no shape dépendence; If we

~ had used, instead of R, the ha]f density radiuo Ry, the diffuseness
H

37 would,
correctlon would be . -% '%~« 1 for a sphere but ¥  have
5 Rg 2 3 R1

& shape dependence on deformation. Finally the third term corrects
for the extra correlation of the protons implied by the reguirement of

1 ) i
antisymmetry of nuclear wav%functions. From the derivation of this

_ term by Bethe and Bacherg), cne pay verify that it fcprescnts a volume

energy and is thus independent of nuclear shaype. Since the exchange

term is the reoult of short-range COlTCl&tJOHa, the correction to ‘hiC-

ternm res ulting from the finite size of the nucleus 1s prOﬁoruional to the
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.fgiven above. This surf&ce correction to the exchange correction has

fnot been included.




_surfaces to be given by'f

;"22’; P

k. GROUND STATE DISTORTIONS '
;_For each nucleus, thévpbtential energy - &s e function of

deformation,is obtained'by adding the Coulomb energy to the sum'cf

. "single-particle and pairing enérgies. Ground state‘ﬁistortiOns in

£ &5 and_m6v cofrespond to the position of the lowest minimum in;thei

" potential energy surface in these dcfbrmatlon co—ordlnates.

Experimental quantltles do not usuwally relate dlrectly to any
one of these co-ordinates. Thus the quadrupole moment receives a
1argé contribution froﬁ,the interference of ¢ and Eh deformatlons.

S,

It can be more -accurately calculated dlrectly from’ the nucleon:c

_ waveﬁunctions. When nuclear guadzupolo moments so calculated azc

compared with measurements of cross-sections for Coulomb excitation of -
deformed nuclei, good agreement of the general trend with Z and ’g

is found, but the absolute values from the theory arewgenerally ~10%

- too sma1127). We do not exhibit any comparison as earller results in ’

the field are essentially reproduced "’5).
In the .case of ;gh and €6 'deformations, more direct compari-

son is presently possible. A detailed opticél—potentfal'analyéisrof

inelastic alpha scattering data on the rare earth nuclei has recently

28)

been carrged'out by Hendrie et al ,"They assumé-nuciear equipotential

-

Ry= %(l * 82 Yoo £ By Yyo * B Yeo) -

 The differential crosé-sections involving populations of rotational

bands of even-even deformed nuclei up to 6" (and in some cases - 8*)

¢

are fitted by a combination of Por P lend Pg.

o

fhan.

. et
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From Fig;'la,_the‘agregment between theoretical and empirical
o : red o292 30)
'ph-_values appears remarkable, It has been pointed out that By,

deformation is glfcady present in the zeroth ordép_distortioh by the

. prescrived filling of levéls in the deformcd well. Thus the first few

spheroid orbitals outside the closéd’shcll have & lerge posiﬂive contri-
bution to Q%' The same is true fof the last:filled orbitals. On the
other hand, the orbitals near the middle of a shell have a large -

B),- Thus f) is expected to grow from zero

el

negative contribution to

 ;for‘closed ghells up to a maximun value at about % throurh Lhe ghell;

then deercase to a negative mininam i through the shell; uniil at

3

- the closing of the shell B), increases to zero. Actually, Just the inclu-
* . ' kS :

sion of the couplings within each N-sholl,“reducés the distortions

somevhat relative to those obiained by keeping only the diagonal contri-
. SR 1 ) R s
butions as in gef.: | It is found that polarization (coupling between

‘shells N and N ¢ 2) enhances the eflect by a factor of 2 or 3.

N . W '
Coulomb intcraction generally favors positive By for small deforma-

tions. However pairing has a smearing trend and therefore tends to

_counteract the effects of polarization snd Coulomb interaction. For

s . %), %4z
this reason earlier calecwlationsz”’ ’)d)

“tion, and Coulomb repulsion still gave rather similar results. to those

~of the present calculations.(see Figs, 10a and 10b).

The parameter ,?6 is less accurately determined. -1t appears,
however, safe to say that in general and over the whole region studied,

152 < A £ 178, numerically sm12l and negative B6‘1va1ues are present

(sce Fig. 11 for comparison with theory)}

that neglected pairing, polariza-

+



'In Flgs, l2a and 12b we exhlblt theoretlcal deformatlon para
‘“;meters fé and Gh ,associated w1th nucle1 in the rare earth and
.'  act1nide reglons. These dlagrams should be consulted before using the!

.;iysingle»particle energy dlagrams in order to choose the dia rams EQi'

*‘corresponding to,the'appropriate deformations.v”ﬁ“'




e el calak et

Cered il e e

DTSR N SIS SRS TSI e aa iah

Hnly

LA .
W

fi':havefcalcuiéted the total poténtial energy.surf&dévfor the'range of ¢

"Abctwcen —0.5 and 0.95 and ,g‘

e
NORMALIZATION TO THE LIQUID DROP MODEL

';:4,To.stﬁdy7the behavior of a nucleus at large deformations ve -

, between -0.08 and 0.16. The co-ordin-

qual,

ates S . aund s have been set®to zero. Smaller ranges of ¢ and .-
) o ~ ) . . .

Sty

.'}1; are gtudied for some nuclei whose physically interesting features

‘appear Lo be in a smaller region.. It is found thgt (Fig. 13) .th¢

. . . - ) . h
.. behavior of the energy surface is unsatisfactory for large €.

|

. reached only

n‘bTha'consefvgtion of tﬁB.VQlUMG enclosed by equipotential surfaces 1o

only‘ruughly'adequate, first because the saturetion condition is
in the mere central parts of the nucleus,nct ih.tha )
surface ares. Also arhtter and potential shapes agree only at

equilibrium points. The situvation is made : .°-. worse by the'facﬁﬁl

ihat our volune conservation condition does not include the entire

[‘_nucleaf potential. In particwlar, it does not include the term ’ph

2

or 27, Althoughvthe é? term has sone propertieéwof a surface

. energy'at sniall distortiohs, it is inadequate at large distortions And

+ .

. 29) . - : '
largeiﬂ~va1uesf", for vhich cases, 1t favors shapes with smaller ]r[-

=~

~contrary to the surface energy effect. Hence some smooth corrections

0. tha geoméﬁry of the potentiel energy surfaces are not uncxpected.

-‘-';\‘l
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W Ono.may‘note that the magnitude of the correction nay be large, as ﬂhc

“restoring enprgy 1ntroduced by the volume conservatlon cond:tnon is of

] n
large magnitude, being roughly proportional to .%;gf times the tofa]

nuclcar energy, whlch iz of order of 1000 MeV for £ = 0.9, on the '
chdrarter should,

other hand, the topologlral ot the surface 7 bo correct as the '
“empirical level order’is rcproduced.

It is al 30 found that the anso]utc valuc .of the potcntial~
; _ Jn particulor not;
B ~ energy surface does not behave corr;gt]J;a> a function of mass numuer

A. Thus it is necessary to make a smooth rcnormalization of the.

————
e

potential.energy surface not onl& with respect to distortions but\alSGVZ

with respect to A. The absolute magnitude of the potential-ehergy‘

surface at its minimum gives the mass of the nucleus.

The basic idea, advocated by Myers and waatecklll),

Strutinsk17) and others is the follow1n The average: behavigr of
nuclear binding energies or masses as a function of distortion and masé-
nunber and.charge number is well reproduéed by the liquid drqpbmass
formula which consists‘of a volume term proportional to A and .a

2/3%

.. - surface term proportional to A

T

as well as symmetry end Coulomb

energies. '~ The success of the liquid-drop model as.applied to fission
. :

theory, vhere large distortions are involved, and for the calcunlation of

nuclear masses, vhere-large numbers of masses are considered, seems to

indicate that, if shell effects are averagep%ut by some means, the
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' potcntial energy surface as ‘a fun;tion oi dcformmtlbn and mass numbef

A "cun_be well accounted for by thls model. The 1neavﬁs.then'that if we

| ' o “fakc.away the average trend from the single-particlé and éairlng
caleulotions and replace it by the liduid drop formula, we will get a
much luproved energy surface where the loecal structurﬁ ﬁ§givon by the
sho)i model calculations and the smooth trends are given by the liquid

drop formula:

Potentisl Energy (N, Z, distortions)

L)

. ' ) . -
= ELD +,Eshc~llm) + ERi :-(N) + FSI ,n(/,) + lpm(a) ,

- EShell * Fpatr o : .
N |
_Zexzv.v - -G(Zv Zl)- B(g) ,(Lpair)v )
v v. S -

where‘;gﬂg) is the smgoth dvéfage trend of the total single partiéle
energies with variations of deformation'and. A (the meaning of & will
be clear later); (gpair) 15 the average of pairing energy &; the
ground state distortions and;‘gLD
‘discuss these terms separately.

is the liquid drop energy. Let us

The pairingvenergy is averaged at the ground state distortions.
The systematic growth in pairing energy with deformation due to the

asswiption that the pairing strength is proportiom). to nuclear surface
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'érea is»not.subtracted out. This is a'feature dssociate& sblelyﬂwiﬁh ’
ilargc distortions and s as,umed not to be bullt 1nto the liquld drop
mass formula which is derived for spherical and modcratnly deformed -
nuclel. | . - | .

One nay eéfimate the bmaii qugnfity'i(gbéir) from the followiﬁg L
aPproximate.relatioﬂs | o C ) a

R £ 2.1 2. .

'We have chosen G, ‘end G, such that (sec aboye)

N (_A_h)' ~ '.(,ép) z% MeV S

A

" The level densities can be estimated for ﬁhe_simple oscillator_modei as

~

L) . ep 4333

| 2/ 25

1, A2 ey .
~ 5@) (Mevl) .
'in~this way one‘oﬁfains‘

< pair>"§ <23 MeV )

1ndependently of A. .‘ L S ‘. -

To. the extent (E air) isindqpendentoi‘.é,fifs aﬁsélute_vglue
is, of course, largely irrelevant;‘ In the éomﬁarisonﬁof-calculated’ '
masses wlth empirical ones, we have thus arbitrarily set (E ) =

MeV, The comparison will be dlscussed in the next section.

R e e
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S of ordcr Ja, en: expression can be explicit]y written down for fcofr‘%" o

-29;-

.TO obtain the smdothvéverage of the ‘totsl single-paft{cle

éneré&, E(g), we havé studied and generalized & prescription first . -

; fJintroduced by Strutinski7).. Conéider the level density given by

o) = oae we)

s ﬁlf;Onefcan:form a smooth averagé level ﬁensiﬁy by smearing 6ut'each7éﬁer§y',i

. level &, by & width r and then teking the sum. 'wn expect G(e'.

.

Q*-fvoraer of shell spacing ﬁgb, and &lso long—r&nged'variatiuns,with N

.ff‘charactgristic range, 'L* of the order of the Fermi euergy. ihen
:problem is thén to smooth out the short?range fluctuéiionS»and to.'
 reta1n the Jong-rangc var;ationb.l Ob§iously QSe,would expect that |
A< Y<L. For the results to be physicaily meaningful,they<should"
“be independepp ?f Y over s wide range of Qalues‘between these 1iﬁl£s..

- One would then write down the smoothed level density as

*
' 1 : 2
ge) = —= 5 fo em(-wS)
Y' i -y ) “n . .
- L X
. € - € .
. u = — M 3 .
| v T T L
iy where * - 45 a correction factor to the bimple géﬁséian-°m°" ring

-—corr

"-  of levels that wil] ensure that the long—ranne variation is ret a;nnd.: o

B Thus, if the 1ong range variation can be written down as & polynOmidl

Tt have short-range fluctuatlons with range. x:)which should. be of the .- _—
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o |  (Requirin . - .
e . TT¥the order m to be six : (ov

> in fact, even wp to seven ), one has .

L

AU B SR S T
chrr = 1+ (3 v, ) G-5vw, + s Y )

X : X

S NN R N SLu 6y,
4,(%3 w0y, g u, ) + v .
. ) . . - e o .

=N
&=

With this prescripfion, g(e) will have the same smooth polynomial

‘ S behavior as G(e) up to sixth or seventh order. ~Any. error will bte in

»

the eighih order.

Ihe smooth total single~particle energy is then

J‘, -
' Eleg) = |  2eg(e) de ,
fﬁﬁi' » “.'>4 withrthefFermi energy -EF given by
S LF | '
"N (or 2) = Jr 2 gle) de .
-gshéll is then defined as the difference between totsl singlé-ﬁditicle
) energy calculated on the original level deﬁsity and tﬁat on the -
{ smoothed level dehsity .
| Egpeyy = E(O) - E(g) .
v . . Lo )
L. ;77 'A/ , -, In Figs. 1L and 1%, we show this quantity'as a function of
’ smearing width y for neutrons of Pugh? and Pb208f respectively.
Similar figures arc valid for protons. It is obvious that the keeping
of terms in -fcorr ﬁp to only second order introducee a serious folding

. . o s
s st 3 ¥ i et o et T
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_. of Myers aﬁdASwiatecki

h-error and the result is strongly dependent on r, 'But when we inclﬁde-;

‘ terms up to sixth order, the result is rather Ybindependenu except -

when Y. is too small or too 1arge as discussed befbre. For a flxed

S

’&'!" l
2 N’.»

value_of Y~A (say 1= 0.8 in the Figure), corrections introduced

by the various orders .can be estimated to be reduced with the factor

(L/L)E. Thus the change from the zeroth to the second order result is

260 MeV; from the second to the fourth order is =l MeV, and from “the

0

" tion converges Very;wéll to & unique value for the shell cnntributions;‘f'

The‘expression'fbr the total potential energy elso requires

. I‘D'
11)

the  liquid drop energy (E For this we take directly from the work

By = -al(l "..512)A + &2(1' '.SIQ)AQ/: + Cowlomb-Energy ,

_The parameters are given by

a) = 15.4941 Mev
- 8y = 17.9439 MeV o
:',’i"= Vg2 .

We have discussed the ‘Coulomb energy in a previous section and thc _

Coulomb radius is teken as 1. 22h9 Al/3 “The magnltude of thls

S

" fourth to sixth order, only g;%~ MeV. Hence we find that our calcula- .4j'jf'
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:f’Coulomb radius is conspicuouuly large. It,m&ght be'partly dqeito the
sumption that the isospin dependence’ proportlonal to 1° is of the
S some relative magnitude in the volumne and surface terms as shown in the
- above equation. ‘These ligquid drop paramctern are determined also underl
the aésumption of a particular simlated shell.structure correction
'term.‘ Although these parameters are by far the best avai]&ble ones for
éﬂtf o | our purposeo the introduc»ion of the more realistic shell =tructure term -
based on our potential_makes it desirable in the fUQgre to redevermineb
'rthese parameters. In fhis rédeterminationlihe iéosﬁin parametér L]
nzy be taken to have different values for the volumeiand'surface ténns.

In summary, we have thus replaced the smoothed part of" the

total potentia) energy surface by the results of +he liqu1d~drop rodul.*’

. All 1obal shell structure varlations (the local wiggles of the energy

.surface) have s however, been retained. , |
. Tt is thus important to verify that the equillbrlum deformﬂtions,
- shown earlier to be in éood agreement with experlments, remain the same.
- Indecd the changes in ¢ end €, ore invmogt cases'less~thaﬁ OfOl. in
ebsolute value. This is not unexpected,_becauée.we know the liquid-
drop part of the total potential energy is e émoothlyivérying function,
(>‘f A | "slways predicting ground states to.be at zero deformation. Any deformatien.cf
ground states will be'céﬂblctely due to the local fluétuations of the

4

- shell effect, which have been retained.



6. RUCLEAR MASSES

In }15. 16 we compare empizlcal and theoretncal mae,eérwlth

h reference to the liquid-drop masses at zero deformation. Thus the top -
. eurve gives the emperimental yalues minus the #espective spherical -

: . . ' ' . '
1iquid- drop masses in MeV. ‘Immediately below,_ﬁhe theoretical values

. at ground state equilibrium deformations are plotted. These contain all

the effects of distortions and shell structure.  The éifferences between

. theoretical and experimental values are exhibiteg as the third and
- lowermost graph in‘tbe figuré. - They reflect on the appropriateness

* both of the liguid drop parameters chosen and of the nuclear shell and '

pairing fields employed Although the cowparigon shows cncouracing |
agreements, there are three points of deviatlons
(i). The overall trend seems to be towards too small theoretical |
masses with large _é~ valueé.' )
(11) There eppear to be relgtively 1aféé diserepancies conﬁected :
- with the doubly-ciosed shells of -208Pb; The theoretical
.binding_enefgy is enacrestimatcd by'aeout 2 MeV'belowéand
around A = 208. | |
(iii) The isospin dependence Qithin eacﬁ baﬁd of isoeopic messcs

cshows a ‘marked disc1cpancy especially Tor large A values,

First of all, as mentioned in the last section, 1t may be deglr-.e_

.'able to readjust the Myers-Sw1atecki liquid drop parameters. Masses
"of spherical and deformed nuclei could be effecfed differently. If

’l‘ﬁe further‘assume gifferent isospin dependence (Symmctfy energy .
coefficients) for volume and surface terms, we'weeid probably be' able to

~improve on the theory on all the three points listed above.
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On the other hand “the undcrestimate of bindlng near doubly
closed shells mqy roflect on thﬁ details of the. Sinﬂlﬂdpartlclc calecu~-

lations. The pairing cnergy ca?culatod on the baalu of the s:mplo

BCS model. employed collapsqs near closodvshells, but actually there

" 8till remains some pairing energy of the order of one MeV as can be

brought out by an RPAﬁcaqulation The presence o}gfow—lying 3"
state in ?OBDb indlcates the ex1°tcnce of othcr correlation° The
underest:mmte in binding for A between 190 and 200 may be atsociated
with the neglect of_ﬁhe rotational asymmetry degree,of fregdom which is

believed to play a role in this region.

" The masses for the.superhéavy nuclel beyond-the present

| experimental reglon chow a broad sheld structure at 2 = 21h and.

N = 184 to 196. It is not as strong aélthe 2082b ”shéll, but may be
& bit underestimated as in the Pb region. As shown below, this

shell is the main reason to believe that there may exist in this region

:'an island of relative stability which may be-exbloféd experiﬁenﬁaliy.




o 7. Pomm-m, ENERGY SURFACES' |
:Frdm‘the minlrum of a p0uential-energy surfacé we can obt4*n
 :£hé?gfound~stqte-mass and distor tion wb:ch are d1 scussed 9oov§. AD
' ‘$urthar stﬁd& df-the potential—energy surface will bring‘out,more
featureu of physical interedt, in partxcu ar thosé cdnnécteé.ﬁith
{ﬁ: spontaneous-flsclon barrlero and shape (or spontaneous-fisalon)
: igomers. TLet us dlscuss first of all the possi@le errors'of these

surfaces.

_:; The separate confrlbutlono from th° llouid dron terns end thn shel

plus pairing energles are. exhlbltcd in Plgs. 18 anc 19. For s&diif’

Two representatlve energy surfeaces are exhlbntod in F‘gs. 7:;5;

4

9' ' ;‘s ‘I‘ v ) R N , - -
s ui tortions from the spbﬂrloaj shapc we expect the (s, ch) porameberi-

zatiog 28 us ed to be adeqvauv, Hoycver atl largq dictorticas higher
'f;h‘f'_multipolcs will be important in tﬁe calcdlations of saddle p&int
--energié32§’3h).‘ Since for larger values of fis sility ];saramet;ex':r :j,f
',the liquid-drop saddle points occur at.smaller distortionb and wice
7;?1 h _"J.versa, we expect i higher multipoles to be imrortant for 1151+e“
. nuclei whose values of ;; are small and that éhu (e, €h) para-
L f meterizatiop should be sufficiept for heavier nuclei wnich have 1argc.
-?values of X. Thus whenvwe ¢bmpare the'iiéuidﬁdrop saddlc'point}
'_; 7' "ii; e énergies_in our (g, eh}l scheme‘with'thé'moreAéénenﬁl f&rame*criz tion
‘ﬁged-ﬁﬂ !Qf?q) we find for U, with. its saddle point at, &= 0. 85, t e
our value is too’ hlgh by 0.6 MeV; for ,Pu » whos e °addle point is at |
~ 0.75, by 0.3 } ev; and for nuclei heavier thdn . (Z,¥ 96) th*?

-V.error'is less than 0.1 MeV. In particuler for,snperheavyjnuclei

.Cgéli}fﬁ;fiifgi‘ 
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" - CXha, ' _
“{# o~ 22h, A~ Z98))Yerror due to thp restricted parametnrization '
shoude bo amall,
thah ,
The potential- energy su*face plotls Shbd'the importance of the 
> 8y, Crurce of Treedom 2s gﬂ’is increased. Although in the ground. "
states boily positive and negative values of 5, occur, the saddle point
alvoys occnrs for & posltive Y repregenting & smaller waistline
L _ N ;
: ' reletive 4o the spt croji which develops as € inereases {compare

. %
¥ig. 1). in Fig. 6? one may ctudy the effect of -the _¢, degree of
R S - 25h.
o Freedon on the barvier of Fra. "Obviously its inclusion is necessary

ta give a rcasonals le barrfier.-

v . . .
.- .o . i

Thz further inclusion of the rotational asymasiric degree of

frecdon apmenrs 1o reduce the saddle point enexgles. Thu;,aslreported

. e ) y )
Yy Y.V, Prsihleviclr {,the energles of the saddle proints closest to

25 6 .

“Mpm are reduced by
made some,
| Wty Vo gete e

omounts ranzing from 0.4 MeV to 2.1 MeV. Ve have also f caleulations

' ' 240 '
the ground siate for nuclel between Pa and -

which Inciude the P, degree of freedom. This is relatively unimportant

‘ but is faund te Jower the barriers by 0.2-0.3 MeV for rost actinide elormeniz,
' (As to tho P, duzres of frezdom see below,) - ,
g;aﬁJ;LJJifﬁ%?j In Fiuu. 20z-nt we eyhlb;t the barriers obinlnﬂdlfqr isctopes

‘ ef 7 = 92 to 2 = 114 as & function of ¢ with rinimization of
' "energy with respect 4o -55 T at each point. This_type of ‘plot repre-
sent; & cun through the two-dimensional touor*aﬂh*oa} rad in the
_ . _
ﬁf’nfh) rlane eleng the potentiwl enervy nminimun. path with the
energize projected onto the ¢ axiq. . Two plous are shovn for the fw
, - aiﬁernétive assumptions of the pairing strength: .G cqual to & constant
L : _

end G propc~£io nal to the nuclear surface area.’ As vointed out in



At R .:r ..the'sectiog'oh paifiﬁgvénergy we find tho sebond‘élﬁéfnafivé to be
- mora.égequaté. ThisIFirst altgrnativevgives much tbd high FiSSién ¥
'barriers for U, Pu and ‘Cm. Herver with a'suffaéé'depéndcnt-
pairing strength the barrier heights ere withln a few MEV of those
.obtainad from axperimental data analyzed in terms of the convontionalv:

- liquid-drop barrler energy.

‘u-r\ ‘.'

7.1, THE STRUCTURE aF SPUNTANrUUS FISSION BNPRIER° OF HEAVY -

AND SUPERHEAYY NUCLET
;7¥ (i{f;;; '“f ¢+ The conventionai liquid-drop ﬁarrier hés.theiprﬁinafyfpne~y
huﬁp shage, but becausé!of shell effects at wbéefaté“dafonnatiohé;i f
structures can be found‘in the realistic sponﬁanaobé'fiséion barfier.'~ 

Thesa shell effects ars understaood to be the reoult of an extra

o shell binding that occurs at some moderate deforwatlon and are of
exactly the same type as the shell effects that appear For spharical
. shapes. Gross shell ef%ects at larger distortions were considered -

35) 1)

" by Geilikman”>’ and later by Myers and Swiatecki '° more realistic

7)

ones by Strutinski® ‘. If was Strutinski who first enpﬁasiréd that- they

fwill cause a double- hunpad fission barrier; such a double hurp is dlco
1ndlcated in our 1966 célculat10ns17).

A _b . . As a general feature, wa note that in'oér plots of‘potential

- energy barriers, there exist. in general tﬁree minima in enéréy. For
the actinides the lowcst'onevis at the prolafe side df thé spﬁebical.
For the superheavy nuclei as well as those.in the Pb region the
lowest minimun is at zero deformation:.. This should bgviously corre-
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p e

”‘ﬁpdnd to the ground étata of the nucleus. An oblaﬁé minﬁnum also oceurs

- minimum has been shcwn by Arsenmev, Malov, Paahkevich and SOlOVlGV

\

l'"

which in the actinide'case is usually wofe than 5 eV hbigher. "This
37)

~to be a T spurdous minimum, when the rotational asymetric (y) degres

of freedom is 1ncludad. this mininum” is found to be a maximum in the

2 4 dl"RLt‘Un leading downltb the lover ground stote *hrough a path pro-
Lin the rare earth r° ion this minimum is not ‘much higher than the

“vided by this esxtra dogree of freedom. For lighter nuclei”ground state .

- minimsn, In some ca s, 1tknay(551§3_uallzjlower and should ba taken

as the ground state. HIt is of particular interest to find the points on

_the mass surface, i. e. ~ the N and 2 values vhere a trensi-

—t—

' tion feﬁm a prolats to on oblate ground. dtate takes plara. A third mini-

mumn occurs at a strongly prolate shzps usually at EN 0 60-0. 75 for
fhe actinidee. OF course, ‘because of ths fina daualls of shsll effecg-
at various dBfOTFﬂ»lDﬂS, other structures of the fission barrier may be
discarnad and_soma ofvihese may be important for masg.rng1on5 other than
those considerad hero.

¥e can sﬁudy the effect of shell corfebtionsmto the 1iquid drop
barrier as ghown in'Fia' 21, For the actinides, even thdu~h the liquid
drop d°11n1t31y favours a spherlca] ground statb, ahell correction makes
it dufonneJ (e & 0.2)0 Tha‘grnund state mlnjwmm appears associeted
with the crossing of the shslls N and N+t whl]e the secondary n1ni~

.\and M3 .
mum appears associsted wlth the crossing of °halls li w. M+2, For

lighter actinides JLhe flrot hurmp i" the i libwest while for the heavier

ones the second ons dominates. The shift in nagnitudé betweeni the &8

hups reflests nostly dotails of shell structure. Some role is playéd
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by the systcnatlc chanva in the - fl,sillfy paramducr X
,The results ars collected in Tebls 2 where we tabuléte'fhn
: She ‘ of :
heights oF the two hurps. ofrﬁsgrler as wp}l a% Lhe "Prondnry minimm ;‘
. in between, relatiye tq the ground state, In particular 13 tha sccoqd'xjia
barrier hum:: probably overuﬂtinated and g vne*ally uncerta i as ak the
large distortions.in quédtion the (e,¢,) paramatrizat1on is
’insufficientf ‘ | ) e
_ For tﬁa‘suparheavy nuclei regién (Za 114 and N 184) . the
gmund state occurs at zero deformation and. thp qecondary mimm;m oCCurs
’}’ét e % 0.4, Since there is practlcally no liguid drop barrmer 1n thie
f_regioh‘the entire barrier is a shell structurs effoct (see Fig, 21).
For the rare earth:region, yaluos'nf X are in genéral emall o that
' saddle points are at very large e. Ona may cxpect shell effec %?ﬁé
f be negligible at such large deforwﬂtion , 43' | |
It should be pointed out that for a puTtICU31P eln"cn- a

.change in the nu;ber of neutrons may change the picture drwnmticélly. 
The effect of tho noutrnn number N on the fiss i]ftylparﬁwntcr is .’
thereby of less s1gn1flcancmzthan the shell structurs effects éssoﬁisi&d‘
with N. An examle is the following reﬂult from the prﬁrpn{ b*c.,nl-nv;
- investigations. For Z between 102 and 114 and FOP.JE lese than 175;7

~all the nuclei appear to have ground states near ¢ = 0.3, Sinco t
. : . : < ‘

nuclei have large 'x values tho fission barriersexhibit only ons hwsy

&

" (the second occurs 'below the ground state energy)., Therc is alzo o
minimum at zero deformation which lies higher than the ground state.

* .

Eibut as N is increased, this minimun is getting lower until at



\

N ~ 176-178, the ground state minimum becomes associated with pbericn?

.

shape. . Hance for N ¢ 176 wa have & deformed greund stato with a eno-

£ ‘:“k ﬁ? -
s

- hunned barrier. But for N 2 178, wo nave e spherical. ground state

1th a doubls huxpwd Saﬁrler with the aecondary'miﬁiwum at C‘ﬂ 0.3,
th nuclide in, k -
'-Obvxou.ly this latter case has a much. Lhicknr fission barrier and

should be nmuch more stable against spontaneous FisSicn.

/7.2, S¥PE (FISSION) ISOMERS

The existencs of the double-humed étructUre;with a_secondary"
minimum in betwsen the humps is strongly supported by the discovery of
shepe or fission isomers, This isomeric state corresponds to- the

' tylat o1,
uecondary minimum which hus a different s uhane from' the ground stale

~and whose energy exceedalthat ef the ground stete by several MeV. The

Isoreric state may decay.by gewwa emission to the ground state or by

spontanecus flssion thpauah the s DCOﬁﬂ thp bofT’CFBg). The.gannm -
transition to the grqund state is, howsver, hlgh1y hindered by the prﬂ-
scnze of the first hunp Obv oucly the gannm half 11fg “roughly dnvoizely
¥prqportwon31 to,
the penetration prcbabllity of the first huwpu. In th° rare-earth
region the first hunp is often nonexistent or very poorly developed ard

tha second peak overwhelming. No fission iscmer is thnrvforn possibla, For
'r_thniééav1er actinides the fir”t hurp. is larpe so ttat genma_ traﬁsiflon

is greatly hindered and the:isomeric shate dccays by-fission through

the sazond hurp, Thelﬁifferpnt barviaré'aﬁainst Fissioﬁ of‘thé pround

-  state and the shepe isomeric state is reflected in the very differadt:

half lives,
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o ) Experiﬁentally these isomeric states are found in nuclei with -
) 236 ¢ A < 246, They aere thus found to decay by épontaneous fission

rather
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" than ganma fransit;onss The first flssJon 1%omer, in. Am' was

discovered by Pdlikanov et al?g) and by Flerov et al.% ) with a stsion

i

half iife of 1ho mﬁ. 'Sincc then a number cf other cases have been -

fo nlll *?) with'hglf liygsrenging from milliseémnds to nanoseconds.
The isotope 2'?Am seems to have an extr aordinary Jong isomeric fissidn‘"‘

) KRN ’ > f
half life. This has been-studied . raecently = by Nix and‘Walker”B)

vho also speculated about the possidble explanations. The excitation

energies of thesé isomeric states appear to lie between ehand'h MeV.

" Relevant data are hown in Tdble 3 together ‘with our theoretical res th,

“'taken from Table 2‘ As’ pointed out before, our thooretical values are_

not expc”tcd to be quantitatlve pledlctlons, but. rather JUot an indica-
tion of the trends. On ths other hand the three cases’ whera ccnpnrieon can
be made exhibit a surprising agrecnent between theory and oxpariments.
Additional evidence eppears to support the existence of states
associated with theibarrier indentation. This]é?idehcehe) is baced on

the study of the varlation of the cold-neutron fission cross section

for elements in the region 231 < A< 2h2, Supefbbsed on the fine

structure of, say, 'a few eV, 6ccurring at about 6-7 MeV of excitation,
and relating to compound states.ass oclated with the, equilibrium shape,
there appears a sequence of resonances with a spacing of, on the
averﬁgé, sbout 100 eV and a width of a few evt. eThe quaﬁtity EII/E

. . . >, - ’ .
varies from about 500 in 2355 to about 50 in 2”‘Puu where Do

refers to the spacing of the resonance type states and DI Lo the

spacing of the normal equilibrium Shape states. Preséntly one interprets

the resonance states as the states of thé second energy minimuun,as

o e g rome e AAPAn —envnn A TH S

L]
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'éﬁggested by'Lynh42) "Uéibg'thé standard leval density formulas ons
' . ; Co e
may estimate tha eecond mlniwum to lis 1}5 - 3 MeV sbove the ground

o state for the varlouv nucle1 botween 23$U"and,~242

Bm, All these
3 ";?i}firf?  ;“~ facts appear’to he 1ngqua11uat1ve agreahent with tthe predictions of

‘f¢i f ;;  '3,¢:': those presant’model calculations. .

... 7.3, THE OCTUPOLE DEGREE OF FREEOOM L e

As is wel‘ knowr, nuclel between Th and CF exhibi Strnng

assymmetry in the fission mass dlatrzbution. “In this region of elcmnhté-"

|,.
¢
{

the rat\o of the nost prohdble masses in the hcavy and llyht group Vurles

from 1.5 0 1.2, It appears hlgﬁly plaus ihle a prlori thau this fact is

,aqsoc1ated with a path to fission that 1nv01ve¢ the P3 deg*ﬁa of ¥r9ndom14);_'}”

e e

‘" However, the bifurcation pokn‘ bntvren a symmdtric and an assyniretric

"path may occur. rather lats in the fission process.'A'tenh proportionél

:f.f‘ﬂv:': T to £3P3 has been included in the potential as suggested above, in

.conplete analogy to the P, case. Preliminary results of calculations

'involving o set’ ofﬂg3-values, €3 n'Uf 0}02, 0.04, oo 0.1d "have b=en

obtkined near the first barrier peak Q&"0'40'g$4 = 0,04), at tho
','g}f‘. ; :-‘}'.secondary minirman (¢ = 0,83, £a = 0. 07) and at.the'socéndany poak
[c = 0.85, ¢,
distortions. However, the stability is decreasihg with distortion. -

- 0.12]. Al)l these points indicate stability tdwardé.Sé-.

Lo ;;i, 'f-- Furthennare, only slightly rtwovad From the second peak at [c = 0.85,
| = 0, 16] there occurs an -387

actinldes. The 1nveot1gation is being contlnuud.

.'"' .

instabllluv particularly for the 11gnte“ :'~
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8. BARRIER PENETRATION AND MICROSCOPIC. THEORY .
OF TIIf FISSION PROCESS

A problem of foremost importance in coﬁnection with the stability

* of @& nucleus against spontencous fission is that of the dynamical inertial -

| mass essociated with the penetration of the fission barrier.
Let us assume for the moment that the problem is one-dimensional

- and that _¢_.is the relevant co-ordinate. According to the simple -

_ . VKB theory the probability for the penetration of & barrier is given by

the expression

" . - ) ) - .' ' .
. e . S D
S . C .
P = exp(-2 [ ‘ ,\/jg wig) - 3:) de » = exp(-X) -,
. | N ‘ P o ’

“

where B is the inertial mass associated with fission, E is. the -

in*tial excitation energy of the nucleus towards fissioni‘and WCg)A.
represents the bdrrlel as obtained from a poqentlal energy surface

considered in the prev10us section.
B.p. exhibited in, ‘

There exists an improved expression,
as ¥ - P, 0. Froman and N. Fromanha):

P = (1L +exp K)”l .

Thisg differs;from the one above mainly for small X 'vaiues,'i,e. for

energies E near the top of the fission barrier. In particular, vhen

E is equal to the top of the barrier, the probability for penctretion
is 0.5. Ir i i

In our calculations below we conaider only very small E

values for spontaneous fission, o we use the previous expression, which

shou;d be adequate. Inlthe integral above, -if £

[y -

is dimensionless
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" .as in our calculations, p: W111 have, the dimension of 8 moment of

‘inertia.’ Thus if we scale the nuclear system simply accordlng to its _wjf* s

| mnass number, then B would be proportional to AS/j Thls scaling

- effect can be taken out by considgpiq;the quantity BA 5/3

The quantity P is the probability of penetration through the ;}“

‘barrier for a given "aSSault" towards f1551on. Thernumber of assaults, -

n, on the barrier per second is usually equated’ to the frequency of

~~fe the beta-vibratlonal motion at the equilibrium point. Setting

20. 38

G

corresponds to & vibrational frequency of ,naai"s llMeV. : rz-r?
We have thus the half life given by A '

o
=
av]

L 1420.5h
= %P =0T

exp X (eeconds) .

The probability of penetration through & parabblic barrier of"

height S above the energy minimum end with .a curvature C has been

, derived exactly by Hill and Wheelerhh); Ve can obtaln the same result

" by using Froman and Frohan's expression for -P. With d)_ = 'MQC/B)

one finds for K:

 '3Hencestu'f G the Hill Wheeler expression is 0bta1nedi_ .

ho

?',:' [l+e@<M }
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From'thevdependence of the penetrability on” E, not .only ;§. bﬁt'alsb
an aVQfage ha% is experimentally accessible., . ,1p1r1ca1 ana]yuis

gives S as dropping fron 8 to b MeV when A goes from 230 to 2)0.

;batwaa
And verious empirlcal va]ues of Aa? vare found\ 300-100 XeV.

As all such cxperiment&l analysis is besed on the assumptioh of a.

one~humped barrier and not one with two-humps (which should be the

case in this region of A), these estimates will have to be re-evaluated,

In the preliminary discussion sbove we uséd'a one»djmensionai
descrlptlon end furthermore the inertiel parameter B entered as &
.completely phenomenological quantity. However, an egtlmate of this.
parameter may he dbtaiﬁed frbm the microscopic treatment of the nuclear

fission processJ). Thé detalled calculetions of B are the subject '

of & sepurate p&pnrh)) " Here, we shall oniy briefly'dcscribc‘the

method of the calculation and quote the rain results,

In the case of a one-dimensional collective motion the totel

energy of the nucleus 1s expanded in terms of the deformation ?arameter

.

£ end its time defivative £ The 1nértial parameter ;§é ‘appears es

. & coefficient in front of the term il € + The resulling formula for

Z
B = ‘ )
€
e (211 ) oL
with | . . |
. 2 4 2
L = :E‘; <!JQLH) (my | u} . _ 3 .
Skl o) 1 - .
e (e, + I::E) | .

. {where n=1 or 3)

1ls.¢

o0, e
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'_w1th €, = 0.02.

3; flo# in the liquid-drop picture of the nucieus,_"

{6 to 11) for large dcformations (e

. 46
- (see ref. )

Here -Ev denotes quasiparticle encrgy equal. -to '\/(( - 2;) 2 )}
Klqj“) are mitrix elements. of the n1nrflc~pe.rt3c]e quqdlupole opexator

—

'qQ = 2r P, and U, V are the coeff1c1ents in thc BCS trial wavc
~ "2 Sy v T A

-

function. Finally gé@

is the derivative of the total (mass) quadru- .
e 5/ duadri;

‘-,.pole moment Q' with respect to the deformation parameter .

The resulting velues for the inertisl parameter are given in

~ Table 4 for two deformations ¢ = 0.2 with eh.= 0 and € = 0.5

It may be instructive to compare the calculated values

~of B with those following from the assumption of the_irrotétionali""i

The corrésponding

" formula for the inertial paramdter B,yy has the form

Tt can be concluded that the ratio B /

-

(e) "1s of the order of
~ O.)) and of the order of
(4 to.9) around the equilibrium point (at ¢ =~ 0.2},

Apart from}fhe rather'stroug-g;dcpendencc of B, itralso_tuins ‘

e
t

"  out to be a sensitive quantity with respect to tﬁe choice-of the.péiring

force: a 5% change in G induces roughly a 20% change in’ B

The couplini 2f the fissjoning collective motion to pairing vibration

-« ), -which also has been included in our .caleulaticn, turns -

out to be of ‘relatively minor'importance. The change in the inertia1'>

parameter inducpd by this coupling is usually of the oxdor of 6 to l)o.-



o
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Approxiﬁatc ﬁreliminary fesults ﬁccm to indicate that'thc coupling of
various multipole combonents in the collective motiénfmay have an |
inportant influence 6n the effective ineftial ﬁarageter and consequedtly\:
én the penetrability of the fission barrief...Ih particuler, the complefe‘
dynamiéal inclusion of the'-j@, degrqe of freedom tends to.diminish‘

the effective inertial parameter .E\ and thus to inerease the

penetrability of the dbarrier.
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9,1, SPONTANEOUS FISSION HALF LIVES

g, .NUCLEAR STABiLITIEsf,<Z

Thare ara threa main decay processes of 1nportanca 1n this

'nassvreg10n°spontaneous fission, alpha decay, and beta decay (or

~ slectron capture). Alpha decay half llvas can be.eotlneted Fronutha _~fc“
' Jg—Valces'of ths prccasé, which are‘direcfly derived from the massss of,

' ;'carent and daughter nuclei. Similarly by ccnparing masses of acjacent;;

isobars, bsta stability can be determined. Since these processes in-'?_ 

-Ff'volve only mass differences bctween.nuclai'cne or two units of N or

Z from each other their Kalf life est1nataono w111 be a?fected only -

' by_relatlve errors in the nuclear mass values. Hence tha alpha and
"beta stabilities can be determined with reasonably reliability. For - |

~ the actinide region (Table 5) we ars abls toérﬁproduce the experimen-

tal Q-values of alpha decay to within £0.2 MeV and beta steble nuclei

“are usuaily varified, .The results for.lead region are not so satis-

factory. In the latter region the difference between experimental and -

'theoretical Q:values for alpﬁa dacay approach G.G MeV., This fact
- reflects ﬁhe icadequacy 6f our calculations tc réproduca fho entire
‘shell effects on the nuclear masses near tho 1cad raglon (see Section 6);
..jThe estimation oF spontaneous-?zss1on half lives, on the other hand,

- . involves larger uncertainties as will be dlscgssed in. detail belcw.

" In our calculatlon of spontaneous~Fls ion hal‘ 11vas47) wa'

[ have avoidad applicatlon of ‘tha more corpllcated dynamic calculations c



-50-

_.involving the entire quantmmhnéchanicai time—dépehdant prnblem with
. -gsveral degrees oF Freedom dascr1b1ng the varlation in shaps, Instaad,

Wa hava here&nads usae of tha one-dimsnsional WKB approxlmatlon from

‘which theuhalf life 1is given By

~28,04

o 10" exp K fysars) ,*

- where

A
:

« 2 IV»- (Mgl - E)  de_ .

| We have thus sinpllfied the problem to a ohe—dinenéionalvbarrﬁér penetra-

'ftion problem ccnstruotlng a path on tha energy sur{ace by m1n¢mdzing the

potent151 energy with respect to € For each £, ‘and then prOJectlng

.:.vthis path onto the ~£;‘axis. Superficially one'might~believe‘this to
underestimate the path integral, but this is not nébassarily'trﬁe{ It
'will definitely introduce unccrtalntles in the results, Also, as ;

..digcussed earller. the potentlal barriar thus obtalned ULg), will

have errors at large .& since we consider only quadrupole and hexa-=

_ decapole deFornetlons whereas hlgher multipolnsare 1nportant-au large _
' “dlstortions. This, effect w111 be e,p801ally large for llght actlnzdes

whose barriers extend to rather large dldtortlons. Shell effects W111

have their main inpact near tha ground states and w111 be washed out at

larger distortionu, Thus any arrors in the shell calculatlons will d15~

" tort and not Judtlower the entirs potential energy ‘and hence aFfect the

halfdllfa astnnates.
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atill we have to consxﬂor thc act*nide region as teJt;ng reg*on _'

for the fission half<lifs calculetions, end cur vanture into the supoer- ‘

. heavy rugion is based on the outcome of the half- life rﬁprvdurtnong in

that region. .

Measured fission half lives are available for evcn-qun nuclei

in.the actinida.regidn from 7n°0 and up.to Z=104, The barriér extends

for the lighter of the actinide eldwants!tm larger distortions than

. those far which our péramaterizatinn is,adequata and for Which calcula-

~ tions have been corpleted. Movertheless we have treated, ‘through extra-

pdiations. all the édlemsnts above QZU; Tﬁe rosulfs_arﬂ paﬁticﬁlarly
~unreliable for the lighter of thosae elements. In Tab"o & we lic
theoret1cal B B values obt alned from mlcroocopwc ‘heory in ref.

e~ 0.2, ¢ =00 and for ¢ = 0.5, £y " 0.02, respact*vely. Assuming

) linear'g:deﬁendanca of B bassd on thesa points wa have evaluated the

o integral K theoretically and semiempirically using fission half lives.

(A corroctaed E:value,#ﬁcorr, is obtaina@ siﬁply by adding to._g_ the

error in the equilibrium mass value.)
latten

TheTrethad ewployed reflects an oxtrsne aosumpflon tha\ the error
doss,

1in energy at the equilibrium poﬂw'fﬁot propagate thruuah the-barrier but

e i5: localized at the particular equilibrium point,

As ssen from Table 6,a corparison for the lighter actinides
between experimental and theoretical half livaes using Q;Qalues from the

microscopic calculations doss not appear very successful. In general the

K-value is in error by about 30 %, probebly rostly ruFlectiﬁg a theooreti

—~—

fte

cal

- et o e e T
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overgstimate of the cec und n"r‘er. As B inciwvases lined 1/ with g

On the other hand, fn" the heavier act 1n,deu, whera Lhe second
Jess ﬂL"ledD]P
hurp s A

the ha lF llVQu are zﬂplvru ‘d satisfectorily onithe

basis of microscopic B-values, ‘

To estimate fission half lives in the %uporhe*vy *egi
. . . 53,
made use of both microscopicetheory caleulotions from ref, %1 per-

formed for nuclei near A = 300 and of twn semierpirical valuns of QO

e

cdetermined in the actinide region and extrapolsted jete the superfbieovy

region., Due to the inherent uncercaxnﬂv inthe runﬁﬁw-an region wo

A

.) g 3 .
have been conLent w1tn Just us;ny nna averags VJ’ur of A 3/3 for the
[the A-factor reproducing the simpls volune rrfcut)

entitc slporeavy regiom In the Semieinirical case we have assured

that J}5~5/3 be the same for all hPuvy anc suuvrhuuwy nucled, whiuh,
however, have different shell effects end difforent s 'ddYﬂ pc*nL GGG,
(wg have gtterplted to study the ewpzr:uu) dppsn lance of  BA J/a {derivid

frnm analysis of enplrlca] half liveq) on saddle point ¢ hapau in the

actinide reg:on ay plott:ng agaznat Lhc ? ssility pﬂrﬁ”@l““ x and

‘also againat the mean location of the berrier along ¢ axis. In both

-5/3

cases no simple trends were discerned.) T .
Several rethods are used to estimate. BA

The Ffirst is
based on the zicro: p ic theory. These calculations ere, of course

p&rﬁmnncd for the olﬂwan 5 in question, From the 1nuﬂrw*3 ;3n,.n‘“*

- at the highust saddle points ?or superhesvy nuclei we found thot they

cluster within 30 % of a moon valus. This estimate is shown as o

"

’ ) ’ : N - . . a&.«

" vm have
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 :."' [“?? 92'?/ stpa}ght ver‘tlcal llne in Flp. 4? whe.re we hava plottec, for Z = 1:0 | 'nd
A 114, n r' agalnat (BA /B )__' . The: qlopp is ;.‘?' f(W’(E) E) cles /? L
" where- tho excn.e!_tioh encrgy £ is taken as 0» MeV com‘espondmg to the
:Ji:; '.fg ., '_JaQéragé of the ﬂaSsault"lencrgy of vzbratlon, as‘dlspussed in the last

_ éectioﬁ-. A & econd estmmfa of B/\ ~5/3

is made .sémimpir‘ically' by using
the bér'riersfcm tha actinides obtained from our{_’balculations and requi'rin'g .
these to give the cbrrect- experimenbal half lives. These values bo{-“_gll_\_-S/? -
are found to cluster within .;\;50-’; - }imite about a mean value which isA
“also shown in the figure, A third estimste is also empirical and is cue to .
.48).. Thesé.'aﬁtll:kgfigjiiq'u’idﬁmp ba.'r.riexzsvnﬁdi}{fied.by )

1)

Moretto and Swiatecki
- Myers-Swiatecki shell correction term' ° and with the ground state massos .
and liquid-drop barriers adgjus‘;‘ed to expe'rimcmtal values for cach nutleide.

They are able to estimate the mean value cf B/\ -5/3 for the actinidas with -

only a 10 % spread' 1t was found hat all of these three estimates lie
-wi.thin 30 % of each othqr, and 4n our. ast:mt»or} mo{" spontdneou" fission:
. half lives we have taken the aver‘agq value of the three estjmates. It
should be pointed out heré that this value is rmibé thén seven times the
‘ irrotational liquid- drop va]ue, whmh latter should bp considered only as
-an extmme lower 11n);t. This ratio, sevm, turns out‘to be somewhat l‘arﬁer:

- than the corm'spondmg ratio for the- rota*imal moment of inertia for

( dofomcd nuclei and alsd laryer thar thn ratio’ for the quaumpalv vibhra-
tional mass, ' - e, |
g ~ The Spontanéous%isszion. kalf lives of the superheavy nuclei ara
di;‘,cus;sed in the next subsecfion. The hai{-‘_li\/es f‘;r the aétinidsa:; iare, S



.. pancy.

e of our present mathod: These are further discussed in ref, %

gaa-

[

. represented in Tabla,S(intc'ontx'aSt to Table ‘6)based on one single

.adjusted ‘va]:uez of U ~5/3 as the ratio in powers of ten of the experi-

—

merdtal to Itheomticél values. There appezors t¢ bs a systematic under-

estimate of half lives on the neutron-poor side and an oversstimation

on the nsutron-rich side. A readjustment of. the liquid-drop parameters

with independent‘\)olurne and surface symmatry e'r{ergy coefiicierts, as
sugpested before ,may ba able to take care of this systomatic discre-

)

Sorma attespts are being msde to explore any possible improvments

§2);,

9.2, ISLANDS.OF STADILITY IN THE SUPERHEAVY REGICN'

Tha stability against alpha and beta decay as well as spontaneous

S i . s
fission has been worked out for nuclei in the vicinity ef Z = 114 end

, Eéfe, A N 184, The results ars tabulated in Table 7, which is summarized in

the half life. contours of Fig. 23,
- .




k-
Some general features of this figure may be pointcd out The
. a longcst fission half- lives center’ rather symmetrically around (2 = 11h,

N o= 18h). It must be, emphasized here that .any stability a&mnns{

from the shell effect sothat as one goes aw§§ frqmi.29811h, the fission
- half-lives decrease rapidly. Withqﬁt the shell éffgct, the alphe palfé
lives depend on the 1£clinati§n of the‘;ég_x 47, line (which is the
 'l dirccfion of alpha decay) with respect to thé‘direc%ion of the béta
;tgbility Valley. Thé sheli‘effeqt essentiélly in#reases the alpha
half-)ives for nuclei.with 2 <11k and X <184 ‘and decreases those

fbr nucledi Z > 11h and N> 184, It also'cau“es .the kink showvn.’

‘be emphasized. First of all there is the uncertgihty of the exirapola-

;. tion of the shell model potehtial td'an unknown massjregion;ﬂ Furthermore,

- a deviation of 30% in the eétimute of the inerb:a paramctrr B
.corresponds roughly to. a factor of 106 in ‘the »pontaneouu fission
;hglf—lives, vhile a 1 MeV dcviation\in alphg energy corresponds to a
factor 106 difference in alpha‘half-lives: An under-estimate of a
given nucleér mass due to a local shell’effect leadé*ndrmaily to an
overestimate of the fission half-life. On thenéther_hand, the error .~
.in alpha«encrgy is comnarative]y small, For the actinide region (where

- "we dv not have the uncertainty due to extrépdlétionyof p&raméteréﬁ
Table 5, our alpha energies are within .54 of the exp;rnment;l valu“u
‘correéponding to half-lives agreeing within a factopfoﬁ-ten, but our

i;)_ "‘:-,. fission half-lives for scme isotopcs can be wrong by a factor as large

- &s 106 either way.

. spontancous fission in this region is due to the extra.bznding resuliing

The great unceltainty asuociaicd with the numbers obteained must

t

- SO

A
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| nuclei in this region.

B ];5 9.3. SURVIVING SUPERHEAVY ELEMENTS

All these uncertalntles may move the contouro of half-lxvcs 1n

H

| "Fig ?3 but tbe general pantern »hould remaln the same &6 long as'

= th N = 18h iS'a well~developec-magic nuc]eus.' Thug, the main

B :.use of the figure is s a guidu in the search fox relatively long-lived:

e -

{

App]ying a "survival-of the-fittest" te‘u with rcspect to M[ﬂ N

"_fisoion, alpha decay, and bcta decay in the abovc region and taklng thc'

'

1;3calculated numbcrs u* their face value, one ends up with one po asible

 Gerididate for survival in earthly matter, namcly 29k 110 which has a

dua to

“ total half life of about 108 years. HochEf‘V‘ﬁ: unccrhuinty of our,

nﬂ

. , n out
numbers as di“CUSSﬂd abovc ‘wa cannot . V that, inntcad a nuclcus close-~
.'V by may ‘have a better chance of surv1va1

Self-consi°£ent field caloulations of the"electronic configura-~ )

tlons 0,51) indicate that the cJemoxts W1th even Z from lOG_up to

116 have chemical propertle" similar to those of w, 0s, Pt 'Hg,_

A Pb, and Po, reupectivcly (Fig 2 ) ~So thes e sxperhequ clement

if they occur in nature nay be found: in ores of thcir rcsneCVive

e
chenical homologues. However if the tota] half- life fal]s below
~2X lO8 ycars, {he deteutlon in earthly matter 1s bevond ‘the

capabilities of our present techniqueg t

A question may be acked whether such a long»llved superheawy

I

| elcment mey be produced in nature 1n the first place. Tbe indicatinnff

13 that such a. sunerhﬂdvy elen#nt could well be formcd by the ~o~c lled

¢ it o e b




we take Fig. 23 at its face value, ve see that in the study of the’

‘'1ive longer than 105‘ years.

-P. H. Fowler, P. B. Price and R. W. Walker in & balloon experlmﬁnt

. The data are still under analy51s.

L . o o ’ .o : (RS

56~

; A

-process 52) in vhich a nucleuq absorho a large numbor of neutrous very

G
rapidly &nd then undergoes successive beta decays, ending up asYmuch
!; . .
vheav1er relatlvely stable nuclru93 Most very nnutron rich isotopes = - S

: secm to be sufflclently fission stable for this proccss,'whlch also
' requireb 8 condltlon pf}huge neutron flux and very high temperature

- This condition m%y have pxevulled wt some p01nt in-the history of the

uwniverse and may alsoiexlst in some massive stgxru and quasl—stellar

. radio objects at thisﬁpresentvtime. This at once raises the possibility
of detecting superheavy nuc;ei in the primary cosnie radiation;

" According to the most;optimistié estimates, the nucled of interest in

the ﬁrimary cosmic raﬂiation may have heen'pfoduced‘ 105 years ago,
sj‘ }!

while elements in the solar system have an ago of ~ 5 X 109 years, If _' ,«/{

primarj cosmic rays, ene might be able 4o find a few more nucleivwhich

] ot Borkaley for, - |
A recent preliminary search Y elemen lO in a platinum org)

Jhas ylelded negative resu]t5535 A study of’very heavy

: nuclei in the prlmary cosmlc rays has recently bcén'carfied out by

A
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‘accelerated
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©10. POSSIBLE EXPERIMENTAL PRODUCTION OF SUFERHFAVY NUCLEI

»10 1. HEAVY IO REACTIONS

The hnavzesb elembnus presently produced (2> 100) are all
synthesized by bombardmcnt of target elemente of sufficiently high
atomic number with beams of heavy 10ns? The heaviest ionvpresentiy.;
available is lBAr’ but in the future ionf@s heavy as -éQU may 5é _  

"By heavy~ion réactiono one tends to reach eleménts far off on
the: noutron deficient side of. the suability line. This is 50 because
the stability line bends more and more towardu the neutron rich side

)
*

relative to its *nitial IS dlxectlon in the N-Z mass plane. Both

”"target and projectile are therefore less ncutron~rlch than the center

of the superheavy region (g = llh N = 18L), noar to whlch the

‘ . ﬂ 54) . ;
stebility line hapnoné'to pass.  Even bv the cho¢ce of very neutron=~
rich ta*get *!?h Cm and very neutron-rich proacctiles as 8Ar as in

the experim 'nts by Thompson et al. 55) end Ghiorso et al 56)

! : '
9é80 + _ggAr - 28‘11% +hn

28h

one obtains only 114 whose half Yife we estimate to be much less

than- lQ'lo seconds and ... beyond the oGRaibiVlty of the present

experigental techniques. Tne unfortunate loss OL four neutroro is
_necessary to take away the excess ebergy of the compound nuLlcu§ "This
reswlts from the high gnergy neccssary to penetrate the Coulomb barrier

 between the heavy lon and the target nucleus. From our caleulations,

\
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I ‘ . N .
T ')~’ . . . -

it appears 1bat one haz to ohtain en isotope of LM heavier iharn 283

.
3
-

before the hall Life becomes long crovsh Lo malke dnﬁhctiﬁﬂ LG anibde,
On the othar hand, there ave indications uh“T the pralon

neaber 124 y ‘be associated with o minor shell closing in our wsodel.

‘ - 208
lence the nucleus 7 ,2 38?
binding effects to make it relatively stadle sgainst sponbanecus fission,
: : ) I S,
To make this nucleus OB W uld'ucau,vfor xﬂwple a Ni orea i

mey have sufficiently strong shell

- projectile:

. - — WAC S 1y o
83 56 - o
(A5 no oa’cula ions are »c?vlgi“4 in this region, sall etalements arp only

. 208 A e
The nucleus 124 is alm st certalnly beia ursicble and would

SN

'C OU’Sklﬂv-

,4

possess & rather shord alpbe helf life, It is a quantitativ
vhether the half life is long enouvsh to moke detection ﬁ@swu:“».'

" However, even if it undergoes alpha decay or electron caplure Very

guickly, one may s still get somzthing rather ;nLere ting ir il pretfers
electron capture to alpha decay. By success 1ve elv tron CwULUFﬂ balore
: alpha decay, the nucleus may actually end up 5omewherc in the vieiaity
» 298 1 N . . ) ,.' . PRI
of . llwlah. And there is a pood chones that cae may ohitinin avae
: e
“rather long-Lived nuclei with total half lives of one yonr or mure,
R ) ' ) ' .
. ?v
In such cau~u, one can let the bombordument of heavy: icnu onitarget Lo
made for as long a tire ns it 12 practicel and then_ do choplotyy on the
T - target aftervards to detect eny superhcavy elements that muy hove teun
Ly . . L .

ywoduced.
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in this discussion wa have not considered whether these reac-
%?ﬁné bave o larga enough croSs-section to detectable. Experiencs in

tuo heaviest actinida rﬁwlcn is acmowhat dzscourag*ng. Thbﬂ the produc-".

L’nn57) of 250101 by ”OTbartTﬁnt of Pu w;tn vzzNe has & cross-
-4 2 '

SED t‘un of nwly ?0 " emt,

iD 2 ~.UI’RD\i CAPTURE REA“TIDNa '
An alterhativa way to produce superhbavy nuclei is by means o?
uha r~grcﬁn,3. Hsavy nuc’ei arc exposed to a h1gh $lux of neutrons. anrﬁ
k‘iis & cu:npmltlon bctwesn (n, vY) and (.X.' n)  reactions. If conditions
arb Tavoura bJa, tha nuclei w111 ca ptﬁra a largg nurber of neutrons and
- vj,nﬂn b“tn s:ay; endlng up a3 heavy nucled of nmgﬁ.ﬁiggaé__z: which in turn
‘.  ugL3ré tha'g nJ prcc",s. Evcnnu lly'thay should'reacﬁ the superheavy

o region, This,prncass 1o msntioned in tha preceeding section where we hava

2

!znwcn&cd ehout the pn~sability of such a procass reach*ng the’ superhegvy

&52) for the r—proceus are a trmperatura of '

v.‘v‘,,‘. ‘.‘.‘.“; s ‘ : : . . 7 i " .
nebipligt e 5 X 10 h_'avd an lntﬂcrated neutron flux of > ﬂﬂz?,
: .-c_.lsf:»o et e o ,, T

Thﬁ entirs txus aFulG io a uwsd to ba of he ordsr of seconds. Nuclear

'arion. Tha cohdiiio

_ 2
neutrons per cm ..

e“plosive devicos have an integrated flux of abouu' 10%° neutrons per cm?.
(hn lutte. t{ma seala 15 however, of the order of mlcrcseconds. This proces
1U> proc UUJ evan furthsr into the neutron~rlch reglon than the r-
B prucb ‘ 1h{s‘2“tiw3 mathod has also produced {ewer heavy elavﬂnts
tn,n .xpzciﬁd.‘ Tndeca ,zsyFn is the nucleus W1th ‘the largest Z and
54) -

SA puﬁguru !a_.hds bcan obtained . In our modsl we do not expect

ooy

b




258 257

Fh to poséess vary much shorter half 1ifg than 258

Fm or Fm,

‘and it presents a saorious theorstical problem why heavier nuclel arec
o B tha,

- not produced. Until it is resolved, the suspicion remalns that'same

cause that blocks the element-generation péth canﬁgqted with nuclear

"devices" may elso be relsvant for g-process poath through which super-

heavy elements might be produced in the universe.

At the moment it appoears that the most promising way to produce:

superheavy nuclel is still by means of heavy-ion reactlions, espacially
~when heavier projsctiles than ths prusently cxistihg-argcn bean be-
corg avalleble, v

v
L
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A;fage'éﬁif Octuﬂole (p ) d5etort=ons of nuelear potentwal 1n

conn ction Wiz H ground stoate nuclmk have earlier been

. . consi ideved by S.A. B, Johzﬂ onlh) end P. Vogellﬁ), anc.
?f? '.' . L.hégmd opole  {T 1) dws,oroion" by C Brihage and

G Reldomelsuﬂr

i Pagé 1h[+f:ioovidcd G‘-i“ cong tent, indnpendent of distortion, uhe

‘blsubtrgctﬁd term corregponus to e trlvial con°tant shift.

ks of the total encrgy.

5 i6 T As the nroduct Gg g5 “independent of A (gs; level

?ﬁdensltj), Oa lS'proporulonal to.the cut-off range assumedf
N S ' '~-_1‘4 o : _ : , -
ﬁRequiring 'A,r,& 2 we are lead to the prescription above.

precn

cllnlnary resultu of sach calculations by J. Bang and

,?9

Q“A. Stenholm Jensen are rerorted in Conf Int Symp Nucl.
' Str., Dubna. (1908) 98. The authors find 81ngle~p1rtlcle
i;effectv(as conpared w1th a classical homogeneous charge

;Vdistrlbutlonﬁto be of.order of one Név. As polarization

;effectg (coupling betveen shells N and‘iﬁ i2) are .

:@neglectcd, they do not consider thelr results reliable

except for small dlntortions.

.

Pa#e 2° + "h° rel&tlon betwecn B and the conventlonal co-ordlnate
Lo 17142 is given by

I '\[un/(e\ " 1) S

e Yeletion between (5

3 Q ST An vig. g,

m-.

E ) -and’ (e,c,) s illustratcd'

R Y et
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It is not,iMmediétely obvious that for o realistic nucleus

~ the A2/3 term will behave like the surface area upon

—

distortion., Numerical studies of nucleons in rectangular, «

.- spherical, and cylindrical boxes)5>tEPB‘CU“515t9“t with. .

this assumtion, - : o S L

Page 33 *

St

'PagQSSLf

Page Aj .

Our calculations of masses are similar to those reported by
P. A. Seeger and R. C. Perisho, Los Alsmos Scicntific

‘Laboratory Report, LA-3751, 1967, which provided part of:

“. the original stimuluz for undertaking caleulations described

A
L3

in this section. These authors neglected the P, degree of

, §
freedon and in their fission calculations represented the

“Jiquid dfop barrier by a cubic in ¢. However, they allow

for an adjustment of_liquid drop parameters. Our incluciow
-of the Ph degree of frgedom éppears to imprch the mass
it considerably. No adjustment 6f liquid-dfopvparametgrs
is made in the.gresent papér.

The fissility parameter’ x may be defined as 23

2/

x .= N uéing the Myers-Sﬁiatécki
150.88(1 ~ 1.7826 17) : : .

'liquid-drop parameters.
These numbers given are relevant for the partiéular_case ol

QB?U. They are obviously diffefcnt.for.odd»AJ odd-odd or

even-even cases. For a general discussion see the article

k2)

by Lynn ~7.
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The spontancous-fission half lives of superheavy nuclei

. h,, . ' ' . ‘
< were discussed in an earlier poeper ) of ours in collabera~

~ tion with Dr. J. Rayford Nix. Since then, various improve-:

ments have been made in the calculations so that we believe
the present results to be relatively more reliable, The

material in this as well as the next subscction forﬁs the

major part of a_letterh9) written in collaboration with
.f_Dr. Stanley G. Thompson.
. We would like. to thank Dr. Luciano Moretto for drawing our

 “attention to this poirt.

, Ve are grateful to Dr. P. A. Seeger for helpful discussicns

of the r-process.

Our estimate of masses along the prospective r-process path

is, however, sensitive to the value assumed for the coeffie-

ient of the surface symnetry energy. Conceivably the value
of this coefficient, after readjustment of all the liquid

drop parameters, might be such es to make;the'géncratioh

-

of superheavy elements impossible. The isotopic trends of
actinide fission half-lives, which we fail to reproduce
adequately (Table 5), may be indicative of this.

For a more comprehensive review under this heading, see

54 _ :
ref.. ,L. Many of the 1deas in this section have been first

-

suggested by Dr. Wladyslaw J. Swiatecki.
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TADLE 3 S
| . 5
_ Height of Barfieb ‘  Exé. Enerpy of Ssc. Min, Fission I
Nucleus (MeV) (MaV) Iscrer
. /D - E‘?’
SR e .
_ Theoretical From From S Ia
Z N A Bxpt et Hump  2pd Hump OII/O thresh, Th9°f¥ (égff
| B N " meas, - ~
92 143 235| 5.75 3 | 540 | a
144 236| 5.8 5.6 8.9 | 2.4 207 | 260 | 1001077 | 5-
93 145 236 6.04 i
94 142 236 5.0 6.2 2.1 2.0 | ¢
143 237 . o ~n” c
14 238} 5.3 5.8 7.0 2.2 EZRT R
15 239| 5.5 o | 3,107 | ¢
145 240| 4.7 6.5 7.5 | 2.5 2.5 | 100 | 407 d c
147 241| 6,3 | 2.1 - 43 3,07 | e, b
148 242{ 5.2 = 6.9 7,05 | 3,0 s
149 243 5.8 3.2 1600 6,107° 1 5, bl
. - f
35 143 238 ‘ !
144 239 2,9 - 2407 i n
145 240 3.2 9,107 | b §
146 2411 5.9 2.5 ST b
147 242 6.4 3.1 2.9 900 | 1.4,467 ; £,00
148 243 ) | ot ! E
143 244 {(6.,2) | 1,107 ; hoo
(98 148 245 7.45 3.75 2.5 2.00° ol g |
- "~ | s :
o

et

a. Harwell Group, AERE-M-2082

b. Cpoenhagen Group: Bjérnholm et al

c.
d.

Saclay Group

Seqttle Crnbpi Vandenbosch et al

e, Ebratom Group: Yeig han

" g« Dubna Group

‘Swistecki 1)

.- f. Loa Alamos Group:

aeeger et al

g ’ ' .
Expt, Darriers quoted from Myers and
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Table 4
g a4 | £ m0.205 £,80.0 | & m0.50, £ 0.02]
S E R E IR
1 2 3 h_. P ,;mmnmwﬁf
90 228 309.8 5.7 1 723.9 6.79
| 230 266.14 4.86 1006.9 9.3%
232 247.7 A . 1036.5 Q. hih
234 2714 - 9704 © 8,72
236 '323.3 . 5.6% . 90%.3 | 8.06
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Table 4 continued “ 7
1 2 . 5 .
93 244 353.6 . 5.86 - 981.1 - B.22
246 408.1 0 6.67 - 977.9 8.09
248 331.9 5.35 1 998.4 7.49
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s o e msn e < Rororm ot o < o1 ame



/02

/38 .

 IBLE S,
144

/492
1

Y

N
N

®
(71
2N
S
—

AN\ H
($2)

% m
O

/54

7034 i

RicEaR

= 79./8
762} 2|73 7260 79|
7.85 7% 285 245

Z3

6028 |
27

62.7;3 ™

- les
l6.7¢

65€e8

6.42]
G271

1678
6.2%

Ty N B ~
Vo674 | g (
6571 6.29t4‘ ezl e

-53 67|

372/

6.60°
6.53

6t

4832

57.52

856751

14166

582|
577 ;’

3057

520

15341,

4570 -

y — L

62.65

' 3253_; '
K. 70
sgrl”

7

16827

60,99

;539 }'3

6.03177

"6587 1

L ‘502_1
62886

GrL-

'
© b amtio—— S} e e

| e e+

5297

)

?
“7ES
<3 s

V6373

17 ¢

el

4665 5077 - ;

MLy wR|” |4s93) |4sm | TS B DTS R s A

i . [6 . » | IS‘ d g4 _ . . ! :___._ A
1 ISt M I B A A T
| | o R
d ; : ! i
i SR i i o i i




g - o e

e

’ ° Theorotienl Experiventsl Trogreticcl

¢ _:; 'A_ X —Feore - -x __3(9.5) _Fa.2)
g2 @2 127 12 % 1060 1

@y 1 1L 103 1250 %0

P . €35 130 106 10% 0 2%

' 33 127 12? 103 N0 ]

9% i3 ! 10 101 &3 177 240

2 19 w03 9 198 270

(2] 318 3 92 o0 335

k2 139 97 91 b 30

IV 1k 106 9 222 0

) 95 2%0 193 %% 61 170 270

2tz 137 79 :H 253 1N

2hh 11 83 . 83 91 b

A 3 FLTY 53 8y - [ 37} 30

S z b3y 9t s i 8.0 300

9 2i6 93 [3) N 70 w0

24 1 1 ] e 330

20 "k 12 . 16! & 370

e 155 B ni [ 20

100 3 b . » ! 9% . b

. 250 3 v 910 370

: 2 33 %) [5) 273 Y4

2oh 83 L%} [13 T 830

X ] = ) L2 L

. 102 222 7 ' @Gt 2:2 50

iy EL) P 3 4 ¢ sio

95 b3 &5 > He

. By ] % <5 1y $73

" 308 55 &4 £33 339

3] LV} £ HZ

. e A A2 2% T

{ L 5 & b7

b .




ey

T om

Ve

1]

1é

n3

Lty

10

109

. o e, <
© s . : . -
TABLE 7.
A '
. i . )
178 b§ 120 151 182 133 188 123 186 157 T 1%9
187.87 190,35 26334 195,42 01.30 206.9%
{120)(5.8) m(1.1) 10%9(8.3) 10" Yy(9.8) 101%y{9.0)
16(10%14) % 81a(9.92) 106{3.7) 1 atnt9.59) 0.18(30.53} (16,20
303
133.02- 28573 188.23 192.43 197.65 203,35 NG
10 =tn{8.89) 101(8.58) 14 (3.%3) 208 ($.20% 10.ntn{9.11) x4 '
178.0% 130.69 181,00 18517 18L.4) 185,56 18,5 161.20 103,83 197,32 169,84 03.92 \
2 nla{s.4) 10%(7.0) 10%(8.3) 10-y(9.5) 1 10%%p(e.) 163%(0.5) : -
wef{7.97)  {y (7.7 | iy (7.55) 10%(7.20)] 10y (7.50) | 2004(7.87)} 14(8.34) Sa{8.42) 1 16e{2.09) 164 (B.00) 3oy
173 T 122,97 163.9 1m.n 158.00 NG
10(7.33} 10%/(6.20) 20%(6.73) 1 (1.3 10y(7.29) oz
1.5 173,03 174y 17693 173.51 © 1£0.93 185,11 183,40 189.32 163.00 19%.9% 199,95 \ ’
20°%(4.1) 1 (5.7} 10%15.9) , 2083y(8.1) 10%%y(8.1) ERCAT Y
iy (7.15) m%(z.m, 10°7(6.83) '.o"y(S,sz}.L 10%16.5) | 10% 17,103 | 1 (7.50) 120755} 105(7.2e) 2{7.16) 2o
163,89 172,58 £175.83 179.57 181,75 143,23 15,23 \
’ 1 : v : 3 . . :
op{7.0%) 10%y(5.23) 107y(6.¢3) 1675698 1074{8.72) 20
1Bh.sb 87,53 150,21 17,0 17h b 176,37 17939 - 383.00 8.7 190.35 193.5% 157.88 \
1 4
2223(3.2) emtn(t.3) 10%(5.5) 1074(6.8) 10°%¢5.7) :c‘;’,(a.a) .
”
107(7.20) 20%18.39)  [1o'vls.0) | 125800 | 10%5(5.43) 1085¢5.76) :6%t6.28) [10%05.m) | w0880 10ty (6.us)  1ioye6.3s) 209
152.%6 162,32 T30 173.29 17618 173,87 we.ss | 186.02 163.63 \
' 10y(5.24) 10%(6.21) - o ay
359.97 185,21 165.57 153,81 1m.20 178,34 A 181.07 18666 183.10 192,60 \
105(2.2) 10y (%.3) 208:(5.9) ,:ozy(s.s) 107y(3.8) :
z Py 1\ s Y AN
10%y(6.33). 10y(5.23) 16%(.57) 10 0:.29) 110%(5.35} | 20%(5.8) 2,
B .20 17449 iT. :
u™
E . . | ‘ .
1 157 17323 37837 A
Jacags.s) 107y(z.3) ' -
: w0ty (.97) =
33 234 \
¢24 2cs 255 {7 289 2% 200 o

-lLm



-784

FTGLRC. Cl‘\PTIO'\IS

- Fig.' 1, Nuclear shepes in the plans of the da%nmtmon peremsters € and £,

~

R "A' sphers co“mspands to ¢=0 and £ " 0. varwsrqida_ havce'.t'hei;.t" P RLNE
. Fig. 2a.” Single- -proton lsvels 150 < A < 165; x = 0,057, y = 0.600, g, = -0.04.

»

<A<
2 '2b,  Single~neuiron lavals 150 < < A < 485;
<A<

tr

- 0.0837f_‘_1'_éﬂ 0.4%3, £ -0.G4.

'+ .20i Single-proton levels 175 < A <.190; g = 0.0820, i = 0.6%4, ¢, = 0.0,
| ?d ‘Single-nsutren levels 175 <A < 190; g = 0.0635, = 0,393, g = 0.04,
:‘23. .'Singla ~oroton levals - 220 < A « 240;“,!3, = 0.05¢0, n "‘0 -638, g, = -0,04,
' 2?. ‘....'S‘inr;le-nam.m'3 levels 220 < A < 240; p K= 0. 0835 M= 0 245, 54 = -0.04,
At inglo-proton levela 250 < A < 260; . » 10,0583, y = 0. €55, 47 000

e S s

"1n'u9-rru{,m'1 lwels 250 < A < 280 w;,v U 03,,;, u " D.u.4, Sa f* o CH-.
Single-pmuon lavels A 298; g = 0, 0534, 3= 0.885, g, = O, '
' 2j. Slngle-nbu\,x\m levels A % 203- L0 UDS?; ue 0.2 53, e, = U,

2!\. Single*;iroton levels Vahd for First hum énd secondray minimum, |

”.L'.'A‘x*242 '.cvn 0. or7'7, u = 0.650, ¢,

= 0,04,
i"oingle neutm'\ levals valid for First hurp and seconda*‘y mwnimm,

*‘-.':A ¥ 242, ¢ = 0. 0635, = 0.3%5, ¢, =004,

Ffﬁ'.Sa. Singla—pmton lavel'd.agram for sphoz;ical pc{:e'ntiél.' Pammai:ofs"am '_
‘. {-‘i’ctsd to reproduce obae‘*ved daforimad sin gle- pa*'*iclc lcvel order at
. _I_\__ 185 aﬂd 242. Levol ordar' at A » 208, 290 "8”’Xt"8p01‘ﬂ:?d

linﬂarly. E. Ro st's pr-ezdlctcd lev ) order 21 for‘ A B 298 is exhwbitfd a
Ee {‘cx- cr:rparle,on. | -

Bb. Analobo 13 to hg. 3a, valid for ne.ut.:rons‘.'u | f_' .

-
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- Pig. ha.
4.

. Fg. 5.

Pig. (;

| v
. 29.

[y

Empirical‘oddfz-evén-even nass differehceskcompared with
theoretical 5% in rare earth region.

Empirical odd-N-even-cven mass differcnces tompared with

theoretical ¢ in rarc-earth region.

Plot of ratios of calculated Jﬂn and Jgp for the case
G~ 85 and for the case G = const. The-twgwgyfunctiohs“,‘
are normalized at ¢ = 0.25} It is found that, apart from

fluctuations, due to level density variations, - A varies

2, .
roughly as S” under the assumpiion G %,S5.. In the figure

“we also exhibit for comparison a curve corresponding to

S?/g, the _Qgg) dependence suggested by the "slab modcl" of
25) ' |

ref, .

Effect of various terms in total energy &s a function of

deformation. Long-dashed curve marks slmple sum of single-

particle energles, for dotted curve Coulomb energy is added,

for dot-dashed curve also pairing (G ~ §) 4s included, Tor
short-dashed curve the Strutidsky normalizaﬁion is applied,

Ih a)l these cases it 1s assumed that £y = 0. Jn the last

cese (solid curve) also the effect of the ﬁﬁ-degrce.of B

frecdom is included.

Gap parameters (left scale) and totel peiring energy (right

'scale) as functions of distortion ¢ for the two cases that
b L

! 4 y
. . v
G is constant end that G is proportional. to the surface

-—

area.



Fig,

8.

.80

Enpirical rarae earth _g4*va’uns (flllcd circlea) nbtalnvd +hmupn :1'

‘,the’analysis of re..? ) connared to the present calculutlcmc befe
-gthe/inclusiﬁn of the Strutznsky.nnrﬁalizatzon{ The offect of the

~latter is less than 0.01 3n wﬁgnitude. Note that in the calcu1n~

Ny - tions coupling between shalls N and N t4 are neglartad

 Fig. 9.

10b.

Fig.

Fig. 12a.

1"

'Relation belwesn coordinates £ &y and 82. 84 | Nots that the

pure spheroid shape contains some By (and in addition _?é etc.

not shown in figﬁr@). | P i

Equilibriun distortion in the _92-_94-p1ana‘of a few representative’

nuclei in the actinidevregioh.‘ Case a givés pure'within shall

Eingla~particle Qalups, césp b displays the effect of the added”

Coulowb enerpy, case c merks the additional effect of pairing wﬁlle

. in case d also polarisation 15 included.

Equilibrium ‘§4 dlStOPLlLﬁu for nuclei in the actinida regipn for

“the four different cases glven in Fig. 106.

Same as Fig. g For equxlxbvium 85~va]ues in rare earth region.

- Errors in emirical - Bs—valuns are at least 0. U?. Theoretical _gﬁfv 

- values arg sens 1t1va to polar17at10ns due to couplings ctween shells

12b.
13,

NNt 2 not presently included.

Equilibriun (g, cq)—valueﬁ in the rare earth reglon as o$ prosent
calculat10ﬁo (Stfutlnsky nonnalizatlon includpd).

Equilibrium (g.jh4)"values in actinide region:”

Sum of singie—pa;ticle, paffing and Coulomb energi; w1§h9pt :

Strutinsky normalization as function of ¢, L4 'At large distor-

" tions the enorgy ultimately rises beyond + 45 MeV (limit for plot),
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Ti;-,Fié.:lh. _;*b?if;4 ~.+:'Shell corrections evaluéted by thelsfrutinskyb
| ‘ifmethéd as s functién éf the shell-Sméarihg perameter .Y '
. ‘“”ffof'case éf nehfrons of thu Energles correspondlpﬁ to
”¥ ;three different distortions ére considered. For
, ?‘7'a=l 2 hub it 1s obvious that with fourth or better,
}i ._»'j{} sixth~order correction terms includod there is- very
| satlsfectory stabllity vith respect to the ch01ce of T.,
’ fié.lis.;; Same as Flg. lk, but for neutrons of,~208Pﬁ;_f
Fig. 16.;; ExPerinéﬁtai and theoretical mass vqlups'for 150 < A < 350 )

plotted relatlve to the SpherJCdl llQUld drop valuﬂ as of

Ei; Fig. 17&.1‘Loxal-energy surface in (;J~- > . plane fbr ”252Fm aft;r '

” .*4'““ anpllcation of the Strutlnsky normallzatlon. Thlu flgure.
‘;5 pprrﬂ soonds to a somewhat earlier calculation and erployu;'

L : £ig=const and & dlfferent pairing cut-off than described |
a inbfhe presenﬁ pdper. More recgnt caitulatiohs are

exhibited in Flg. 20.

- ;lTb; Sawe as Fig. 172 valid for 29011h

vfig,'iega quuld-drop energy surface for 252Fm-
:_'1éb;2 Liduid-drop’éhérgy surface for 29ollh )
iirig; léé.: Shell and nairlnﬁ energy contributlons fbr 252Fﬁ. ’For j;
v.'; .'.'furthcr details see Fig. 17a. o |
| 19v. ".Same 25 Fig. 19a for 2Ok, -
'i;)-v.l"L.jﬁg,iZda?l'Totél'enéfgy'minimized v.r.t, ~fh for eaéhf fm‘ﬁsvfﬁnctioﬁ}vlb

"Of”lfa Tor isotopes~o: -92U. Dashéd curve éorrespénds to -



 lepe
G sct,constant‘while'the séiid7linc is based on assuuption
that ¢ is probortidpal tovthé‘nucicar sﬁrfacc ared. oo
 _26b;7 Same as Fig. P0a for isotopes of _9hPu. | |
- 20¢.'-Samé as Fig.‘QOa for isolopes of 960m.'
20d- nge as Pig. ?Da.for isotopes of 98Cf.
20e, Same &8s Fig. 20a for isotopes of iOOFm.‘ The:cxﬁ?a dof»
dashed curve added for 256Fm represents the neﬁ_tdt§l 
encergy for the case G A S when the nuéléar rotential
; o o : parameters are modified from those relevant for _ér; a2up
to A = 265. As can be seen the barrier change is actually
. . ;:: “Qéry small.
201! Same as Fig. 20a for isotopes of 10oN0-

—

- 20g. Same as Fig. 20a for isotopes of Z = 104,

u

éOh. Same as Fig. 20a for isotopes of % = 106,

201, Same as Fig. 20a for isotopes 6f:_z = 108.
2

203, Same as Fig. Qe for isotopes of =110, .

2]

ll
H

20k. Same as Fig. 20a for isotopes of 7 = 112.

!

20L. Same as Fig. 20a for isotopes of % = s, R
20m. The two-peak barrier as a function of neutron nunber for Z = §2-100.
Fig. 21. Potential energy minimized with respect to L, -as & function

of € for various nuclel to illustrate the-effect of sﬁell
structure on & liquid drop backgroﬁnd. The broken curves

correspond to liquid drbp fission barriers. The sqlid curves

' are the barrier after inclusion of shell and pairing

4

effects.,



s

Y‘;_Fig}:ZZ, ‘upontanaouq flsqfon ha]f lives oF 7 w 114 and 110 isﬁtapési*ffiffff,-,

. as functions of thu 1ncrt1a1 paramctar 8 for barr:er )OHBLFJt]Uﬂ. L

Vki‘?hrep estinm s of ' B vare_glven. For Furtﬁer prplgnatinna, d;p 1; ”;:

Fig ?3. _Conunurs of theoretlcal half ]ich 1n the vic:nlty of Z = 114 and e

. H;':Qf}lij_Fl  [f.;  ? = 184, The thick dark‘line ‘are contours of Spontaneou ¥1

half- 1ive The broken lines are con oqrﬁlofna pha half 11vva.7:

- nucla; - - L
l-BQta stab).otare shddwd. a ‘

 lFig; 24 Periodib Table exhib*tlng prcd1chad locatlonsoF ncw elements.. ﬂ
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TABLE CAPTIONS

*

" Tebln 1. vValuas of x_ and _u eployed in fha'sin&le-particle calculation:

corr?qp ncting to di?fer nt regions Or nass along the bata-s tability.

“f'lina. Tha firsticoiumn denotes the mass of the center of each

-rsgien.

29la 2.

Y . " . T(J']l‘léo'

are equal.

C:TC‘ ated props "t ies of ths two-huvped spontaneous fission barrler

“;;_and chaoae iscmers from potential enargy surfaces o”-the actinides.

¥

Tha ﬁs.orhatzone oF the cround state and isove"lc state are lzstcd.-

ThQ hn*'ahu of the two humps and ths excxiation energy of the iso-

. WSFIB steto zro g:ven in hav above the ground state.IH is assuwed

b vibrational, ‘
,fﬁqt tha vvrc~p01nt‘cneﬂgles of the grnund state and 1smncr1c stdta '

Bparimental prﬁpefties of shape isomeric states. The first group

‘¥'0F cdlumns identifies the nuclcus. The second group gives the

eypﬁrunvntal fission barﬂiers basedtgzsgggggifggnzﬁg)aSSUﬁptIOﬂ

fos a ons-hurped structura. The exrltatlon energy of the isomeric

tate is ohOWﬂ “in the ngxt group, estimated from threqhold maasure-

- ment and frun (n,f) reas onancs experlments._ The next entry gives

: Mistances betleen;: - .
the ratno o resonances - in the 1"0m°FlC state to the ground state,

”i;;aha lasﬁ column 1nd1cates the expernnental spohtaneous fission half-

‘Ilives'of the isgmers. Theorstical values are taken fran Table Z.

Teb’e 4

Vs ave grataful tn Dr. S.rBJornholm and Dr. Je Re Nix for their
hOIp in éupp lying us with ths exmnrnnontal data, |

Incrtlal paramq*ars for nuclei 1n-the £ctinide region.Columns 1 and
2 1dunLi‘y tha nucleu coluwﬁs 3 and 5 list the valges of the inar-

tlul PdP“ﬂ ter §1 in Uﬂiu“ 0? %2 MaV -1 fof:deforwation £ = 0,20



ey

- 'Columns 4 and 6 presént'the ratio of 'Q, to the”irrqtational valug |

" Table 5;

and €4 " 0.0 and alsq;_g = 0,50 and 54:~‘0u02, raspectively.

' 45)° : , _
»irr (¢). Sas ref. . A :

Beta stability, alpha decay energies and spontanecus f1951oqrb, the

| - actinides. In each square classified by Z 'and. N,Athe uppermost

'_'figure glves the mass excess' .on 12C gcale in MeV, If.the nucleus

is found -to be bet@~ table, thxs number is under;inad. The two

.

nurbers belod give the thporeuical and expe rnmon*al a‘pha decay

energies respectively. The integer to the right is the ratio of

the experimantal spontanebus,fission half life to the theoretical

z'valps. In the calculation ws have taken the inertial paramster

Tahle 6.

cand € = 0.5 (g, » 0.02). S

B to be the aversge of the three methods of estimation described

in the text.

Experirental and theor?' ical fis sdon half- life palameterb. The

nuclide is jdentified by Z and A in the first two colums,

: Colunns 3-5 give thcoretical and erp:rxmnnfal k valuas ( ecticﬁ
©8), the'latter fran evpirical half-lives, The first XK-value is
.calcula%ed assuming a~lineer.3~depenﬂence of B "botween the two
palculated paints.' The Qecohﬂ 5:va1ue is,obtained a?tér é correc-
. tion for the error in the ground state mass value.. fhe cdrre?hion
is assumed only&kyéffect the equilibrium minimum;rziy Coiumns 6—7‘

' give tha theoret1ca1 B-values calcula%ed for €= 0.2 [54'“ 0)

4

 The assumed linear dependence of B 6n ‘5_.waiéhé *he second hurm

. of the barrier heavily, As tho height and width of th s hurm are

characteristics, '



..

| . . -86-

probably overestimated (see text) the uncorrected K-values come .

——

- out very larye.

 Table 7.

Table of masses, spontaneous-fission and alpha half-lives near .

_E = 114, N = 184, The upper number in each square gives the mass

_excess in 12C scale {see ref. 11)) in MeV. In the line below is

 1isted the spontaneous—?issién half-life and in-parenthesis the

barrier height in MeV.. The bottom line in each square gives the
alpha half-life and the alpha Q-value (in parenthesis). Beta-

stable nuclei are underlined.
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LEGAL NOTICE.

This report-was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
'fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or

.- process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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