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Nuclear potential energy surfo:>,ces a~ a functlcin of cleforma:tions 

are calculated on the basis of a nt)dified osclll.at.or model. In 

particular, quadrupole (P
2

) and hexadecupole (P1) deformation;; nrc 

· considered. The average behavior of the sur_face is norrr:a.lized to that 

ofu liquid drop through 'the employment of a gei1eraliz.ed Strutinski 

prescription. In this way a synthesi:; of the slnglc particle model 

and the liquid drop model is obtained. 

Lowest minima. in the potential energy surfaces give the ~rounc~ 

state masses ond distortions. These results compare extremely well 

wi.th experimental data. Spontaneous fission half lives are obtained. 

'l'he inertial parameters as::wcia ted with fission barrier pcnetn:ttlon 

are derived empidcally as well as by a microscopic modeL Sh::tpe 

(fisslon) isomeric states _o.re also found. Thelr N and Z dependence 

in the present model are discusccd and results tabulated. 

The calculations arc extended to the predicted nuperbea.vy 

region around Z :: 111~ nnd N == 18/1. 1'he total overall stnh:U.i ty 

~rith respect to alpha L-tnd beta. decay, and Epontaneous fission fs fou .. "ld 

to be most favorable in the vic:!n.Uy of b:::: 110 and N = J.8IL 

Detailed diagrams and tables arc exhibited. 

.~ .. :;; 
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INTRODUCTION . 

. .. It was iound a· long time ap;o1 ' 2 '3) that.siruple.::.;~uiiibrium 
. · · · · the . :.• ,. ,. 

~ . 4) . 
calculations based on deformable ehell.ruodel were·able to reproduce 

the· experimental quadrupole moments in the ''rare earth'' .and "actinide ... 

regions. In the J.lot~elson-Nilsson calculations1 ) ·.Singl~ particl~ 
energies· are simply added as a function of the quadrupole distortions,·· 

and the shape co'rrespond~ng to. the minimum enerey l't<l.S found. ~'hc · 
' . 

calculations neglected the effects of Coulomb and pairi~:t~ inte:i:actions,; 

which are, however I conside~ed by Bes and. Szymanski~)~ Szymanski5); . 

6) :~ ' t) 
and also by Sobiczewski • On the whole, the recults of t:ef.L : · 

·are reproduced, indicating that Coulomb and pa:i.ring forces at the 
. . . 
equilibrium point counteract each other. In these latter. calcula.tlons 

the· positions of the low, and high-lying shells are. rathe-r critical in . 

contrast to the calculations first mentioned ''/here the combinations of 

entering orbitals were restricted. pur present aim is to extend and 

. generalize this. treatment .to· describe.: larger and more gen~ral distor-

tions. that are associated wit~ the fission process. 

In the present work the Bes and Szymanski method is further· 

developed by 

1) The employment of. an improved form of nuclear field. .. 
2) The inclusion of the hcxadecapole (P4) .degree of freedom. 

}) .An .evaluation of the Coulomb interaction without resort to 

expansion .. 

· .. lJ) The use of a surface dependent pairing force. 

·.··. 

·····. 

. ,r:·..-·.-· 
.,.,~!).~:: 
· ... '.:·_-:,: . .' 

' ' . . . 
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As in earlier calcUlations the -constancy of nu~lear central density is 

provided bythe condition of conservation of volume enclosed by equi-

potential surfaces. ' 

Although tbis method nppears adequate to treat eqvil:i.bd.\un 

distortions 1 ·it fails to give the al1solute value of the tota.l bindinG · 

energy a~r/ to describe the energy surface at very la.rge distortions. A 

renormalization c)f the energy surface is achieved by the application of 

a method first introduced by Strut:i.n::;ki7)~ By this method the total 

energy ·is renormalized sq that its smooth overall trend reproduces the · 

deformation behavior ·of a liquid dropB,9,lO). 'l'he parameters of the 

lj_qu:tcl"drop model tlmt enter nre not udjustccl ltt tho prcc.ent calcul£tt:i.one, 
~ lHtf.!St R,~iO~~~ ,ll) 

but are taken. equal to-y- · of t~lyers and SwiatcckiS • 

In this way we have obtained ground-state shapes ·in . P2 and 

P4 deformations iofhich are within a few percent of the experimental 

values. Nuclear masses are also obta~ncd as minimum point cncreics; 
I" 

.These are found to agree well with experimental results. 

The potential energy surfaces present seconQ.ary minima for 

large prolate distortions. ~'his effect was. pointed out by;Strutinsid 7) 

and may also be found in our calculations reported at the Lyseld.l . 

Conference12) .. They are associated experimentally with the occurrence 

of fission (shape) isomers and (n, f) resonances. 'l'he phenomenon is 

particula~ly prominent for nuclei in the vicinity of A::::< 21t0. 

To obtain the spontaneous-fission half lives we have employed 

"' . 

the HKB approximation for barrier penetr:atl.on. The inertia pe.rat:1eter 

associated >rith the barrier penetration has been e::;timated both 

r;:~·;:; ·. 
' l.'• ;J .. ~ . .. . . .," ... ·' 
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empirico.liy from the spontr~nt!ous fis:don half lives of the .actlnldc-s 

. and also by means of a. microscopic thcory developed in analogy. v:i.th the 

·time dependent treatment of vibrations • 

. Half lives of a.lph~ decay nncl spontRncom> fir.sion Ci$ 'ttell R~i 
. .·. 

stability ugninst beta decay are calculated for the act.:inid~ elew:nLs 

Z ~ J.\!t · nnd ·. t1 ~.~ J.8l1 •. , 
_ .. _ tf · ..• 

: '\o:hich are predicted to be: l'eluti vely stable b:t· tf~e present quanti tr.U.ve 

calc\llntions as well a.s by cnrl.Jer studies. A d.:i.scusdOti is given; for 

the possible product:i.on of these superheuvy nucle:i. 

.··· cand).da.tes for survival in earthly matter and in primary co :.om iC 

•.,' ·.\., . 

.·· 

··{\ 

..... :, . 

:,;: 

•·• • ~).'I 

.: .. · ... 

radiation. 

Most of the resul t.s given here ha\•e also been prese!1~:c1 'by one. 
1~.) 

of the authors (SGN) in ref • 

.·, ·' ·' 
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1. _ Ot-n~-BODY P0~1EN'l'IAT~ 

Our calculations are based on a mod.if'icd h£\rmonic oscillator 

poten1iial 1dth tt given dependc·ncc of co-ordinates de::;cdbine; defor:na

tioni2 ) • 1.'hc Oficillator frequencies and stren[5t.hs ot \OUJ.lling!~ of 

nneula.r momenta nrc nssumed. t() have n. sloH vn.riu:tion r!i th the m~ss 

number. 

Such n phcnomenolor;:i.cul model nuy appear ur;relinb~,e as vic try 

to extrtq1olate to very heavy nuclei far bcyor..:i :p:ce~;(mtly lmown rq~ion.:.;. 

Indeed n Hnrtree-Fock calculation based on detailed knowJ.cde2 of nueleur 

f"orc~s rnay be more ntt!·active. However the l1.1.r;:~0 numher of matrix 

elements ascociated with interactions among the great nmnber of 

particles involved makt~~ such n cHlculo.tlon impr<!ctlcal with pr·cscnU.y 

a. va:l.lable computers.-

The most realistlc ope~body cent.rnl p()tcnti11l at lH'<!!:>o:?r..t h: 

conslden:d to be the Woods-Saxon shape wHh constant surfEI.Ct~ dl.f'ftl:;encs~. · 

We ar.e currently stud~r1ns such a potc-nt:i.c.~.l for dc:?formed nucJ.;:;i. It lm!J 

b~en found that the deforrr.t:d. ba.rm.)nic o::;dJ.lntor :potenU.:tl 'ttit"h a fek 

corri.'ction terms c::tn do as. vrell s.s the 

ducc the cmpirlco.l lcn•l ordvr and th() 

particle state obtained from an empirical analysi~ of (~ 1 p) an1 (},d) 

reactions. We have therefore, as a f:in;t :::tcp, assumed the zo.r;J•~ 

deformed harmor'li.c .. o:.:c:D.lator potential to be l'lJipllcf\blc nl:H.> to!.' 
.. 

considerably larger distortions th,'J.tt those of the nuclei .stud1.cd. in 

the abov.e reactions .. 

-:.w .. 

.. 
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i.l: DEFORMED. OSCILI .. I\TOR PO'JWTIAL . 
I . 

. '·· 

. ; . ' 

.' ' ' 

. •.,. '· 
\:._--.: 

-·~-· . ·. 

. :- ·-~ .. 

., . 

·_;; · . ,: . 

· ... ·. 

The deformed oscil~ator potential ~in the shape of a ~spheroid 
.. 

may be written ns. 

M[ 2( 2 y2) + w 2z2) 
V osc == 2 Jill x + -z · ·· ... 

. t,) ... • . 
If we introduce the deformation parameter_ ~ : . 

·. •.: 

·:. ·. 

·' . 

2 - €) 
3-

.. ? 

'._' ~ ~· .. . .. I ... 

·'·. . ,.· .. ·,; 

. -~ 

. ·•.· 

r .· 

. ... 

. . 

we obtain a quadrupole part of ~he potential proportional· to 
,# ,· •' 

. ' 

.'.- ·, 

; . 

· · · up to second order in -~ 
~) 

As in ref. . · ; ~- use stretch~d co-ordinates 

(!_, 2!,j) !.. =·~k;-n' x). etc._ By doing this,- one can t'ransf6rm .· 

away coupling terms of r 2P2 (cos ..Q.) between shells . N and N ±. 2~ 

· 'tle then get,' to first order in .£; 
. \,;, 

V ::: !-ri (,2 
osc 2 ~o\_C. 

J ~ :_ • \. j. 

. . 
where fl. · is angle in the stretched co..:ordinates and t. 

2 
1!. 

.. 
.. ;-:•-·: ,·,· .. 

·.:·· 

· .. 

. ~ I 

, .. 

~. i 
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We introduce deformations of lligher multipoies t at this .stage 

r-2) 
(compare ~ef. : .. ! ) by ndcling terms proportional to 

The main reason for applying the higher multipole terms inthese forms 

with the .l. :factor is that they enable us to write 'dovm the condition 

:for .volume conse~vation very simply (see below). 

The oscillator potential shapes l'tith r
2 

and. P4 given by 

are illustrated in Fig ... 1 on an .,s, ....§J
1 

plane. 

The spin-orbit tenn is an essentinl feature of the shell model. 

· Since the only three available vectors of nucleon motion are its spin 

~~ velocity !I and g-radient of the potential at its 'positio:-1, 
... 

the simplest invariant terr.:t one may construct is3) ~ • (;ex ;:v). 
lthis we get a spin-orbit :potential: 

{(.!~1 ~2/3 c~~ ~1/3 } 
. <:o-; - -;;;-; . 

. ...,._z '!!'· 1 · 

·, 4 

$1:1 £ • s for small deform~t.lons 
"'T ... 

! s 
3 3 

where· !r is defined j:n terms of the doubly-stretched co-ordine.tes 

l-lith 

etc. which transform the harmonic oscillc>.tor 

r:;;:··:. 
-, ,L .:tt~' f 

' .. ~. t. : .. 
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ellipsoid into a. sphere. PrenC:nt.l~r 'tiC al)lH:'oxiw;;.~c this'''term by 

!t • ~ where !t is defined in the stretched co-ordinates (_L 2U. J): 

.cc t . s 
"'t N 

· It is \'/ell knO\m that one co.nnot fit the level spectra. of 

deformed nuclei by the oscillator potent:i.nl with a spin~orbit term 

only. One n~eus a. corl'ect:l.on term tl)nt t:r.uncntcs the )')Otcntll.\1 mol'(! 

and more with increasing A. It in na.tuntl to consider a.n expansion of 

the l'adia.l d.cpendcnce of the potential,. in whlch the £ or 

harmonic (oscillator) term is the l.oHe~;t .. ordr.!r te!·m. ~~ht:: nc·xt tern 

ll 
{anharmonic) one should conslder is then the JJ_ term,. 'Hho!>c• inr.ttrix 

elements within one oscillator shell are actually the same a.s tho;H~ of 
··-······· 

( -~ !2
) apart from additive cons tantz. l•n alternative B.pproach would. 

be to look at V . as the lowes t .. o::tdor t~rro of an cxp~.n:don r.nd to -osc 

add a term proportional to V 
-·OSC 

2 
HO\leve:c, we choose .,the forme:r 

approach and write down the correcUon as 

where the second term 'is the avera.e;e of tl1e correction \d. thin c. .::hell 

N. 

We nm.y- smnmarize by writine down the single-pn.rticlc H'~rnil.tonif;\.n 

as 12) 
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where the first two terms in the sguare bracket g:i.ve the kinetic energy 

and K - and ...JJ are adjustable couplins parameters. vle define ~~ 

by ~ 3 -o = ()}/ ru , .which enters from volume· conservation (Ece beJ.o-...1) 
- -z 

and is a functlon of mass number only. 1'he above Hamil ton ian includes 

only P2 and P1~ co-ordinates. P
3 

~ncl P6 deformat~ons can be 
. 4 

included similarly. Only tsrr.rs of p within ons N-sholl are presently 

considered. 

1. 2. CONDITION OF VOIJUHE CONSERVA'l'ION .. · 

"' . It is well known that nuclea.r density is approximately constant 

except near the nuclear surface for any deformations. In other word.s, . 

the nuclear volume remains the same '"hen the nucleus is deformeJ.; 

Due to the short-range nature of 'nuclear t•-ro-body interactions, the 

.· 
nuclear potential field should also have about the same volume in space . .. 
independent of deformation. One way tci formulate this condition .. 
mathematically is to require th~vt the volume enclosed by a given 

equipotentia:J. surface is conserved. 

For the spheroid harmonlc oscillator potential, the condltlon 

corresponds to 

-~-

• 
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w 
.. z 

2 
~l 

.:;::···· 

.· -9~' 

= . constant 

The condHion applies to nll cquiJ)Otentinl s\a·fnccs at the· a rune time. 

l-lhen terms involving . ~3 Py ;,.._ P4, and ~6 P6 are involved, we get 

volume conservation as a. scaling of ~0 : 

1 
1 
2 d(cor-: ~) 

(1 - g_ .EP + 2"' P + .. 2E-4P-~-.--~..-2-t::-o .-P-)-:::3-rj'c"! 
3 - 2. , :,- 3 - ~ I - 6_. 6 

1 . 2 --
(1 +- e)(l - - e)2 

3- 3-

It shouid be emphasized here that. this condition holds for all equi-

potential surfaces at <;me time. The relative 

2 
e>.."'Pression is one reason tor ta.kine; !4U Pl~' 

simp1icit~ of this 

2 c> ;i:_ p 3' and _€6~ -p 6 

in these forms. Added terms that can be wrlttcn as po\>rers of V osc 

can conveniently be included in a volume.conservation condition on.· 

. Jlo( ~~ ..!'ll' • • ·) 1 but only for one equipotential surface at a time. 

However, it is not simple to impose volume conservation on 

~~ e. .and !t · ~ terms in the potential. As the effect of these teril's · 
,. 

is to bring dol-m levels from other shells, it is not expectet1 that they 

~ have neglie;ible effect on volume conservation condition~ To corn~ct 

for this roughly we subtract from the potential the average value of 

these terms·for each shell while retaining the volume conservation 

·condition given above. As {!t · ~) for each shell vanishas but not 

h 
{~ }, we· have introduced in the last section potentials 

V 4 
So cc !t · ~- and also · V oc ,.. 

·- ·- corr .t.:. 

.· 
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We l1avc noted· before that. vii thin on~ N -shell the rn3-trix clerr.ents -· 
arc id.entlcnl (within nn nddi ti ve con:; b1.n t.) to those of 

Actunlly the addition of 
J, 

p lliU.]':.C'G the 'n'CJ.l IH\l'l'OWC i~ -
" a.nd hence tends to push the shells apart ~eyond the o::;c~llntor ~pndnG 

n,20. A subtraction of {~! }N restores the width of the potential for' 

ench shell but stD.l causes the :p~tentir:tl walls to ri.se. f'a.ster locally. 

On the other h:'.'1d 1 the addl tion of 

tor shell spaclng below _1'~0 .. while 

0 -.e c lo,1ers the cffccti.vc oscDJ.n.
rv1i 

( £ 2 + {b 2 ) ) restores the 
-"'t ~t N 

spetcing to n'.:b. This :i.s possible onJ.y \vith the introduction of the 

peculiarity that each shell be given its own potentb.l shape. In 

spite of this artifice, orthogonality ls still prcseved 11s lonG 8.$. one 

(': -~ entire matrix is diaconalized. 

.-

1.3. OSCILLA'I'OR FREQUENCY AND PHO~'ON fi.HD NEU'l'I\ON Hl\TT'::!R RADII 

'I'he oscillator pa.rt.t:ueter -~b L> ·usl.mlly determJned frmn the 

condi t:l.on that the nuclear rnd.ius 1:.e reproduced. l'he comrconly enp.lc;.ycd 

value of 1~b = ~1 A.:.l/3NeV . leads, for a. sphc:rical shape, to u vnlue 

of the root-mean-square radius of proton matter 5-10~ l0ss t~an that of 

neutron matter. Ob•dously one is not. restricted to em~).lc·yine th.:'· !>tute 

value of 

neutron and proton po.t...:'!ltlnl.s and the Coulomb· rcpuJ r.ion a!~t0nc the 

protons be reflected in the use of ~; I ~) . Inclec·d one ci:l.!1 cn:~ur~ t. 
--n -.P 

approximately equal neutron and proto:1 root··mNm.:.st].un.re radii by:·. 

choosing 

. ' .. 

.~· .. · 

"''· "'':'c'ft 

·-· 

' 

. I 
I 
I 
! 
i 
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'.' . . 
This-corresponds to an ~sospin vector ·term 

1 o 2 2 4 N Z 
2M ~0 r 3 A • t3 

. :·i:-. . ."":' 

. ·' 

. ~ •' 

._. ... 

·: :•· 

· ;: whose average value is approximately 

,··· 

,.·.' 

'' ~ .. 

There are presently empirical·indications that .the nuclear 

.. surface is neutron rich. But at this time one is not sure whether one -
.·'.: as, .. 

·wants as much excess in the neutron radius (corresponds 0 0 to · ()). ~ a1 ; 
··n . -p 

or whether one should require·. and a 1a:rger rwu tron 

.surface diffus€·ness; or whether an intermecU 9,t.e situation is mo:r€' 

desirable. Calculati.ons carried out with alternative asGumpti.on.s. 
. . . ' . 

exhibit only small relative differences for ground state nm.ssea 1 

shapes, and fission barrier heights. 

1.1~. RESULTS FOR SHIGLE PARTICLE EN'C:RGn;::r .. 

There are hro shell parameters K and );!... in ~he single . 

particle Hamiltonian H • 'l'hese are opt:i.mized to r. cproduce the . . . -JJP 

fE)······ · experimental level schemes for the rare-earth nuclei 

. ··'. 

't·,. 

.~.: 

l -:, ..... 
s't'~~l~,. 
:~.: •. ...,:: •I ·• 
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In Figs, 2~5 of t"i:f. i?.),\ we e:chibi.t thC> ene1•gy c:i.ecJwalucs ft3 

!'unctions of .:_, for .:_y ~~~~ (.6, eqmtl to zero, ~or t!H• two irnportnnt -
regions of deformed nnclei. 'l'hcse diagram.o arc roughly adequn.te for 

165 <" ~ < 175 and 245 < !:_ <. 260. As hexadccupole dis t01· tion::> art: 

:i.mportant at the bcginniP_; and the end. of the rare earth Hnd also the 

beginning ~nd end of the actinide resions 1 we e~1ibit diagrams 

(l<'ig:;. 2a.-l) valid for nuclei with 150 < A < 165, 175 <A < 190, 

225 < ~ < 2~55, 250 <A < 260, where €1 '::: -o.ol.,, 0.014, -o.ol~, nnd 
-~ p-

0 ,ol~, res:pectl vely. Soi'no improvement of the levef schemes is 

notic;eable partlcularly for rare-earth neutron levels. 

For. the other regions 1 we assume thtt.t r. and ~.t vary lil)early ..,._ 

vith the ma,ss number A. t·le h::tve. used the followlne· linear rels.tiort& 

(see Table il 

= 0.624 

A 
~ = 0.0641 - 0.0026 1000 

~ = 0.0766 - O.OTt9 i~oo 

Neutrons 

Protons 

As a check the spectrum obt~.ined by Jnte!.E.olat.ion fol' ~ end. ~t to 

_A_~ 203 is plotted in }'.igs. (3n.,b). 'l'hc agreement \dth 1 the single-

,_ 1 1 J r 207'l'l d 207 ?b · · o· ·· tl t h h ~ 110 e eve .so nn _ 1s encourng1ng. n 1c o· er ~na, 

·the spectra. of 
20

9Bi a.nd 
20

9Pb ar<:- ·less Well rcp:'oduccd. 'l'hc 

I• 
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'' ~ ~. ·'I 
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levels i.n the la.t ter cases start at a bl.nd.l.ns enere,y of only 3-~~ HcV 1 

and the instli'fic:tC>ncy of the oscillntol' Hell is therefore· C>-""PectC<d to 

become increasingly import: ant Hi th exci ta t:!.on energy in' the 209Bi 

and 209Pb spectra. 

:F'or. thr: ~ ~ 300. region, a.s d.id other n.uthor~!(,lB,l9,:'.0) we 

'find proton ~umber 114 to be a fairly eood magic number12) •. For t.h".! 

neutrons, there does not appear anythlng clearly "m.:;.gic" for the shell 

parameters appropriate to the a.cti.nidc ~'::~ion. As the parameters K -
and ~ are extrapolated into the A ::::: 300 region (see Fig. ;ia,b), -.· 
the N = 161t subshcll disappears entirt!ly whllc the shell closlns a.t 

N = 184 may be said to appro.'lch roae;icness {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 f.'ef. ?1) ::. Although in the details there are considera'ble 

differences, there is an overall agreement in the prediction of low-

level density for spherical shapes · for A = 114 - 126 · and.· for -
!! = rt8 - 184. As detailed calculations bear out, this situat~on is 

favorable to the establishment of a spherical gl'O\tnd state and hence 

a large barrier against fission. · 

.. 
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2. 11m J)fl THING roncr~ 

Of relatively mirv;r j.mportntJce for the equ.Uibr1 nm di:.>torttc.'l1 

i:.; the pairing :force Oil'.!(: the coup).:! nc; scheme ls cs t.:chl:j :;}H.'d fqr 

state and. the trans:U;ion reglon to be goc}d to 1 pn.rt ir1 )000 for our 

purpose of studyine nuclr.:ar ::;t:;:,bHlty. 'J.'hen the p<:t.irf't1g effect .L:. 

decisive.· 

The :pairine fo.rce 1 · odgi.na.lly jn troduced by Bohr, 

2(}) 
and Pines ~ 1 was basically thought of as being a simplified rcprc~cnta-

tion of 5-force interaction, but further liruited to a6t only between - . 

pairs of tim~ re:vcrsed state::;, which hc:.ve the lnrgest orbitul overlap.· 

where 

E 

e 
-v 

?V ?. 
v 

~ G \ 
L vv 
v 

ere the single-particle energies and u --v 
I 

4 ~I + G -... 1 

v --
and v the .. ~v 

usual pairing fuctorn. The sum::; a1·e taken separately ovc:r IJ.{'Ut.rcn;;_ t.t:"id 

protons with pairing m:1.trix elc~rocnts G and G , rcsp•Jcti.vr.:!~'· Th~ -n ... -p .. , 
last term) ~1ith summo.tton -~---~~~r--~-~cup~~~~.e~9.l~~.!~ 

Grepresents i:he subtraction of tb: c.ltng(•lW.l 

pairing energy t so that only· the st1;il!t correlation en('l'?Y r·~u;::.'in;:,. 

The overall A dependence of G is n.ssumcd to be pn•portic•n:;.}. 
1 

to· A-
1

• ~1is corresponds to the fact that in lieu of any cth~r 

corr~la.tions, the overlap integral should be inversely Jiroportion!'l.l to 

the volnrne. In the c:i.mpl:i:fied version of 11air1ng energy one employs 

~-

. 
I 

t 
; 

I 
! 
I 

! 
; 
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one single average paj.rinc matrix clement an civen above nnd n. 

correspond.ing choice of the cut-off energy above ~nd below. the Fc!"-:>1i 

level. To some extent a greater cut-off energy can be comp~::n:::atcr.. by 

a smaller matrix element \-Jithin a given region of A. However, in -
. addition one has to account· for th.B empirical result that the odd.-cve:-1 

nlass-tliffcrcncc, which in the simple pa.lr:i.ng thcoi'·Y is cqu<1.l to .!:_1 hn.lf 

the P?-iring gap 1 depends on A ~s follorrs: .,...._ 

. The magnitude of 6. and :l.ts A . dependence will set some limits on -
the freedom of choice (see below). 

2 .l. ISOSPIN DEPENDENCE OF PAIRING 

The pairing effect has its main contribution from 
, 
-s-interaction, . 

which depends critically on the collision energies. The collision 

energies may be found from the depths of the neutron and proton potential 

weD..s which, in turn,· depend not only on A but a.:J,so on z. - Thus, the 

pairing matrix element is iso:;rpi.n dependent. 

In the limit N = ~ the collision velodties arc to the lov.;cst 

order similarly distributed for both neutrons and protons~· It is 

therefore reasonable to assume an cxl_)ansion in N - Z: 

-1. N- Z eo g --1 A 

~. 

where the pluz sie;n holds for protons·and the minus sien holds for 

·neutrons. In other uords, we have replaced the usual na.ramters G 
-. -·· n 
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a.nd ~. by ~O and ~1 d.cf1.ncd above. Actunl1y even ·j_n the N "'" Z 

case, though similar orhital!J a.re filJ.cd., the protons arc affected. by 

the Coulomb field. One might allo\i for thin by giving different !fu 

and g1 values to neutrons and protons . 'l'his v/Ould. a1so account for 

.some higher .. order terms in (~-~)/~ ln the expansion. However ,,.w 
for neutrons and assume nt the moment the same :::et of -~0 nno. ~J 

protons, without introducine P.ny ncld.i tl.onal pararr:cter·s. 

It '\otas found tha.t ve could. reproduce reusonn.bly well the cnpil·l..: 
. 1 

cal odcl-evcn ma~}!J differences nnd thei1· A-;? dependence for condr.u:t 

e0 nnd · ·~1 . from !:._ <::;; 150 to A ~ 2:::;0 by lncluclin3 '"'·/{J.') _;.) or 
-. 

\f(L5l!_) states above and below the proton or neutron. F(~rrr,i level. t 

These some-v1hat arbHre.ry cut-offs co.trer.pond rousbly .to t.hr:: inclusion 

·of three proton or neutron osc:i.llato:t shells. 

~lith these prescriptions we find .~.0 :::: 19.2 HeV e.nd 

.!.L == '"(. h MeV by fitting /::. to odd even mc.:3S dlffprences in the ro.n~ 

{-iTJ{o,b earth and actinide nuclei .. F:.l.gutc.s 14a1 b .show the fit achieved in the 

rare earth rccion. 

2. 2. SUitf'ACB D}~PE~'1HmCE OJ•' PAIHING 

To reproduce the ind.lcatccl energy gap at t.he :fisdon sti<lo.Ue 

point
23) of about 2 t•icV for 

240
Pu and of about 3-4 MeV at the 

fission a~ddle point for 
210

Po one must, a.s Stepien p.ncl Szytn.::.n::;l~:i 
211) 

did , assume an increase of G wlth dlst.ortion. Such an. a~;stnnpti.on 

receives suprJOrt from th~? ent.'rt;,ry gap cnlcu1a.tlon ba:>ed· on the "slab 

. 2c:) 
model". by Kennedy, Hilets, and Henley J • He hnve in separate 

•• 
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calculations assumed G to be constant with deforina.tion·and to be 

proportional to the 'surface area, respectively. The latter Q.SS\.Unptioh 
I 

appears to account better for fission·half-lives as well as for the 
1 ' 

apparen~arge energy gap at the fission sadcUe point. 
ll"lo 

Scttina G directly proportional to · E corrcsr)onds to the .-
simplified assumption that the contribution to th~ pairing front the 

inner regions of the nucleus is negligible and· that the surface region 

is entirely .responsible for the pa:l.ring. The assumption that pairing 

is largely a surface phenomenon is based on .the fact-that
1

a.t the lare;e 

collision velocities encountered in the center of the nucleus, the 

... 1 s phase shift becomes very small and ~1 timately changes sign. 1'he' 

slab model calculations25) bear out that 6 is proportional to s3/2 -
while the simple assumption of a·~ S leads to 6 ..... s3 - ""-

as borne out 

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

thus appears to fall half-\otay between the two assumptions of G = const. 

and G ..... s. . N - -
1bat the assuroption of G ~ S - implies 6 "" s3., can be seen -""-

from the following simple arguments. For the case of doubly degenerate 

evenly spaced levels distributed bebreen 
' ' -C/2 and C/2 with o. level - -
distance of Ji1 one obtainn the approximate relation • 

1 
C e -Ge.. 

Considering a small deviation 1.n g. from a "normal" value ~O 

i:-"r,· 
·' \.~ 
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one obtains 
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... . . : 
,.·. •" ~ . . ,. 

..... · . ' ·, ~· .... 

is small and , ·~ ~o: ·~$ we . thus obtain 
1. -

·. 1 
}~or the emplrically realistic case of Gn .,., -... '"'- . 3. 

. ~ ' 

rle obtf.'.in · 6 "" s:J •.. ......... 
'lbe effect. of the inclusion of' pulring rclntlve .. to a si~h! 

. ·.· ;· 

. ··. '~' ' 

·summation .of single-particle enei;gies is exhibi tecl in Fig .. 6 for ·the 

case of 
25

1
':z;·m. rlhile the. pairlt1g enerc;y is nbout Jl~ z,1eV for ;:.. ~- o.i 

it is reduced to about 1 Me·~ at the equilibrium disto1·~.ion ar:d. t.~<r:l;i:-"" 

after. exhihi ting strong fluctua.t:i.ons. 'l'he varlation in-~ 

with e for - 2511J!.,.,ffi mny be atucHcri in Fig. 7. 
~ . . 

. •'. ;-
__ , ... · . .'· 

·.·· 
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3. · COUI.OM.B. ENERGY . 

The Coulomb'. energy may· be written· as 

LL 
i>j 

2. 
e I v (r .. •r ) dT • .. dT · I ~i - ~j ' - -1 . NZ .. 1 ~ . , 

:,,, 

where, if.correlations a~e neglected, ~ is the Sla~er determinant of 

single-particle states~ If we further neglect antisymmetrization and 
: . L 

replace 1 by~ simpl~ product'of.single-particle waverunctions,_ \ole 

get 

-LL , 
i>j 

where the single-particle density ~ is defined as 
.t-:·;.'· 

. ' * =.vi *· - .:..a 
• 

The Coulomb energy can then be evaJ.u~ted with the single-particle 
. '•t 

~~verunction calculated in·scction 1 . Presently-we have been cont~nt 
. . 

vi th the simplification of assumi.ng ~ = pL. to. be a homogeneous 

charge distl'ibution ."l:f.th constant density inside ·o. sharp surface 

.. enclosing a volume equal to ~ !c3 , "mere R -c is the effective 

ra.dius,so defined that the total charge is enclosed lf the charge 

density is constant evcryo.-rhere ..P(t ~ ~c) = ...e(O). The surface may be 

described by ;:(~) '· which is a function of deformation~·· . 

......... 
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In principle this is a slx-climensional inteeral ~ It ca~ ho.wcver/ 

be r-educcct26 ) to 'a two..:dimcnr.ionnl :i.nteeral in terms of elliptic 

functions. This two-dirr.cnsiona.l integral is then evaluated numerically 

·for axially syrnmetric bu_t othcr.,Tise arbi +..tal'Y shape . 

We have introduced corrections for surface dlffuseness and 
the . · 

exchange energy, which are ~cler of o. few percent. The expression. 

used ~Y be written as 

'2 2 . 2 ' 2 ] ~ z e [ ( , . ' .. tE::_ 2. (~) • 0. 76 36 = r.i -R- g !§., !i4, .•• , 2 "" 1-, "'/3 
"' ./ 'c z.;; c ' . 

1 

where the first term is obtained by the integration described above. 

' 
~(~ c.4 • • •) assumes the value or one for a d.mplc sphere. T'ne second 

term is the diffuseness correction as derived by f.tyers and ~wia.teckill) 

wtth e. denoting the diffuseness depth (taken to be 0.51~6 fm). To 

lowest order in a/R 1 the correction has no shape depend(~nce. If· we _, -c 

had u.sed1 instead of 

correction l>Tould be 

R 1 the half density 
--~ '7.2 2 2 ., )2 

. -~ ~.~ JJ..... ~..:c!\_ . 
5 R1 2 ) Rt -- -"~ . ... -. 2 2 . 

radius R1 , the diffuseness 
- 2 "would, 

for a sphere uut y have 

a shape dependence on deform::ttion. Finally the third· te.rm corrects 

for the extra correlation of the protons implied by the rcqulrE:m~nt of 
:~ 

antisymme~ry of nuclear wav1functions. From the derivation of this 

term by Bethe ll:nd Hacher9) 1 one ron.y verify that it ~.cpre.s~;nts a volume 

energy and is thus :i.ndependent of nuclear shnpc. Since the exchc.nze 
' . 

term is the result of short-range correla.tlons, the c6i~rection to this 

term resu.l tine from the fini t~ size of the nucleus is proportionn.l to the 
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thari the leading .te1•m 

given above. This ~urface correction to~he exchangt" correction has 
:;-: 

; not been included • 
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4 . GROUND S'£ATE DISTORTIONS 

. For each nucleus, the potential energy as a ~unction ·of 

deformation .is obtained·by ~dding the Coulomb energy to the sun1 of 

·single.particle and ·:P<tiring energies. Ground state distortions in 

..§.1 .§, 1 and~ correspond to the position of the lowest minimum in the· 

potential energy surface in ~hes~ deformation co-ordinates. 

Experimental quantities do not usually relate dir.ectly to any 

one of these co-ordinates. ~1us the quadrupole moment receives a 

large contribution from, the interference of € - and .:4 deformations. 

It can be more ·accurately calculated directly from ·the nucleonic 

wavcrunctions. l-tlhen nuclear c,tuadru;pole .moments so cnlculated ll.l.'e' ' 

compared with measurements of cross-sections for Coulomb excitation of . ' 

dcf?rmed nuclei, good agreement of the general trend with Z and A 

is found., but the absoiute values from the theory are .. generally 5-10% 

too small27). We do not exhibit any comparison as earlier results in 

the field are essentially reproduced112'5). 

In the .case of ~4 and % deformations 1 more direct compari- . 

son is presently possible. A detailed optical-potential·analysis.of 

inelastic alpha scattering data on the rare earth nuclei has recently 

been carr~ed out by Hendrie et a.128). · 1'hcy assume nuclear equipotential 

surfaces to be given byt .. 

. ... 

The differential cross-sections involving populations of rotational 

bands of even-even deformed nuclei up to + 6 ·(and in some cases 

e.re fitted by e. combination of. .y2, Jh' ·and p6 • 

('" .... .. . 
f(\..~;1.• 
~.~ ..... ;.._1 

.... ·. 
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From I~ie~ 8, t.he agrec·rnent bch:cen theoretical and eml)iricol · 

y1~. values ll.}1pears T('m:uka.l,le. It has been poj_nted out29 , 30 ) tbat !h 

deformation is ~lreacly present ~n the zeroth order disto.rtion by the 
.~:.:.'· 

prescribed filline of levels j_n the dcform(;d vrcn. 'l'huz the first fe~-r 

spheroid orbitals outside the closed' shell have a large positive contri-

bution to (31~. 'J.'he same is true for the last fil:).cd orbitals. On the 

other hand> the orbitals near the mid.dle of a shell have a large ·. 

negative contribuUon to 1 11 • Tbu3 _0 11 is e11.--pected to grc)\</ from zero 

.·. for cloned r.l1f~lls up to a m:.1.x1tnt.llt) vdue at about ?;: tht'(\Ue.h :Llw sh,~·1l;. 
:1 

tht::n d.ccrt•ase to a rlegt.~.tlvc rrd.niu1n:'t * throuc;h tht~ nhc-ll; unVil nt 

· the· closing of the shell »4 incrcas~s to zero. ·Actually,just the inc!u~ 
;~ 

sion of the c~ouplings within each 
·" 

N-shcll,·reouces the distortions 

some,.rhat relat5v<> to those obtu.:i.ned by l;:ccping only the diaeonal cont!'i-

but :ions in 
31) 

! ar. ;ref.; :• It ir, fouml tbat polarization (coupling be:tr:;;;tn 

she-lls N and - N ± 2) enhances the effect by a factor of 2 or 3· 
liJ 

Coulomb interaction eenerrtlly f'nvo'lr's post Uve _p11 for small dcform,~-

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

couuteraet. the effects <.)f polnri?.r~tion £md Coulomb tntcraciion. Pvr 

7 1 ".1.2) 
this reason ~arlier calculations·) ':;- tbat neclectcd pa.trf.ng, po:!.nri7.R.· 

tlon,ancl Coulomb repulsjon still gave rather simil.a,r results.to .those 

of the present calculationn. {see Figs. 10a and 10b). 

The J>arameter y 6 1::; less accu:r.·ately det.ermin,cd. · It appear:;" 

how(•ver 1 sa.fe to say that i.n ec·neroJ. and over the whole ree;i6n stud.tc-d.~ 

152 ~ A ~ 178, numerically sm:dl nnd negative 5 6 ·.values arc present 

(sec Fig. 11 for cornpl:1.rlson with theory). 

I f., 
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In Figs. l2a and l2b we e:x:.hibi t theOl'eticaJ.·deformation, para~ ... 

meters £ and ' €4 ·associated 'rli th nuclei. in the rare. ee.rth .nnd: .· - _.. 
'(. 

i 

ac.ti~ide regions. These diagrams should be consulted before using the 

·single-particle energy diagrams in order to choose the diagrams 

corresponding to the appropriate deformations •. 
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5. GI~NEHALIZED STHUTINSJ\I PRESCRIP'iriON ANn 

NORr1fl.LlZATION TO TJm L~QUIJ.) DHOP MODEL 

To r.tut:ly the bdHtvior of a nucleus at large deforrnn~ions we 

ha.ve-calcui~ted. the total pot~ntia.l energy surface for the ran~e of c: -
bctuc€'n -0.5 and 0. 95. and ~h between 

. ' ~u. 
and : 6 have be,en sct'to zero. 

-0.08 and 0.16. The co-ordin-

Smaller ra_nges of € and _ at.es (.:z. 
,... l -_ · .!J., a.r~ fJtud.icfl for r~ornc nuclei \-those physica.lly iiltercstine. fcaturco 

: ttppcl\r to b'! in· a sm'lller reBion. It ·is found that (Fig. 13) . the 

:~ 

behavior of the energy ·surface- is unsatisfactory for large J~. 

J . r-:--
: I 

.······ 
· .. 

'•·' 
I I .-
ll> ftm com;orvetion of the volume enclosed by equi.potential surfaces :lo 

onlyroughly cdequatc. -first because the saturation condition is 

r-e<-1ched only ln tim nnre central parts of the nucleus not in . the . . . I . 
sur-f~c:e c::rc.J. Also urrMter- and potenU.al shapes agree only at 

oquilibr-ium points. The situation is made ' . · ·: \oiorse by the fact 

that our volum'-' connerve.tion cond:l.tion does not include the entire 

. 4 
nuclear potential. In particular, it does not include the h·rm ..P 

or !?. . Although the £2 term has sora~ properties ... of a surface 

enerc;y 'at s:;·iall. distortions, it is inadequate a.t large distortions and .. . ?0) . 
large A-va.lucs ·- ', for: l-:hich cnses, 1 t fa.vors shapes with sm;.tller - J ~I 

cont~ary to the sur.face energy effect. Hence some smooth corrections 
.· 

to. th~ geo.~;,_!:ti'y of' the potential energy surfaces are not unexpected. 

i ... 
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OnE' may note that the masnitude of t.he corrcct.iou may be lal·ge, Etn the 

n·:;torinc energy introduce<.l by the volume conservation cond1.tlon is or 

large magnitude, being roughl:;~ proportional to ti.mes the total 

nuclear energy, which is of o:nkr of 1000 r-te\' for £. ;::: 0. 9. On the 
character. should. 

\... .. ·- . \ ,/ ·- ~ .. . "'-· ·-··-:' (,·-· ~---
otlH:>r llancl, the topological i" of the surface ; be correct as the 

empirical level order :i.s reproduced. 

It is altJo found that the nhnolute value of the potentiul·· 
._in parl.:i.c~1<:H~ ... I1Cit; . . 

encrcy surface clocr; not bchnvc corrcc1..lyt3..'3 a function of mnss numbc>r 

A. Thus it is necessary to make a smooth rcnormaliza.tion of the . 
. ,,. ,. 

potential-energy su.rface not only with respect to distortions but also 

with respect to b The absolute. rnne;nitude of the potential-energy · 

surface at its minimum eives the ma.ss of the nucleus. 

Th b . i id d t d b M.r d S • t k'll) e as c ea, a voca e y ~~ers an w~a .ec 1 , 

Strutinski7) and others is the following. The average behavior of 

nuclear binding energies or masses as a function of distortion and m.1ss 

number and charge number is well reprod.uced. by the liqu1.d dro_p mas::: 

formula which consists of a volume term proportional to A and a 

surface term proportional to A2/3 t as well as symm7try and Coulomb 
I 

energies. · The success of the liquid· drop model as. a.r•plicd to fisc ion .. . 

theory, '\orhcre large distortions nrc i.nvolved, and for: the cn.lculation of 

nuclear masses.uhcre-largc numbers of masses are consldcred, s~ems to 

indicate that, if shell effects are averagJDbut by some mean~~ the 

...... • 

.. 
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potr:ntial ent~rgy sm·fa.t~e nn Et funcU.on of' deforum.ti(,n and m~u:s number 

c£u) ue 'tlell accounted for by thi.s wodel. 'J.'hc :i.den is then that if \·le 

·~ ... 
take away the averaee trend fro~ t.hc d.ngJ.e pa.rt.lcle and pair lnr, 

mucil h::r11roved. '-:ncrgy r.urft:lce vrberc the local stnJcture is r;i VC'U by the 

r.h::>J l mocJel calculations and t.lle smooth trend~ are g:·:tven by the liquid 

d:!"op fornmla: 

Potential Eue:rr.,y (~1, ~~ distortions) 

2 v ?. 
y 1 

11 

l>"herc . ];(g) is the smooth a.verar;e trend of the total sinele partlcle --
energies with ·1ariations of deformation and A (the meaning of g will 

be clear later); (E . ) is the average of pairing energy at the 
-pa1r 

ground state distortiol).s and. BLu is the liquid drop cncr3Y.· Let UR 

discusn these term3 separ~tely. 

.. 
IJ.'hc pai1':i.nz enerr,y ls averaged at the ground stt>.te distortionr,. 

The systematic growth in palri.ng enere;y \-lith deformation due. to the 

asst~iiptfon that the pairing strcncth l1; proportional. to nuclear surface 
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'' 

area is not subtracted out. This is a ·reature assoc·iated solely with 

' large distortions and' is assumed not to be bui_lt .into the liquid drop 

mass formula. which is derived for spherica.l and moderately deformed 

nuclei. 

~ 

One rnay estimate the small quantity . (~pair) f:r;-om the follm~ing 

approximate relations 

··We have chosen ·_G ·and ·G such that (sec aboye) · n --p ,. . 

• 

The level. densities can be estimated. for the.simple oscillator model as 

..... , . 

. 
·In this way one ·obtains 

<E )::::: pair 
.. 

independently of A. 

..- To. the extent ~pair)· is independent of ~~ .· ~ ts absolute value 

is, of course, iargely irrelevant. In the compariso:n ·or calcu:l:-ated· 

!!'.asses with empirical ones, we have thus arbitrarily set {~air) ::: -2.3 

1-!eV. The comparison will be discussed in the next ~cctlon. 

r; .. ·.-·:: ...... f• 
I (1,~\).' . 

I • - :-=-· 

i 
r 
i 
j 

i 
' ·I 

I 
i 
I 
i 
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' .... 

To obta:i.n th~ smooth avcra.se of. the ·total s'~ne;le- particl~ 

energy, -E{s), we have studied and generalized a prescriptlon firzt· . 
. ....... - . 

. introducl"d .. by Strutinski 7). Consider the level dens lty given by 
·' 

G(e') n.,( C I - (!.) 
v -

·:~. ~ ' .. ·,,_. 

:(~·.;:' .. · .. ··:• . ···~.One.can·form a nmooth nverase level density by smenring out each energy 

( 

: .' ~ 

;. ( .:. 

. . '. 

level · e by a width r and then taking the sum. .He expect a·(e') 
·,· ~ -- . --

.;..;:;: 
. ; ... 

to have short-range fluctuations with r£'nee ::.._) wbtc:n should. be of. the 

' 
· · , · order of shell spacing -Iicb, and. also lonB-rll.nged. va:· tat:ilmc 

1 
\oli tt; 

. .. : '· characteristic ranse, L; of ·Lbe' ord~r of the Fermi ~nerGY·· The· 

·problem is then to smooth out· the short-range fluctuntions f'.nd to 

· retain the J.ong-rWJ.gc variations.·. Obviou3ly one. wou1.C. expect thut 

}1. < r < !1. For t.he results to be physj.cally mea.njl1gfu.'!., t!-lcy sh~uld 
........ ·- ~ 

· ba independent of r OV{~r e. wide rnnc!t of values bet~ecn thc:.e licil t.s. 
• I ' ~~ ........ f 

One would then w:r i tE: down the smoothed level density a.s 

* 
g(e} 

u = v 
•. 

1 

r-{; - ... 

E.' ~ e 
~ 

r --

I 

' 
.:.······· 

. '• ' .. 
··. ""'. 

where ·r . 
-corr is n correction factor to the nimplc ea:upsio.n srnearing ... 

of levels that \till ensure th::~.t the long-range var.in.ti.on is ret~.in~d. 

Thus, lf the lone-rang~ .V-D.r1ati.on can be ,,'Tltt.en down .as a. ·polynomial 

of order m, a.n expression can be cxpliei tly 'ftri tten do•·m for f ., 
- -corr 
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l_Requi~i~~ . 
~rde:r m to be R:iX ·; (or in fact, evon up to seven --

I 

f = 1 ~ (~ - u 
2) + (~ 

corr 2 ~ . v 

) . 2 1 ,, : 
-2 UY.; + -2· U )' 

- v . . .,... ,;.··;.' 

1 6) 
7\l 
0 v ,... 

+ • e II 

) , ono her. 

I' 

With. this prer.crlpt~ion 1 w.tll have the sarr.e smooth polynomial 

behavior as _Q(~) UJJ to sixth or seventh order. ·Any. error 1t1iJJ. be :5 n 

the eighth order. 

~'he smooilt total s:i ngl:.e ... po.rt.iclc cnc.rgy is then 

.E(e) 
--f .. Et .. 

. 2 c g(e) de 

with the. Fermi energy E.F given by 

N {or Z) = /'' 2 g(e) de 

~Shell i.s then defined as the difference between total sin~J.e~particle 

energy ca.lcuJ.a.tcd. on the original J.evel dem:ity and th.at on the · 

smoothed level dc·ns i ty 
.ft;·:.:. 

EShell = E(G) - E(e) 

. •j 
, . (t _'/ >· In I<':l.gs. 14 ~nd 1.5, 'ire sho•.-1 this quantity as a function of 

. i idtl ~ t -~" Pu2·q 2 d Pb208 • 'j. 1 smear ng ~ :1 y ~or ncu·rons 0& an , respcc~ .vc y. 

Similar figure~ arc valid for protons. It is obvious that the kC'eplnz 
,. 

of terms in f u'p to only r.Qcond order 1.nt:r.oduccu t1. r;ed.oun :roldin:.; 
-·· corr 

I 
I 

~ I 
t 
: 
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· error and the result is strongly dependent.on r, 'but when we include -
terms up to sixth order,. the result is rather . .I-independent. except. 

when. r is too s.mall .or too large as. discussed before. For a fixed -
value of r- ~ (say r = 0.8 in the Figure), corrections introduced 

by the various orders .can be estimated to be reduced vith.the :f'actor 

("~./!;_)'!!. Thus the change ftom the zeroth ·to the second order result is 

;;fiO MeV; from the second to the fourth order is ·~1 ~!eV, and from ··the 
1 . 

fourth to sixth order, only ~ (;0 MeV. Hence "re find that our calcula-

tion converges very well to a untque value for the shell contributions.·. . . 
The _expression for the total potential enereY also requires 

· .. , the· liquid drop en:rgy ~LD. For this we take directly from the work 

of ·Myers a~d Swiateckili) 

. 
ELD = -~1 (1 .. ~I2)A ~ a2(1 .. ~I2)A2/~ + Coulomb· .. Energy } 

·.: 

· N M z·· 
l = .A 

. , 

The-parameters are given_by 

·, 

.. 

- 1.7826· • 
.. •, 

We have discussed· the-·coulomb energy in a previous section ·and the 
,.,. I• 

Cou.l..onib radius is taken as 1.2249· Al/3 fln. '1'he nta.gnitude. of this 

•' 

. ' r::·-"~' 
, C!.\!. r~ • 
< .. :.:./. ,·' 
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·Coulomb radius. is conspicuously large. It mi_ght be ·partly due to the 

assumptioQ that the isospin dependence proportiona.l to f is Qf the 

same relative magnitude in the volume and surface tel~·m's LHl shown in the. 

above equation. These liquid drop parameters arc determined ·also under ·· · 

the assumption of a particular simulated shell structure.correction 

·term. Although these parameters are by far the best available ones fot: 

our purposes, the introduction of the rr.ore renllstic shell structure term 

based on ou1• potential D'lllkes it desirable in the future to redetermine 

these parameters. In this redetermination·the isospin parameter ...'5 

may be taken to have different values for the volume .and surface te:nns. 

In summary, w~ have thus replaced the smoothed.part of·the· 

total potential energy surface by the results of the liquid4 drop ~:.odel. . 

All local shell structure variations (the local wiggles of the enerc;y 

surface) have, however, been retained. 

It is thus important to verify that the equilibrium defo:rmn.tions, 
I, 

£hown carlic:.r to be in good agreement with experiments, rcmain'the same. 

Indeed th" changes in :;.... and €J~. nrc in most cases less· than 0.01 ln 

absolute value. This is not uncxpected,.beca.use we know_the liquid .. 

drop part of the total potcntla.l ene.rey :!.s e. smoothly ve.rying fUnction, 

&.lways predicting ground· fltates to.b~ a.t zero deformation. Any deformntil)n of 

ground states vill be cor~plctely due to the local fluctu,.,.t:lons of the 
.. 

· shell effect, which have been retained. 

•' 
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6; !mCLEAR f•1ASSES.; . 

:In :z.~fg. 16,, we compare · ernpi :l'ical and theoret:i.cal . mo.sn'cst Hi th 
. . 
reference t(). the 1-fquid•drop masses at· zero deformation. 'rhus· t.hc top· 

·. curvt- gives t.he C)Operimental values minus the respective sphed.cal · 
I 

· liquid· drop masses in HeV. ·Immediately below, t~e theoretical values 

at ground state equilibrium deformations a.rc plotted. 'J.'hese contain all 

the effects of cUstortions B.nd. shell str~cture. · 'l'he di.fferences between 

theoretical and experi.mc11tal. V(l.lues are exhibit~s1 as the third and 

·.':lowermost gra1'h in t!)e figure.··· 'l'hE'y reflect on the appropriateness 

both of the liquid. drop parameters chosen and of the nuciear shell and 

pairing fields emp~.oyed. Although the ·comparison shows encouruging 

agreements, there are three P?ints of dcvlations 

(i) 

. (if.) 

'J'he OVerall trend seems to be tO\·Iards tOO small theoretical 

masses with la.re;e A values. -
There appear to be relatively large discrepancies connected 

with the doubly- closed shells of 208Pb ~ 1'he theoretic!l.J. 

.bincline .energy is ~ndcrestimatcd by about 2 MeV below and 

around A = 208. -
(iii) The isospin depenc1ence within each band of isotopic masses 

· shows a rparked discrepancy especially. for large ,A values. 

First of all~ as mentioned in the iast i~ction 1 i~ may be desir-
. .. 

a.bl.e to readjust t'he tify~rs-Sw:iatecki liquid drol? parameters, t·hsses 

·of sph~rical and deformed nuclei could be affected differently. If· 

. we further· assume different isospin dependence (symmetry energy 

. coefficients) for v:olumc .and surface ·te:rms, we _would probably be'· able to 

· improve on the theory on all the three points listed. above. 
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On the other hnnd1 ·the undcrest:i.ma.te of binding near doubly 

closccl shells mn.y reflect on the det:.d.J.s of the. single -particle ca.lcu-. 

J.o.tion.s. 'J'he pairing ~nergy culculate.d on the basis of the s:i.mple 

BCS model employecl collaps~s ncar closed shelL:;, hll:t actually there 

still remains some pa:i.ring 1enerey of the order of. on<.: ~·1eV as co.n be 

brought out by· a.n RPA·.: cnlculation. The presence o'lflo\~-lying 3-

sta.te in 208Pb ind.icates the exlstence of other correlat.ionc. The 

underest:i.mate in binding for A between 190 and 200 may be associated -
with the neglect of the rotational asymmetry degree.of freedom which is 

beli~ved to play a role in this region. 

The rnasscs. for the sup0rhca.vy nttclci lH!yond the present 

cxpc:r·J.rncnta.l %'<!(~ion chow n broFJ.(l shell st:t.•ucturc ut Z r. 111~ c~.nd -
N ""' 1.84 to 196. It is not a.s strong as. the 208

Pb shell, but may be· 

a bit underestimated as in the Pb reglon. As sho'tm below, this 
Jl' I• 

shell is the main reason to believe that there rnay exist in thi.s region 

an island of relative stability \'th:l.ch may be explored cxper:i.menta.lly. 
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7. P01'£N'l'IJ\L }~N'ERGY SURFACES 

.·From the minimum of a. potcntial-energy.:surfnce we can obtain· 

. the .grotmd-state m:tss· ~nd d5.st<?rt:i.on "·hj.ch e.re dinc\lssed e.bove. k 
. . 

. ' 

.··--.> · · ... ·._;: .. $\tr.~be.r Gtud.y of ·the pot~ntial- ene~·crJ surface 'r;ill bring ou'-' more 

· .features of physical interer.t,," in particular those co·nn~ctecl. •,d th 
~~ . . . 

t .. \~) spontaneous .. fiss~on· barriers and shape (or spont~J.neous·~:fis~~~n) . 

iso~:1ers. JJet us 9-::i.scuss first of all the :Poss:1.1~le errors of these 

surfaces, 
. . 

: .. -~ . -~ ':'-

}:,';··~ .: ;;\,:.~<~ ::.'f( Two repr~·sentative enerey surfP.ces l'.rc exhibited in Figs~ J.7e:._,'v.· 

.· .. .!~·. ':.:~t.;·::·;.\.~-'_.~,i?.:-1;>+~~~: .. / The separate cqnt.r.ibutions from the liquicl-d.ro;·"~erns e.nd. thr~ :>h~JlJ. 
... /'~ :·,, :.::/;~_ J;t~i·v; . . 
-~;;~~:;:·:~-?~.~-(:~~: .. ://' plus pairing energies a~·e. exJlibited -:i.n Figs. 18 an<l 19. For sn:i1.J:l: 

-' ~,,.,, ··) (~·:;- · dictortions from the spp~ricc.l. shape we expect the (.§ 1 .s 1~)· · pc.rh:'t~t~ri-· 
;~')~~\:: 
·~J.!:ltl . . 

... 
.. 

... 

... ·' 

zation ns used to' be adequate, However at large di::;tortic:1s 

ruultipole:s \-rill b~ ii'Jporta.nt in the calcu~ations of saddle point 

energies2~' 3t1 
)'. Sin~e for. lnrge~ v~lues of: .fis.sili ty p::~ramete/ :~ ·; 1 · 

. ·-
_the liqttid·c.rop sadd.ie points occur at.smaller dis~ortions and vlce 

.ve~sa, we expect ·; ·.,_ higher roultipoles to be important for light~!· 
. :~ 

. ritl.clei '\orhose .vnl.ues of t... are small, and that the (§,..54) para-

meterization should be sufficient for heavier nucl.ci which liavc l~,=.;.~~(.· 

. values of z_. Thus l-!hen v.e compa1·e the liquid drop sad(Ue. point 

e~erg!es ·j.n our (~, ,.$4} sch~;-me with the· re.ore ge·neral pa:r~ .. -neteri~£1:~·: :.~:' 
I .· 

1 

o f34} ' 
used .!ln !-""? .. • we find for Q,· H~th. it~:; saddle point at. €...~ 0.85, U:r.+.· 

our value is too· high by 0.6 MeV; for . Pu , vhose saddle point :is at 

€ ~ 0.751 by ·0.3 J.fcV; and for nuclei heavier thft.~ Cm, - .. 

. . 
(Z .. = 96) t~.~ · 

· :. error· is. less than 0.1 l·~eV. In pnrticUle.r for. s.u:9erbenvy·_ rmcl<:.-:1. 

.. 

. · 
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. (£ ~, 111~, l•. :-; 29{J)';·.r:·~rror due to thr.: restricted parameterization 

s tn ""Gcs 'bot.ll po:d.~j).ve nnd negative. values of .!.4 occur, the GH.cldlc point 

to th~: .">pherold,which develops as increases (co~pare 
:~ 

. Yig. 1). :ln l'Jr;. G~ one may ct.udy the effect of .. the ..5..J, degree of 
T 

·obviou:.;ly its :i.nclusion is necc:.~.~?-22: 

:J.'h·::: fll.;.·th!;r inclusion of the rotat:i.onal asyr.l!li.et.ric dc.:grce of 

f'j:-t~(:d.<JJ:l i\}•'?er-,rs i o :oeC!.uce the. saddle poiil t cncrgi c::;. T:'1m~, b.s reported 

b~.' 'l .. V, F·esll!::~;v:lch~5 )/the energi...::·s cf the so.ddJ.e po:tnt:> d.cses t. t-:1 

240 "r.'6 th~ gt<:.t.rm.t $"t .. ~tC' fox· nuclei bebreen · ~Pu ~tnd J .. "J .,J<'m nre rcnue~~d by 
mado some, ...__ . "'r·····-·-·· 

o.ulot.mtz rn!'t[;1.n~-: f'rcm O.ll MeV to 2.1 Mr.:V. \ole ho.ve ulso i" c·alcu1.aUons 
'> 

cl~·gree of freedom. This· i!l. ro1rJt1.vuly unirrport;::~nt 

,- .. 
H.;, 

but 
(As 

js'fwund tc J.O\.-I!J!' the b.7~rrier'3 by 0.?.~0.3 MeV for riDSt ciCUr)id~~ el.::tre,:L:. 
t~ "thw r-~ '1 d.~r~ro9 of frc-::dcrn sse be 1m~,) 

Xr1 :r1c;:.;. ~~or~-r11 ~rc exhibit the b~rrJer3 obtni.ned fer Li•~:onf.!s . . ~ 

·"> . . ' ., "'-·1 ''!·,~ ..... ,:_....: ~-~~::~· 

./· 
Z = 114 as a function of E with minimization cf --

. .. 

encrg:i f::e projected onto the $._ a.xl~. , Two plots are sho'l-.~1 for th~ tvi:J 

c::.l~e1.-!'l.a.t1 ve ~::::;'.:r:-.ptions of the pa.id.ng r;tl'ength: G equal to a com:t;mt 

.<?.n.d G JH'opo:rt!onal to th!"! nuclear :::u.rface area. As pointed out in 

:• ,. 
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the ·section on pairing energy we find tho second ~ltcrnnti ve to· be 

rrore apequate. This first alternative gives r:nuch too· high fission 

· barriers for U, Pu and ·em.. . However \-lith a surfac·e dependent · 

pairing atrnngth the barrier heights are \.,.ithin a few •t-H.N of those: . 

obtained from exporime~tal data. tmalyzod in terns of' the conventional 

liquid-drop barrie~ energy. 
.. .... 

-7 .1. THE STRUCTURE. OF SPONTANEOUS FISSION 0/\I~RIERS OF PE.f\VY · 

. . AND SUPERHEAYY NUCLEI . 
. . - . . . 

The CODventional liquid·drop barrio~ has. the.9rdinary one-· 
'I 

hurrp shape. but because' of shell effects Dt rrcidorato dofonMtioiu~~ · 

structures can be found in tho realistic spontaneous· fission barrier-.· 

These shell effects aro understood to be the r'Csul t of an ext~a 

shell binding that occurs nt somo 'moderate clofometion cmd aro of 
' . . . 

exactly the san-e type as the shell affects that anpcar for nphorica~ 

. shapes. Gross shell effects at larger distortions· wero con~idered .. . . . 

· by Gei1Hrnan35) and later by Myern. and Swiatecki 11 ) rrore roaU~tic 

ones by Strutinski7). It was Strutinski \tJho first errp~a,siz.ed thut th~y 

will cause a double-hurrped fission barrier;· such a double hurrp is •also 
. I 

indicated in our 1966 c~lculations 121 • 

As a general feature, \-te note that in our plo~s of potenU.al 

energy barriers, there exist. in general three mininu in enerr;y. Fc1r . 
.. 

the actinides the lowest one is at the prolate side of the spher·icnl. 

For the superheavy nuclei as well as those in ~he. Pb region the 

lowest minimum is at zero defo:rTI\:ltion:: •. Thi.s should obviously corre- . 

.. 
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~pond to the nrollnd ~tate of' the. nucleus. An oblate minimum also occurs 

which in the actinide; case .is usually rrore than 5 f1eV hbigher. This 

minimum has been sha..m by Arseniev, ~1al~v, PaGhkevi:hh and Soloviav
37

) 

to be a ·r:.~.i!L'ptkJ.ous mintmum. Hhen thr:1 rotaHonul £mytm""Otric C.,!) dnr:~rcm 

of freodom is included, this "rnininum" is found to be a max5Inum in the 
;I 

y direction leading d~Nnltb the lovror ground stute through a path pro
L!!i):_tie_ra!:"~ ....... e<:~~.h region this minirr.trn is not ·mu_Gh .. _b_ir,hm" than th~ 

· v1dod~y tfns oxtra dezree of fruedom. For lighter ~round state 

minim .. rn. In so11'0 cas9s, it !rnayfbel ac~yall~ lower and should bo taken 

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

the mJss 5U~fnce, i. e. the N and Z values ~,o:here a trensi:. -
tion fc-om a prolat~ to on oblate ground 9ta~e take~ place. A third mini

mum occurs at a strongly prolate sh~pe usually at . .t.~ 0. 60-0.75 for 

the actinicst. Of course, because of tho fino details of shall effects 

at various daform.1tions, other structures of the fission barrier rray b8 
!I 

discer-ned and soma of these may be ih-portant for rrass regions other than 

those considornd h8ro. 

~!e cai1 ~ tudy tho effect of shell correction's .. to the liquid drop 

barrier as sbown in ·Fig . .; 21. For the actiniclen, even thoueh the liquid 

drop d9fini ~ely favours a s·pherical ground state, shell correc:;tion rna!<-os 

it· deforrned ( IV 0 ')) . C F'J • L. o: Tho ground state min1rnom appear'J ass·ociab:Jd 

with the crossing of th,e shsps Ji. and N+1 \vhile the secondary n~:tni
\.. ar:_d_]:J,~/-"' 

mum appears Dssocidnd \'Jith tho crossing of shells N ~~-: 1'1+2.. For - .. 
liehter a~t:i.nicc~j. Jthc first hu-rp is the ~ ;.~ti.'IGst while for t!Jo heavier 

:I 

ones the second one dominates. The shift in rragnitude betweenjtbe ti-.iB 

ht~~s roflects nustly details of shell structure. Some role is played 
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by the systometic change in the·fissility pnramdtcr x. -· 
- -

The results are collected in Tt:bla 7. \·:here \-.re tnbiJ.late tim 
~~- ~o£ 

heights of the b.-10,. hurrps of ba('rier as well ns ~the sncondnry min:imtsn 
. .. 

fn between, relati1vo to_ th8 gmund stato. In partieular ic the nocond 

barrier hurrp:: probpbly overq::itJ.ma-l:cd and et=mer·oUy uncertc1n _as C1~: the 

large distortions in quedtion the ~c, ~4 } parcrn,etrizat.ion is 

insufficient. 

For the suparheavy nuclei region (~ ~ 114 and N "' 184) . tho - ,.., 

ground state occurs ~t zero deform:rtiori and. Uu~ secondary rnir.in~um occurs 

· ... at t ~ 0.4. Since there is pructically no liquid drop barr:i.er- :tn thil:! 

_ region 
1 
the ent:i.re. barri.er is a shBll structuro of feet (see F :i g. ?.1) • 

For tho rare earth: region, values of ?!. are iri general s~mll so th(:~t 

saddlo points an; at very larze f.• Ona IT\1Y expect shell cffP.ch~ 1-t~~ 

be negligible at such laf'Ee dnforrr>:1tions. I ... 

It should be polnb:>d ot/c th.::~t for- a partic!JL'3r elm:-cn1:. e1 

change in the nurrber of neutrons rn.1y chance the picture c!tY~n'(;t ic..:.~l~.y. 

The effect of tho noutron nurrber N on the fisn i1 i~;y pnrY.~rrr~tcr is 

thereby of less significance .than the shell structure e·Hect;. 

with !'!.· ~n exarple is tile follbwine result from tho pr-e~r.mt p~"Gl.~.r.·ti:-ln!-y 

investigations. For Z -betwer.m 102 and 114 and for . .!l h:'!n·~ U>cn 17G.· 

: a_ll ~he nucloi appear to havG ground st:atns nsar ""£.. r. 0.3, Sjncc t~·c:::,;:: 

nuc·lei have large 'x values tho fission barr-iers:'·trdlibit only on:; ht::·).."~ - .. 
(the second occurs 1bel0\4 ·the ground state energy). Thnrn i~. al::m a 

minirNJm at zero defonmtion which lies higher than tho_ ground stab1. 
.· 

·~Out as N is increased, this minirnurn :i.s getting ·"io"mr until at 
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N ~~, 176-178, the ground state minimum becomes associated \>dth spheric.:-,1 
..... <v 

shape •. Hance for· .!:: ~ 176 wa havo o claformFJd ~round state V.•ith a onn

hurped barrior. But , ,for !i ~ 1.78, we h:we a !.lp!m:dcal gn:nmd s~:ate 

with iJ double hurrpt:!d barri or with the s ncond;..'ll")' min irnum at c f'l.; 0. 3. 
-the nuc l:i.Cl e in .J • • · · - · 

Obviousi'Y'fTlis ·latter case has a rn.rch.thic!<.Br fission barrier end 

should be much m::Jro stable against spontaneous fission • 

. I 

7.2. SHI\PE (FISSION) I$Di"ERS 

The existence of tho cJoublo ·hUlTped structure. with a secondary 

ml.n:imum in between the hL'l'flJS is stronp;ly supported by tho discovery of 

chepo or fission ir>omers. This isomeric state corresponds to the. 
~~C?.:L 

secondi.lry minimum \lthich has a dHfer.:mt shape frorr.' the r;round state 

·and ~,o;hose energy exceeds Jtfuat of· the eround state by srNOI{ll r·1eV. The 

isomeric state may decay .by gcmr.a emission to tho ground state or by 

t f ' ' tt I th d h . b . 38) Th ' span an co us 1ss 1on uuue 1 n sncon.. LiT{). arr1cr • · e ga.'l<"n-1 . 
, 

transHion to the ground state is, ho~,omvor, hizhly hindered by tho pro-
1' 

scn~e uf the first hl.!ITp. Obviously the gnrlmrl half lif~·flr'Ough'J.y 1r~voi"!ie~y . 
• j, ' I 

I -P-r:I!lPOt:~}x?_nilbJg, .. "1" t f th .t. t h I t. h 1 h 
Ytr1F! pcne~..ra~.1on probabl .L y o · e , 1rs urrp::;. n s raru-ear .: . ... 

roaion the first hLmp is often nonexistent OI"' very poorly devr?loped ard 

tht:J second peak oveNhelrninz. No fission isomer is thnroforo pnss:ibln. Far 
. 

tho henvier actinides the first hurp is large so that p;CJrTma transiti.on 

is greEJtly hindered and the.isomeric state decays by .. ficsion throush 

tJm sc~ond hu:Tp. The pi fferont ban:brs uzainst fission of .th!'! r;rcurd 

~tate ond the shape ismtSric state is reflected in. the very di fferon: · 

half livos. 

... 
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' 
Experimsntally these isonY~ric states aro found in nuclei with 

236 < A < 246, They ar-e thus found to docny by spontaneous fission 
"' - "' 

rather. 
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than gamma transitions. The first fiss5.on isomer J in '-Am! _wus 
a9) . . 40)· . 

discovered by J.>oliknnov ct nl:' and by Fle:rov ,et al. . with a fiss'ion · 

half life of 1'-~0 ms. · Stnec then a number cf other cases have bec·n. 
. I . 1 ) 

founcl ~lJ t
2 \-lith h:::tlf livesnmgine; from milliseconds to nanoseconds. 

'l'he :i.sotope 
2112 -Am seems to have~ an extraQrdin~ry 1·ong _isomeric .fission· 

half life. 'l'hi s has been· studl.ecl 

who also speculated about the posn~.ble c:xplamitions. 'l'hc exci ta.ti.on 

energies of these isoJneric stater. appear to .lie bet1'1een 2 and 4 HeV. 

Relevant data are shown in TalJle 3 together ·wlth o1.rr thcoretlcal :rcr.uJ tr. 
It"'· 

.·taken from Tuble .~. As. point.ed out bc·fore, our thcoret5.cal_ values 9:re 

not expected- to be quantitative .predictions, but.rather just im indica-

... 

tion of the trends. On .the· other·hond the tht"ee ·cases \olhere coo-Parison can 

be made exhibit .a surpris:J.ng agreement between ther;Jry and oxpo_rimer.ts. 

Additional evidence appears to support the existence of states 

asflociated ~tith the· barr:ter indentation. This ·evide~ce 42) is b.af:cd on 

the stuoy of.' the varlation of the cold-:neutron fission cross section 

for elements in :the ree;lon 231 < A < 2!~2! --- Superposed on the fine 

structure of' 1 say J ·a few eV J occurring a.t about 6-7 HeV of excitation, 

and relating to compound states ~;~.ssociated with the.equilibrium shape, 

there appears a sequence of resonances with a spacing of; on the 

average, about 100 £V and a width of a few evt. 

varies from ~bout 500 in 
235u to about 50 in 

.,The qum~ti ty Errfi2r · 
. J . 2 HPu_, whe1·e J) 

-II 

refers to the spacing of the resonP..nce type states and Er to the 

SP,acing of the normal equilibrium shape states. Presently one interprets 

the resonance stater. as the states of the second energy miriiruum,as 

' .. 

•. I 
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' ' \ 42) ' 't __, 1' 1 d ' ' "- f 1 · suggested by Lynn • Using the s andt:lx 1J eva ens 1 :..y .ormu as one 
',.' 

),. 

may estirrete tha second minimUm to lie 1·.5 - 3 f1eV ·above the ground . .. . 

t t · f th .. · 1 ~ b t · 235u · d 242
11,... All .r..h s a e ·or e var1ous nuc e;t o :\veen . an . · "'''~ · ... ese 

facts appear to be in;,qualitative agreement with lti!Je pred:ict:f.ons of 

these present:'.trodel calculations. 

7.3. THE OCTUPOLE DEGREE OF FREEDOM 

As is well known, nuclei between Th und Cf exhibit strone 

ezsy.matry in tho fisf?iOn mass d_:i.stribution. In thi.s n~gion of elamcnts 

tho ratio of the rrost probabl~ masses in the heavy :and light group varies 
,, 
:· 

from 1.5 to 1.2. It appears hir:;hly plausible a priori that this -fact i!.l 

14) ' 
associated with a path to fission that involves the r

3 
degroo of freedom , 

However, tho bifurcation point behmen a syrrmdtt'ic ~i1d an assynrretric 
. ' 

path may occur rather -late in the fission procoss. ·A tell'!' proporl ional 

to ~3P 3 has boen included ~n ·the potontial
1 

as sug8osted above, . in 

corrplete analogy.to t~e P4 caso. Preliminary results of calculationn 

involving c1 set'of_c
3

-:volues, E3 r.: 0~ 0,02, 0.04; : .•• 0 •. 10 ·havG b~en 

ob:t.b:t·nt:ll near the fit-s!t barrier peak ~ . .., 0.40,_~~4 .. 0.04), at tho 

secondary minirrun (..s_·· 0.63,·.£4· = 0.07)' and at the secondary poak 

[.,s .. 0. 85, .. ~4 "' 0. 12) • All these points indicate stability tot-:ards c~-
. . ' ~-

distortions. Ha.vewer, the stability is decreasing w_iUi distortion. · 

Furlhemrorn, only slightly rerovod from the. second peak at· ···[£.. .. 0.85, 

.. · 

ttl .. 0.16) -.· there occurs an £.3 instability particJf~rly fo.r. tha li13hter-.. 
" ·~ 

actinides, The investi~ation is boing.continuod. 

·' 
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0. BARRIER PEN}~1'HATION MiD MlCHOSCOPIC THEOHY 

Ol" 'fHF. F'IGSJ:ON PROCESS 

A problem. of foremost importance in connection \oli th the stability 

of a nucle~s against spontaneous fission is that of' the d,ynnmica.l inertinl 
. 

mass associated with the penetration of the fission barrier. 

!Jet us assume for the moment that the :problem is one-dim0nsiom1.l 

and that -f_·~s the relevant co-ort.lina.te. According to the simple 

. \olKB theory the pro~ability ·for the penetration of a. bnl.·rier Js giv~n by 

the expression 

p de -2.:/~' 
E' 

exp( -K) · 1 exp 

-
where B is the inertial mass associate¢!. 'rrith fissi~n, ~is the .. 

ini tinl excitation enere-,.y of the nucleus towards fi~sion, and Ji(~d . 

represents the barrie1· as obtained from a potpntia.l energy surface 

considered in the previous section. There exists an improved expression., 
~J_g_._exhitJi tp.P_]._!l, 4 ) 
~ •. •. 3 as · ,. . · P. 0. l<'roman and N. Froman : 

p == 
-1 (1 + e:xp K) 

This differs. from .the one a.bove mninly for small K values, i.e. for 

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

E is equal to the top of the barrler, the proba.bli~tY' for penetre.tion 
t '! ' .. 

is 0.5.· In our calculations below '1-Te con:;ider only very small ~ 

values for spontaneous fission, so 'YIC use the previou~ expression,· which 

should be adequate. In ,the i11tegra.l above, ·if .!_ is dimE-nsionless 
,.. 
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· .as in our calculations~ ·]_ i\'fill have. ~.he dimension of a moment of 

inertia.· Thus if we s~ale the nuclear system simply B:ccox:-ding to its .. 

.mass number, then.!. woul<i':b~ ;roportional to 'j!/3~ .Th~s sc~ling··. 
effect can ·b.c taken out by eonsiderirg.the quantity JlA -5/3. · . 

. . ..... 
The quantity P is the probabili t.y of penetration through the . · ....... 

'b~rricr for a given i•assa.ult" towards fission. The• number of assaults, · 

n, on .the barrier per second is u'sua.l.ly eqtiated. to the 'frequency of .-
the beta-vibrational motion at the equilibrium point.· Setting . . . 

E_ =.lo
20·38 · corresponds to a vibrational fr.equency of -!~ib. ~ 1 MeV. 

We have. thus the half life given.by 
. I 

£n 2 1 = lo20 ·,5!~ exp K (seconds.) p -· n 

The probability' of penetration through a parabOlic barrier: of. 

height s above the energy minimum arid ·with.a curvature d has been. 
~ . . .. .,...__,_, 

. de~lved. exactly by Hill. and '\'fueeler ~ 4 ). rTe can obtain the same result 

by us in g. Froman ·and FrO'tnan' s express ion for 2:. '\'lith :11.r· = \l{.sj /'iJ 
one finds for K: -

., 

K 2lf__{s .. E) 
= w -l'l~r -· 

:Hence.<·:·~··,:·;.tbe Hi~l. Wheeler e'Wression:is obtained:·. .. 

p = [ l + exp(ad~; E)) r., 
.· 

. : 

'I 
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trom 'the d.ependence of the penetrah5.li ty on· E, not only S ·ou.t al!lo 
I ..,_ . ..._..... 

an average :l£!!r . is experimentally £l.ccessihle •. Emp:i.rical ·anuJ.yais 

gives s as droppinG :from 8 to h MeV when I• goes front 230 to 2)0. - · -~£3ti!J8en) · · 
t.::2f \-Joro found'"' ... . ,-·r 300-ltOO Arid varioua empirical values of KcV. 

f As all such experimental ano.lyds is bencd 011 the assuwpt:i.on of a. 

onc-humpe~ barrier and not one 'rli th t•,1o-hu.t11pr. (Hhich. should be the 

( case in this region of A) • · these estimates "'ill have to be re-evaluated. 

In the prelimiryary discus:.don fl.bove we us('d __ a. one-d:tmcnsional 

description e.nd furthermore the inertial para"!leter H en t£:red. as a -· 
. completely phenornenologica.l quantity. However, an e;;tim&.tc of this . 

. ' 

parameter may be obtained from the tolc:ror.copic trent.ment of the nuclear. 

fission pro6ess3). Th~·dctailed calculations of· B are the subject·. 

4·-) 
of a sepo.ratc paper ::> • · Here, 'lie shull only briefly dc£cribc the 

method of the calculation and quote the rcain results. 

In the case of o. one-djmensional collective motion the total. 
,, 

ener8Y of the nucleus is expandt!d in terms of the deformation parametc:~· 

£ arid its time dcrivnt~ve c. The inertial pararnetcr · B· 'apnen.rs as - - . ._.(, -
1 •2 . 

a· coefficient in front of the tez·m '2 t, ~'he rc~ulting formula for 

· Il is 
. -~£ -

B~ = ·-
·(~)2 

0( - , 
~ 

;. 

vith 
.. 

=L <~qlli>2 (u'v + v u )2 

.-- !'n ,.t.J.h_-.::!,.J:S._ . 
I 

(E + E )n I 
"-' ,. 

V~.t J!....,, ,g .. --
(where n ·=-- 1 or 3) 
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.Here denotes ,quasiparticle energy equ'al to \j((2..v -~)2 + £/') 1 
..-.. .·, ...... 

( J9J 1!) are matrlx elements· of ·the sinelc:.partfcle quadru.pol~ operator · 

· q == 2r
2 

P
2

, and U 1 V are the coefficients in the ncs trial 'tlt\VC 
-. - ......... ~ ~ .. ... :; 

!\mct:i.on. . I<,inally ~9 .. 
u~ 

is the derivative of tiie total (mat;s) quadru- . 

. pole mom<:nt Q ~tith respect to the deformation part-~rnctcr .fi· 

'l.'he resulting values for the inert:i.o.l parameter are given in 
. . 

Table 4 for hto deformations <. = 0.2 wlth and E = 0.5 

. with !4 = 0.0?.. It rnay be instructive to compare tlw calcula.tcd values . 

of B with those follo\-ring from the asswnpliion of t.he irrotutional 

flow in the U_quid-d.rop picture of the nucleus. ·The corresponding 

· ·formula for the inert:t.al parameter ~irr · has the form 

1 2 
3 E 

It can be concl udcd that the ratio B /B. · ( €) · is of the order of 
- E -J.rr-. . -

· { 6 to 11 ) for large deformations ( e: ::;::: 0. 5) and of the order of 
-~ 

(l1 to.9) around the equilibrium point (at~~ 0.2). 

Apart from ·:the rather· strong ~-dependence of B, it also turns 
. -
·:: .. 

out to be a sensitive quanti t.y with resrJect to the choice- o.f the -pairing 

f<1rce: a 5% change. in 'G · induces roughly a 20% - change )n JL -
The couplin.; ~f the fissloning collective motion to pairing vibration 

I 4G) . 
{see r:ef .. : ·'·.),·which also has been included in our ·calculation, tu:rns .. 
out to be of relatively minor importance. 'l'he change. in the inertial· 

parameter induced bt thin coupling .is usually of thi order of 6 to 15~· 

I. 
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Approxim:1.tc preliminary results seem to indicate that th~ coupling of 

various ~11ultlpole components in the collective motion may have an 

important influence on the effective inertial parameter and consequently 

on the penetrability of the fission barrier. In particula.r; the complete 

dynamical ii1cluslon of the· . .:._4 degi'ce of freedom tends to dlmlnit3h 

the effective inertial parameter 

penetrability of the barrier. 

. , 

B and thus to increase the -

.. 

.. 

..... 
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l ,. 
· 9o . NUCLEAR STABILITIES .. · . 

. .. _ 

' . 
There e,rn three rrain decay processes of .irrportance "in this 

.. 
·. mass region:.spontaneous fission, alpha decay, and. beta decay (or 

electron capture). Alpha decay half lives can be estim3ted from the 

Q-~alues of the process, which are directly dorived fran the massss of: --- . . . . 
parent and daughter nuclei. Similarly by corrparing masses of adjacent· 

. 
. isobars, beta stability can be dete~ined. Since these processes .in-· 

. . 
· . valve only mass differences bet\\1een nuclei one or two units of 1!.. or 

. 1:_ from each otl'wr
1 
their half li fa astin"Gt:i.ons_ will be ~ffe.cted only 

'I . • ' • 

· by. relative errors in the nuclear mess values~ Hence the alpha and 

·beta stabilities can be detennined with reasonably reliability.· For· 
. . . 

the actinide region (Table 5) \'JB ara able to ,T(3produce the eXperim!3n-

tal..9_-valuos of alpha decay to \<Jithin tO .2 MeV ·and beta stablH nuclei 

:are usually verified •. The results for .. lead region are not so satis

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

theorBtical 0-values for alpha decay approach. 0.6 MeV~ This fact - . 
. . . ' 

reflects the in~dequacy _of our calculations to reprodupe the entire 

, shell effects on the nuclear .tn:lsses near tho load ~gion (sec Section 6). 

·.The· estimation of _spontaneous-fission .half iives·, on the other hand, 

.. involves larger. unce;;..tainties as will be discussed in. detail below • 

. ·. 

9,1. SPDNTA~EDUS FISSION HALF LIVES 

In our calculation of spontaneous~fission half lives47 ) .we 
. . . . 

h9ve avoided application of the more complicated dynamic calculations 

. ;- :. 



! . 

.. 

• !' 

-so-
,I 

.. ' 

.. involving the entire.quantumlrrechanical time-dependent problem with 

:several degrees of freedom describing the variation~~n shape •. Instead, 
. . 

We have herernade use of'the one-dimensional ~~8 appro~imation from 

·which the .half life .is given by 

T D 1-028,04 K . exp (years) , ' 

where 
:, 

. . v28 . · , 
K •· ·2 I M2 (\oJ(~ - E) ct,;.... • .• 

.We have thus ·s:fff\t)lified the problem. to a one-rli.men.sional barrier penetra-

·~tio.n problem constructing a path on the energy SUNace by min'1mttz~ng the 

potential energy with. respect to _:4 ·_for each _s ·and then projecting 

this path onto the~ axis. Superficially one might·believe.this to 

underostirrate the path integral, but this. is not micessarily true.· It 

·will d?finitely introduce uncertainties.in the results. Also, as 

.. discussed earlier, the potential barrier thus obtained, ~W, will 

have erTOrs at largo .:...& since .,.,e consider only quadrupole and hexa.;. 

. decapole defortn3tions whereas higher mul tipolrn aro irrportant- at large 

' dis.t6rtions~ This. effect will be especially large for light actinides 

whose barriers extend to rather large distortions.. ·Shell effects will . 
'! • 

have t~eir rrain irrpact near the ground states· ;md w·ill be washed out. at 

larger .distor-tions. Thus any orrorn in ~he shell calculations .will dis

tOrt end not Ju9t·.-laver the entire potential energy· and hence affect· the 
' . 

half~life est~nates. •D'' I• 



~ ' \... ·_.·· 

I • 

( 

.f'-'!'···· 
It ~ ~ ' .. , 

'(IJ.l.•~ 

-51-

Sti 11 \'113 have._ to cr;ms ic!or- tho actinide reg:i.on ag te~ti.nc · rer,1.on 

for the fission half..o.:lifs calculations, end our vonture into the nupor

hoavy region is bused. on the outcomn of the half·· H fe roproduc Hans in 

that rogion. 

f1oasured fission half lives t!lro availnble for Hven-ovun nuclei 

in. the actln:i.do region from z .. go and up .:to z .. 104. - The barrior extends ..... . -
for the 1 ighter of the actinide·_- olr.htmts Jtd> larger distor-'d.ons t~an 

those for which our par-ameterization is. udequato an_d for which calcula-

tions have been coirpleted •. Novor't-.ht=lless we have trr3ated, ~through extra-

polilHons, all tho (31em:mts above 92tJ. The rosults aril pat"t:iculurly 

unreliable for tho li'ghter of those elenx:mts. In Table 6 WE-J l::idtithr~ 

t .. t' 1 B 1 b~ ' d f ' · '-·h . . ' " 45) 1 .f •IODre 1ca -_va ucs <o ... a1ne rom mlcroscop·lc " eory 1n .reT. · ·•:.J; or 

!_n 0.2, ~4 ~ 0.0 and for ~~ p 0.5, ~4 a 0.02, respectively. Assumin3 

_. a linear t .. dependenco of B based on thsso poin.ts WG hnvo _evaluated the - -· 
int.egral K theoretically and semimpidcally using fission half 1 ivcs. 

(A corrocted K-value,. K , i.s obtained sirrply by adding to E the 
- --carr 

error in the equilibrium mass value.) 
lat_l;g_E 

Th'tfrr.ethod ea-ployed. ruflccts an ·c!xhure assurrption that the orror 
. dOOSJ . 

in energy at the oquilibrit.rn poi'tt111ot propap,ate through the- bc.~r-ri~r but 

· ·rs: localized at the' particular equili!Jriur:n polnt. 

As seen from Table 6, a corrparison for the liehter actinides 
" 

between uxperirrental and thoor-eticnl half livos using 0-valur~s fr'om the -. . .I 

· ·microscopic calculations doos not eppcar. ven; succP.ssful. In gcnBral the 

K -value is i1_1 err-or by about 30 - .· 
%, probe:bly n·ostly re-Floctine a thooroticnl · 

.it:·:.:· 

i 
I 

. f· 

l 
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OVlH-estimate o·F the pm:ond bnrr·!.or-. As p 
··' 

--~· t ' . . tl tt · · d I · · ··.: .., ]·,.. ,~,~.. .. •·•r•~~-1· 1 • · ttccotu:tng o r.ncroncop1c ·1eor'Y
1 

10 s~:H .. on 1U\TP Cdr r~ e., a .d t.~ ,, ~··~, • '".' • 

. . 

On the other· hand, fa~ the he<lVier· .:lctinides, vJhen:.1 the second 
'--~ss neglig.ii.Jl~ · · . · . · 

hunp is) ' · ·: · ·r.-trtc half lives are roproducsd sa:'.:isfcctod.ly crdPH? 

basis of microscopic- .E:·v,"Jluns, 

To ~:mtirrnte fission holf lives in UH~ supi:!rhe-:wy region \•:e h,:,ve 

d t:. • • 't'- . 1 1 +. f - ~S) ' rra B w.~e of bo ·h nncroscop::.c• tteory ca c.u .:L::.on~~ rom ro·l ; :::: ·! per-

fanned for· nuclei near f\ =.: 3f)(l and of tw:J se;-n:i.r.1:p:i.rical val\ms of n ..... 

, dntonnined in the c1ctinide rozion nnd e~trnpoJ.ntod intr., the suprrrli~~<::'.:y. 

region. Due to the infmrent uncert.uini:y in. tho Sl!p0d1qcvy f'f·!G,l0(1 \~·n 

. _c: ~-
have bonn content \·lith just usinr, un(;t avc:rnpp value of ._Qf\ .), .J fur t~•e 
--~~-~~ -~9E.!:~,~---~P.r9~~ti~·tr:&-~-h~ -~ ~~!~~ ~.~~ _ ':0.1 ~~:::~~-/:'£. f ::2 1.?.~J : . -- . 
enL.H'e supeme<~vy rcg1onr. In tno ~3Cir(Wt!t'lr'1Cu1 cc:;i:ie Y-:e hnvs .:~r·;::;u:-r·cr.i 

that -5/3 
OA --

(VIe have f;ltb:upted to study the f.!!rpiri cal deptmdonc6_ of 
• --

from cmaly:.;is of ropidc<'ll half liVE!s) on saddle po.int .uhopen in the 

actinide r-egion by ·plotting ag.·li.nst the fisr.i_lity pon::.rld:er· z:.. und 

also aeainst the n•eun location of the tJ.:;n'iet' clonr. ... S:~ axis. In b<:..d:.~; 

CtJscs no s in-ple trends were dbcerned.) 

Several methods ar-e used l:o estirrBte Tho fin•t :i.s 

based on the micr0!3r.opic theory. T!lrtnB calcul;;1tions a_rl~, o'f cuurso. 

porfonr.cd for the elr.Jments in q~.tes tinn. Frorn the imtr-ti ::~1 r.:-":l::'.'F;:~tr:r' .. . 

.. 

. . 

. .;1 
~\-·· 
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stra.ight vertical line 

·1.. = 114,. .tn!. against 

53 

.:-:·;.'· 

in Fig. 22, whore \>/e have 'piottod,for I.~ .110. and·. 

(~A·~ /t.~) f. The slope is ~ ~-Scwc,~ j -£ ).td~ '·A~ 
· where. tho excitation cr1crgy E is taken. as 0. 5 ·J1oV correspondj.ng to the 

. . ' --
, aver~go of the !:!assault'' enorgy of vibration, as discussed i.n the last 

. . ' . . . . . . -5/3 
secbon·. A second nsbmato of. ]~ l.s rrodc saninrrpirically by using 

the baiTiers for the uctinides obtained from our calculations and requiring 

these to give the correct e~peri.rr:Bobal half lives. These values .of 13~-S/~ · · 
. 

are fCiund to cluster within ~30?o limits abm.tt .a· m8an Vulue which is 

: ·.·.also shown in the fi.gure. A third est:i.rnate is. abo arpiric.al and is due to: 

·.Moretto and Sw:iatec,ld.48 ). Thes~.·a~th'6'A~fiquid-drop barl~ier,s ~dified .by 

Myers-Swiatecki shel+ correctio.n term 11 ). and "'ith the ground state rfl<lssos . 

and liquid-d::up barriers adjusted to experimental values for each nucle.l.do. 

Thoy are able to estimate the mean. value of r£),rC513 for- the actinid6s \-J:i.th 

only a 10 % spread:. It \'las found that all of these throe estirT'ates lie 

Within 30 % Of each other, and .·in our estimation of· sponb:1T1Eo'OUS fission 

hal { livus wo have taken tho avenJgo value of tho three est.5Jretes. It 

. , should bB pointed o~t here that this value is rrO!'e thun ceven tJrres the 

irrotationr'3l liquid~~rop value·, which latter shoul.ci bn com~idered only as 

an extreme lower lin~it. This ratio, sevon, turns out. to be ·sornL'\>Jhat la~er- · 
\ 

that.t the correspondinr, rc::ttio for the rotationul rrrJr:nent of inertia for 

doformod nuclei Dnd alsci l.:!t)10r tharr ttnJ rat:i.o·~ for the qu~dr'\Jpoln vibrc1-

tional I'J)i)ss. .. 
Tho spontan~ous~fission ~nlf lives of the superhe;avy nucloi arB 

. ~ 

discussed in the next subsection. The half .lives for tho actinidrm ·ar1~ 

,. 
I 
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... 

represented in Tabla 5 (intcontr-ast to Table.'6)based ·on ono sin~lo 
. ' -5/3 
adjusted .value of OA as the ratio in pO'.·Jers of ten of the expori---
mental to theoretical values. There appears to.be a syst~retic under

estirmte of half lives on the neutron-poor side and an overosti~TBtion 

on the neutron-rich sida. A readjustrrt?.nt. of. the liquid-drop parameters 

with ~ndependont. volume and surface symrotry en'ergy cocfficiertts,. as 

suggested before 
1
rrDy be ~ble to take care of this systrrnatic dlscre_-

,pancy. 

Some atta-flJts are being nude to oxploro any possible irrpro'l.lrrcnts 

·' of our present nathod • These Dro further discussed in ref. ~~~. i . 

9.2. ISLANDS OF STADILITY IN rrlE SLPERHEAVY REGION·,· 

':;-._ Tho stability against alpha and bola dcc'2!y as wall as spontaneous 
:.. . ~ ·~ .. ~ 

fission"t has been \IJorkod out -for nucle). in the vicinity cf l:_ • 114 ond 

N .. 184. Tho results ore tabulated in Taqle 7, Nhich is Stffrm.:1rizml ln -
the. half li-te. contours of F:i.g. 23. 

'· 

. , 
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'•. 
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Some general features of thls fig\tre may be po1.ntcd out. The 

longest fission ha.lf-~ivcs center rather symmetrically ll.l'\)und 

..!!. :~ 181•). It must be, emphasized her•: that ,any stability ngai.nst 

spontaneous fission it~ this ·region is due to the ~·x'tra blndins rcoult:i.ng 

' ; ,98 
from the shell effect so i.hat as one goes away from· c.. 1111, the flssion 

:t •• 

half-lives decrease rapidly. vllthout the shell e~fe_ct, the alphe. ho.lf~ 

lives depend on the inclination of the.£!! =fE: :}.itl.e (which is the 

direction of alpha decay) l>ri th respect to the d:i.re<;:tion of the beta 

stability valley. The shell effect e~~sent.ially inyreanea the alpha 

halfplives for nuclei with Z < llh and N < 18ll and decreases thone - . -
for nuclei Z > 111~ and N > 184. It also cv.uses .the kink sho"m. · 

The great uncertatnty o.ssocitttcd '\ot:i.th· the number~ obtained mtist 

be emphasized. First of all there :l.s the uncertainty of the extrll:pola-

•.. tion of the shell model po ter1t ial to· e.n unkno.,.m ffi'l!? .s . rce;ion .· Furth errr,·::!r'·, .· . .::· . . . ,. 

a deviation of 30~t in the estimate of the inertia. parameter B . -
corrcspondt> roughly to a facto1' of 106 

.. 
in the sp.ortta.neous fission .. 

; half-lives, while a 1 MeV deviation in alpha cnerrJ corrcspondG to a 

facto'r 106 difference in alpha half-lives. An under-c:::;timat.e or n 

gi.ven nuclear mass due to a local shell effect lends'normally to an 

I 

ovex·cstimate of the fi~:sj_on half-life. On the otb;;:r hand, t,hc ex·ror 
..! 

I 

in alpha· energy is comp.arati vely small... For the actinide 1·egic•n (wher~ 

·we do not hav·c the uncertainty due to ext:r~polation .O.r p~rame.ter~, 

Table 5, our alpha· energlc~~ are wi thln 5% of the cxp,e~:i.mental vn.lues 

.corresponding to half-l:i.ves 1.1grc-eing withln o. fn~tor_.of. -ten 1 but o'l.:r 

flssion half-lives for some :i.sotopc·s can be t~rong by ~ fo.ct.or a:; large 

as either way. 

( ·~ , .. , I 
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All·these Jhccrtainties. rno.y move· th~ coli tours of hal1'-li vcs in 
. . . - . -~ . . . . . . 

· Fig,' 23, .. but the general pattern r;hould rema.in the. same as long a_s 
. ·. . . (. . .. 

' . • • • j ~ . • .• ., ' . . 

z = 114, ll = 184 is· a well ... dcvclopeC:. rna.gic t1ucJ..eut,;.' · Thus, the main ..... -"'-' ' . 
il 

use of the figure is as a gu:l.d,e ln the search fqr:l relntiv('ly long-11 ved 

nuclei in this region. 
~ l 

I 

SURVIVING SUPERHF.AVY EI£MENTS 
1: 

.. 

Apply:l.ng a "surviyal-of-the-f.ittest" te"st with respect to 

. ' 
:fiss:1.on, alpha. decay, and;, beta decay in the. a.bov?. region and taking the 

·calculated nurobe:rs p.t thelr face value, one end~ 'lip .with ~ po~sible 

~arididatc f~r survi~a.l in earthly matte~, namely . 294ll01 which hu.s a 
. · · 8 · ~ue ~ · 

·• total half life of ~bout 10 years. Houevcr:;'ltrw uncertainty of our 
·· \..!111!3 out · 

numbers as discussed above,· wo cannot-·.Y tha~ 1 in·rrf:ead, a nucleus close-

by may ·have a bctte:r chance of survivB.l. .· ... 

Self-consie:tent field calcul£~t:i.ons of th€ .electronic config11ra

tions50,5l) indicate that the clemtmts ,;ith even· : Z from 106 up to 

116 have chemical propertieG similar to th~se o~ ·w, Os, ·rt, H~, 

.· 
'· .. · 

So these ~n..1J?er.he~wy c·lcmcnts, Pb, and Po, respectively (Fig. 2f). 
!l . ' .. · . . 

if they occur in na.~;ur~ 1 :na.y be fDlmd· in ores of; t!Jeir resp('ctive 
I * ' . . 

chemical homologue-s •· However if the 'total half-lire· fails below 
. 8 ;; . . . 

• 
1 .,vll-ifficcli~ "' 2 X 10 years, 1he detection in earthly. matter is :beyo_nd the • ~./;J'I ____ __, 

·. 

r.''~ I :. 

,•. 

\ : . 
... .../ 

;, .. ;.(< :·~. 

capttbHi ties of ou:r prese~t tcchniqu.e:;. t 

A question may be asked whether su,ch a l.ong-llved · supcrhcavy 
ll 

element rnC!.y be prod.uced in na.:ture in. the f.irst. place·. 
. t~ 
Th~ indication .: 

iff that such a .superheavy clcr.vmt coul.cl w.ell be f:orrnqd by the. so-called 

··•·· .. 
~·: . : 

.,. 

.. ··•· .. 
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.' ; 

. I 

{ 
I 

. ! 
' • f 

.•.. ! 

. ' 

1 

. ; 

l 

I· 
I 
I 

··I 
l 
! 



' ... 

1: ,, 
'i 

"')6-

r-process52 ) in \-fhich t~. nucleus absorbs a larc;e number of· neutrons very 

' :-$: 
··rapidly and then undergoes succens1.ve beta ~ccnys 1 ending up ltS mnch 

• . . $ 

heavier relatively stable nucleus!" Most very nent'ron. rich inotope~ 

seem to be 

requl:res o. 

sufficiently.fisslon stable for this process, _which also 
l~ 

condition pffhuge neutron fl\}X ~nd very high temperatures. 

This cond.ition may have prevailed at some point· in the history of the 
; 

universe and may a1no 1exist in some massive stars and quasi-stello.r 

. radio obj'ects at this :present time. This at once raises the possibility 
'· . 

of detecting superheavy nuclei in the primary cosmic radiation~ . . . 

Accordine to the most< optim:istic estimates·,. t?e nucle1. of int(•rcst in 

the primary cosmic ra'diation may have been "produced· 105 years e..go, 

j t .. :... .· ........ 

~ 9 ' l-"t.~!~> 
·while elements in the solar system have ·an age of ;.,. 5 X 10 years. If :i(:h' 

. ' ·--.. -- _ ........ - ... ~----· :!. 
we take Fig. 2~ at its face value., -we see that in tl1e stud.y of' the· 

primary cosmic rays, one· might be able to find a f.ew more nuclei whin~ 

:·live loncer than 105 years. . 
I ~Berkel~u.fQiJ · 

. A recent preliminary search .t cleruerrtllO :f.n a platinum· ore) 

. .[,has yielded ne-~~tiv~~~i:ts53}~--~-~~-~ of' ver~ he~lV~- . 

nuclei. in the primary cosmic rays has rtcently bcen·carrlcd out by 
·' .• 

P. H. Fowler, P. B. Price and R. w. Walker·in a balloon exp~riment. 

·' The data are still under analysis. 

· .. ,, ... 
.. .,., 
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10. POS~IBLE EXPERIMENTAL PRODUCTION OF SUPERHF.AVY ·l'nJCIJ'EI 
.I 

10,1. HEAVY ION RF..ACTI:ONS 

~'he he::wiest elements presently produced' (f>·100) arc all 
... 

synthesized by bomba.rdmcnt <;>f target elements of suf.ficiently high 
1 .. . .. 

atomic· number with beams of heavy ions: The hca.;iest ion pl'esently · 

110 
available i~ 18A:, 

..._Sj . 
bt~1t in the future ionre.s .}leavy. as · 92u may be 

accelerated. 

By heavy .. lon reactions one tends to 'reach cl.ements far off on 

the· neutron deficient .side of. the stability line. ·.Thto. is f>O because 
•, 

the stability line bertds more and T!1orc. towards. tlle .neutron-rich side 
,. 

rehi.t:tve to its 5.ni tiri.l 45 °: .diz·ection in the N ~Z·.' mass plnne. Both 
~ . ,. - - . 

•' 
target and projectile are therefore less ncutron-.rich than the center 

. ·' 

of the su:perheavy region <! ::. 1141 N = 184) 1 rtett; to ·"''hich the 
~.. . .. 54) . 

stability line happens' to pass.· Even by the choic'e of very neut:ron-

"'~~ 248 ·,,. .· .. · · · ho 
rich tareets-· 96 Cm and very neutron-rich projc~tiles e.s 1ff-r as in 

. . ~6 

the expt>rir.:ents by ThOf:~IPSOn et al. 55) and Ghiorso et, ,.al. :J ) 

?.ll8c ~~ 281~11.4 + lm .. 96 m + 1 r -) • J 
. ' 

one obtnins only 28'\ll~ whose half life we estim~t;e to be much less 

than· lQ·lO seconds ~d ... beyond the sensitivity. of tl:·e pr~sent. 

cxper:hr:.ental techniques. The unfortunate loss of four Rautrons is 
r: 

necessary to ta..'c~.:: a,ray,,thc excess cncr&,-y .of' the coi:upound nucleus,· This 

results frora. the high' ·,?nergy necc.r;sary to penetrate the Coulor:.b bnrrier 

betwc'en ·the heE:vy ion and the target nucleus. From o~tr calcul~~t:!.ons, 

.. ~ ..... • ..... ·~ . 
' 

.. 
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3081~·4. 
. - l8ll m~y h"'V"' ~,P"jc'r-n~·l·J. "''·rc·n(y ··'·J,o·.l·J ..,., Q, XO .. .I~ ... . .t. , ~~· ~. "''" J tJ l• I (J •.J.I. '-''"'-•..::·· 

n 
7'o make Hd.~ nvcl.P.u~ C>l'':·:> voulclHct:d, fo:r.· c;<.8.!1:pl8 n ._) 

1
N:i. 

· y>:rojectile: 

· ... 
~ .. 

2rJ/.' 
.r.~.:•R. 

8·3 [:.. 

6,, . 
TIT 111 

28'11 

+ 

(Ao nq calculC'!tions ere cr.::T'plGl:cd ~n 

'J:hc nuc:leu.:J 

4n 

+ ••• I> 

or u 

Ho"r::Ner, even if it undergoes ~lpha dcc.a.Jr m· electron ceq: ture .,,.cry 

electron capture to alpha deco.y. B~' s~ccescive elect1~on c::qj~Lur,:? 1Jcf•.:>:t'c 

?lpha dc~G.y 1 the m.11~leu~ may n:chw.J.ly f.~nd up eo1n2:;her·::: .tn Vi.-~ •JlcL"t"i. t~' 

29B
11

• 
. , AU14 • 

... 
. ' 

In such cazc~, one ca.n let the bcr11b::ndment of hl'!!.l.vy .iono 
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In this discussion \\'3 he~a not consi.~~red ~ihether these reac

t/ic~s. bwc o leu·gn ~~nugf:l cross-ssctioti to de.tectablo, Experience in 

the heaviest ilct:trd.da ~~~ion is eamwhat disc~uraging, Thu.a the produc

t:ion5'7) of 20010•i by l:lorr.bax:-c~;ront of 242Pu \-lith 22Ne .has a cross-

~,.0-. 34 2 ~wtTHon of only. r, em • 

·10~2 •. NEUfRON C!PTURE .REACTIONS 
·. ·. 

. . . 
An· alternative way to produce superbeavy nuclei is by means ~f 

. . 
·- •.. . .thn t-~rcnobs·. l!s£W'J nuc1e1 aro oxposed to a high tlux o~ neutrons. Thore 

·-~· ' ... ·. 
' . ~ ,·· ... -; :. 

/:·~;>_. '· 
·:-· ), · .. 

:r·:·.·: 
· ... ... . · ... ..... •, 

·.' ,i. 
··' _:. 

. -·~.. ... .. 

' . •; .. 
>I • 

.-
' ·· .. · .... 

·.'r.'.:. 

•:' ' ' ~' • ' ' ' 1 I 

'is a co:;prjtition be-t~11ae~ (n, ,:t) reactions, If conditions 
P.:: ~ . . . .,; 

·.are: ·~i:rv'ourabJ. a, ~ho: nucloi will capture a large nurrber of neutrons qnd 
~ ' . . 

~~h?!~. b0tn ds-:ay, endlng up as heavy nu.clei of much bigber !:_. \,hich ·in turn 

ur.t.brgo ·thu sarn:J proCE~r;s ~ Eventually· they should reacli the superheavy 

ri':~:i.on, Thlo .pror.ons :J.o lnsntiom:d ·in ths precee1ding section \vhers \\'2 hava 

. . .ccmi10!'Itoo d;out the possi~ility of. such a procss9 ·reaching the. superheavy 

i Tl . ~i ~ J ~. 5'2) f t~ . . t . t ,. 
r9z on. "'B CDnul..;lOnS· . Cr 1l9 ·£-process aro a C:::TpB!'a urn OT 

. ~ . . ( . . 

"~:·~iiipJ:·:~.~·:!">·•t · ~ 5 X 109 °K t".:lq an intf:gratr::d neu.t:ron fluX of - > · :1o2~:-. neutrons .per cm2 .-
. . . ·1:.'5'"' ---· ·-J . . 

·· ·. · Thi cn'dt'{:! ·ti.11~ sc.l-.llo ·is assun1e.::f to be of the order of seconds. Nuclear 

t'~:plosi~~ devices ·hays ·an integ1~at~d flyx o·F· about . 1025 neutrons per err? • 
. · . . . 

· Th~ li.:tte:::" t5ma ~calo is,hcwever, of the order of' microseconds. This process 

th.~J3 .procGc-ds ·oven· further into the neutron-rich r.egion than tho r-. .· . .. . .. 
i'Jf~C0S~j, • This .J::..,.,.;ti:-.J> mGthod he1s also produced fewer heavy elG'T'.anb:i 

' ·. . 

ti·.~;-'~· :=:xpr;~tcd· •. ·Indeed .257Fm is the nucleus ·\oJith the largest Z and 

· · · :· A • r;~JT.!Jsrn U:wt· has b.C:JE.n obtDin£?9?4) ~ In our rrodel we do not expect . .,{..... . '. · .. , . ;:' ' . 

· .. ·· ·. \ 

','. 

'!# , ... 
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258 . 257 
Fm to possess very much shorter half li~ than Fm 256F or m, 

and it presents e eorious thearot:i.cal problem why. heavier nuclei arc 
. ~ 

not produced. Until it is resolved, tho suspi.cion rem:dns that sr1fn9 

cause that blocks the ehrnent-gonoration path connected with nuclear 

"devices" rray also be relevant for r-process path through which super-

heavy elarcnts might be produced. in the universe. 

At the rroment it appears that the most promising \'IBY to produce· 

superhoavy nuclei is still by mecns of heavy-ion roactionst espec5.ally 

when heavier projectiles than the prt1sently oxieting atgon beam be

cora availeble. 

. .. 

I" 
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FOOTim:ms 

d5.s_..~,rtions of n-uclear potential in 

connection wi'..;h- grounc1 state m'lclc·1::; 'have ca.r.lier been 
- . . 14) - . 1 ) 

considci.·ed by S • .J\.E. Johansson· e.nd P. Voge~ 5 , nne". 

·. -...,.. .... "'.,.,ro ... ,..,0 ,, .. ~ ---:· ... v.- .,<..··.J:' .... .;,;.: 
I._, ,. 
\··l: . 

. .· . 

rUstortions by C .. Briha.ge and 

· .. Page 14_·~-: rrovid.cd G. ln corwt£mt, ind~pendent of distortion, the 
·.·c· --·.-

.-·subtracted term corrcop·:mds to e. trivial constant shift 
.··.: ·· . . ·. : .... of the total enorr-;y. · 

. '• .. '•' 
! · .• 

·' : .... ~.:--·\;/::_.·. ::,PRg~· i.6. ·f· :':~As the product S-e ... is ·in(3.~pendent of A (g_:= level 
, o 'oO pOOO .... ,.. o ,•'•,• 0 0 ...... 

. :· ·: .. ~ .. _.;,::. :· :· . 
, :'- ) . tf.,\ ;, !·:: · ' _\, de~si t;r) 1 (\. is _;ro~orticnoJ. to . the cut ·o f'f range assumed: 

~'-~·-·.- · ·: · .. :· .. · .... ~- Requir'in,.;- · b. ~ ~ 2 ue arc le;;.d to the prescription above. 

. ·. 

.. _ .... : 

\ -~ .· .. · : :<~-.. . - 0 ~" ~- . 

:·;:_;'X,,.ee. 19. ''ti. ~:climnnry resui tc of such c~lchlations by J·. Bang and. 
: ••• ~~ ·: 0 ~·. ; 

:~·-:·::{· 
·::~;::··~; 

:' ... < ••• 

:.-~ ; 

• ~·I ';. 

·~ .. ··.·. 

. ..... 
• l ,· 

-->· <::.::i:',:·~:_· ~-A~ StenholLl Jcns~n are reported in Conf'. Int. Symp. Nncl. 

. _:./·~;:·:;_::(Str~,_ Dubno. {1968) 98. The auth.ors fi~d single-particle 

:: ·;-~i/:~~·::::::--:· e-ffects c'~s compared i-rl-t~ a classical·. h~:nogeneous charee 
:· .·.·~:· ... ~:·-.:.' , '• . , ·, • I .. 

·' _. :--:·_.: .. =~.· ~~ ·o:ist~ibutiqn)to be of. order of one Jv!eV. As polarization 

. .-: . .-~:/J·_:'-;. e-ffects (coupling bet,ree~ sheils · 11 a~d ·~ji ±2) are -. '· . -~ .· ... :·. 
·• · ·=_: .··._-~: :JlCglectcd, _they· do l!ot consider their r.esul ts relh.ble 

••• l • ~··:. : • • • • ' • 

'·· . . ' 

· · ·.':~ :-··. · -;:·~- :· .. except for sm..."'.'ll distortions.· ·· 
~: . • •• \. • .I •• ·.: • • • • • •. 

· ··~·Pa~e ·2~--~t . The relation. ~et,.;ccn · !>,. and the conventional co-ordino.te 
.... .. t ••• 

· :·. _-~--·.-_'>::;·_ .. :x.;.._· :J:s given by 
·-.·-:--·.···. ·· .. '. 

· · .-. t3· · · = -\[;;;;(27-- + i)' ·a 
.-: ·: .. -.:··· __ .,.... . __ ..,.,.... ~. 

- .. . 

·. 
··:: 

-· 
: . . --·-\ .. ;~ . . : ; 

. ; . 
I., •!. : • is illustrated . . . ~. . . 

• •• •• ·~ r .: •• 

.. · ... :· .. : in :~':.e. 9· 
"tJ 0 .... , • 
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Page 26 + It is not inimcd.iately obvi.ous that fo1• o. realir::t:i.c nuclcun 

the ~?./} term "'ill behave like the· surface area upon 

dlstortion. Nurnedcnl r.tuclies of nucleons in rectangul.rtrj 

spherical, and cyl:i.ndrical boxcs33) :are consi~'~ent \>Jlth · ·' 

this assurrption. 

·-

Pa.gc 33 + Our calculations of masses are similar to those reported by 

. 'i 

;. + 
Page 3~· ... 

~ . 

P. A. Seeger and R. c. Pc>risho, Los Alamos Scientific 

Laboratory Report, I..A-3'751, 1967, which provided part of 

. · th(.• orj_ginal stimulus for underta.king calculations descd.bed 
.; 

• 
in this section. These authors neglected tho P1 degree of 

:r. ~ 

freedotn and in their fisslon cnlculations represented the 

liquid drop barrier by a cubic :in. e:. Ho'llcver, they allow ..._ . 

fot· an a.djustm~nt of liquid drop· p~trameters. Our inclu:::ion 

·of the Plt degree of freedom appce.rs to improve the mar;.:; 

fit considerabJy. No adjur.>tment of liqu:i.d-drop paramet?rs 

is made in the present paper . 
.... 

.):'' 

The fissility pa'rameter · x · may be defintid as 
. · ... -

X = -
liquid-drop parameters • 

, . ' 
using the l•trers -S"ria tecki 

. . + 
Page 4Z These numbers given nre relevant for the particular case of 

23?u. They are obviously different for .odd~-' odd-odcl or 

even-even caces. For a general discussion·sec·the article 
.· 

: 42) 
.by J .. ynn • 
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+ Pngc SS , . The nr>ontaneoun-fissicm half lives of Bi.lperhcavy nucld 

. ' 

Pnge 55 + 
•' 
.I 

Page ++ 
55 ' 

' J.vr) ' 
were discussed in an carliez: p:lper of ours :i.n colJ.IJ.bcrn .. 

tion wlth Dr. J. Rayford Nix. Since then, various im,prove~ 

mcnts ha.ve been m:-1de :ln the calculations so that we believe . 

the present rcsul t~ t.o be rele.ti vely tnore reliublr.. ~'he 

. 
mat.erinl i.n this as l~ell ns the next stibscct5.on forms the 

major part of n lettcr49) "rritten :i.n collaboration with 

Dr. Stunley G. Thompson . 

We would like. to thnnk Dr. Luciano Moretto for drawing our 
. . 
· attention to thiE; point. 

·, 

\ole a.re grateful to Dr. P. A. Seeger for helpful discu~sions 

of the ;:-process. 

Page SS + Our eDtim1.~te of masses alone the J>rospectivc ,::-l>rocess path 

is, however 1 . sensitive to th.e value £tss\Hncd for the coeffic·· 

ient of the surface' symmetry energy. Conceivably the Vt'l.J.uc 

of thls coefficient, after readjustment of all the l:!.qufd 

drop pa.ram'3ters, might be such e.s to make.the genernUon 

-of superhea.V'J el~mc-nts impossible. 'l'he isotopic tl·cnds of 

actinide fission ha.J.f-lives 1 'Hhich we fail to reproduce 

adequately (Table 5),may be ind:tcative of this. 

+· 
Page 5~. For a more comprehensive review under this heading, sec 

54) 
re-t.~. _.;:. Many of the ideas in this section have been first 

suggested. by Dr. Hlndysle.l-r J. Swie.tecki. 
.. 
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'1·~.--.--~-~------------~~-~~~--~--~ ! • • 

. Z · .. N. . ·A Grounq S·~ate First Hum;J · Isorooric Stab.~· Second Hu:rp 
...:... · - - · . Height Excitntion Height 

·above' g.s. ·above g,s. ebove g.s. 

.; . . . 

.92 

f 
•,· 

.::<{'.-){ . 
··:. 

· .. ,, ... .. · ... · .. 

--
136 

133 

·140 

142 

144 

146 

... £' 
~ 

MeV 

220 .. o.15 ... -o.oo . 3,4 

2~0 .;.:. 0.17 ... :. ~0·~06 :.:. ·~:. 3,6 

232: .. ;··.,0.18·:· -o.os · 4.o· 
. . 

234':.;. ·. 0.195 :· ~0 .05 ·~ . ·. 4,9 

236 · ... : · o. 20 . : -o. os . . 5. 6 

238.:·:~·:· 0.21 .· ..... 0,04 !·:: ::~ 6.1 
•r,, I •. :• 

. 148 · :240 ....... o.23 .:.o.o3 ·: . · 6.8 . 
: . . 

£ MeV ... 

• I 

flat rt.Jgion 

flnt region 

··o.59 o.os ·2,9 

. 0,585 0,05 2,5 

. ·.· ' 0 ~ 605 0. 06 . 
... 

0.60 0.07 
0,64. 0,06• 

2,4 

2,7 . 
3.2 

. . . .~. 

138 . 232··.> .. 0.18: :·.-0.06 .. · ... 3.5. .. 0,65 0.03 . ·1,9 
... ' . ·.· .. 

140 234 .. ,''i .0.19·. -o.os·· ... ·.'4.2 · · · o.64 o.os . 2.1 
~' . 

.. • • '. :·:· • • J 

142 235':::·::;.:_:.·.0,20 ,·: -0.05 · .. :< s.o: ... : .\ 0,61 o.os . : 2.1 
144 .238 .':,'· .. '.0.215·, ·-:-o.o4· .. ·.·. 5,0 .. · .. .:'- · o.so ·o.os · 2,2. 

146 · ·.24a:>·r.:· p.22 ·.r~a.o~:.::.·:·;·~··. 6.5 ~: .··.:· :::, :. o .• 61, 0.07 ..... ~ .. 5 . 

·. 

.... 

148 2·12 ... ;,.:?.0.22~ <~0·?~·.':< . . 6.9 ·.· · · . O.G1 ·. 0,07 ~. 3,0 
·150. 244 .. --.~~.:·.:·:·.'0~23 .. >.'-O~Q2 _:_: .. 7.2,_.·_ .. .- 0,62 0,07 .. 3.6 · · 
152 246· .. :,:·?~·.·0.23 ·;··.~0.01:'• .. ,: 7,3. 0.64 0,06 3i8 

142' 

144 

146 
.. 148 

·(> 

238. 0.~1 ... -0,04 ... :: . 5.1 

240 : .. ··.·o.22~· .. :: ... o.o4··>='·: .. s.o5: 
. ~:~_7}':.~ . . . . :-:·. '.. . . : ~ : .. · : . . 

. 242 ; .. /~0.225 ... ~0.03 ',.; .. 6,7 . 

·244 : :_: 0~23 :< ;..0,02 :.: ::· .. 7.4 
.... 

· ··1so -:·245···:· o.23 ·. ;..o,o-1· .. ··.· 7.6 

152 :. 24a: ... ·· .. :·o.23· . .-.:=·~o.o1 ... :· '. :f.7·. · 
.. . .. 

. 0,63 0,07 .. 1~5 

: .. 0.-61 . 0.07 ·1,65 
t .... 0,60 0,07 . : 

·. 0,615·0,07 

... 0.625'0,07 

o. 65 0,07 . 

2.2 

.2,8 

3.1 

·3.5 

.... £~ ·145 ··244::": .. .-·.: o.22 ·,=;:....o.o3· :·.:·.·· 6.7 .... o.615 o.o7· .1.4 
. ! 148 24[3~:.: .. 0~23···./: -0,02 ......... ·.7.45 .· .·: 0,625''0,07 

•· ... · 
. . 150 

. . 152. 

. . 154 

100· 14(3 

150 

152 

15G 
.. . ....... 

. ·, 
248 ..... '0,23 ..... 0~01 .• ·.·.: 7 .o. 

2so ~.:.':·:.·o.23. · i o.oo/:·::· 8.o·. · 
·:.252.··~·:<o~23s·· .... o·.o1 .~. ·7 •. 9 ·. ··· 

' . . . . ~ '· : . . . . .. 

o.rm. o.o7 
.. 0,695 0,08 . 

0. 705 . 0. 08 . 

248 :_ o.23 ·. · -o.01 . 
. ··'1 .. :·1·:·. . .. : . ,. 

7.7 0.73 o.oo 
250 ·· .. 0.235' .-:0.01 7.9. ... ' . 0.72 .. . 0,08 
2r.:2 ': .. 0 24 . . 0 00 

. :J; .'.:·;._: • ~ ... :, ·.•· .. 

254 "0.24 ... 0,01 . 
.:. . •. . 

8.2 0,72 0,09 

6.1 0,73 0,09. 
' 250· .... 0.235 . 0,02 

... 
. 7.£1 . 0,7·3 o.on 

'', ';. •' I ,' 

. ! .. 

2,0 

2,5 

2.7 
. 2,6 

1~2. 

1. 5 

1. 7 . 

1. 6 

1. 5 

.. 

r1eV 

5.3 

6.1 

7.5 

8,1 . 

8,9 

9.5 
. 10,0'. 

4,2 

5.2 . 

6,2 

7 .o . 
7,6 

7.95 .. 

8.3 

8.3 

4,0 

4.9 

5.5 

6,0 

6.2 . 

6.4 

3,2 

3.75 

4.1 

4.4. 

4,0 

1.8 . 

. 2.1 

2.3 

2.1 

1. 9 

. . 
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I 

Height of Bc:-1ITier 
Nuclous (MeV) 

,.__..._..... . p ••• 

i Th80ret ical I z N A Expt ... --·-- - 1at Hmp 2pd Hr.rrp 
I 

I 92 143 235 5.75 

144 236 5.8 5.6 8.9 

93 145· 23o 6.04 

94 1lt2 236 5.0 6.2 

I 143 237 
I 

1ti-4 238 5.3 5.8 7.0 I . 
145 23!) 5.5 

I 146 240 4.7 6.5 7.6 

I 
147 2111 6,3 

148 242 5.2 6.9 . 7.95 

I 149 243 5.8 

95 143 238 ' :4 
I 

I 1"·4 23!) 

145 240 

14 6 241 5.9 

147 242 6.4 

140 243 

I 149 2·14 (6.2) 

(98 1413 245 7.45 3,75 
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TAOLE 3 
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Exc. Er:wry,y of Sec. Min. 
(MeV) . 

,...,.,.,.,.._._..._ ___ ... ___ w=o . .......... ~ ..Prr1QI 
From From Theory 

~IIIQI thn3sh. 
. ..... · 

rneas-. J ______ 

3 540 

2.4 . 2.4 260 . 
: 

2.1 

2.2 

2.5 2.5 100 

2.1 ' ... 43 
3,0 

3.2 .. 1900 

2.9 ' .. 
.. 

3.2 

2.5 

3.1 ·2.9 900 

. 
.. 

2.5 2.0} .. 

I 

I 

I 

--·--.. , .... -........ ,. 
Fission t I 

j ~ 
Iscmor 

SF 
..l1/2 
(so~) 

-

1. fx10 

<2.10 
-7 

"'10 ~ 

<2,10 

3.10 

4 ,10 

3.10 

5,10 

·s.1o 

2.10 

9 .1r:J 

·1.10 

1.4. 10 

1.10 
, 

'~ r: 0 

i I 

I Ref. J 
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' 

-
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n, b! 
-8 I b I 
-fJ l CJ, bl 

-7 
h 

-I! 
\, ,, 

-6 
b 

1 
-.,: , ~--. ! 

-~ 

!"l 

f. .~.-· . ~J 1' • ·' . , J l ___ . 
L 

j : 
J_. ___ .. .J . 

a. Ha:n-wll Group, AF.RE-~1-2062 e. Euratom· Group: \>feighman 

b. Cpoenhngen Group: Ojornholm et al f. Los Alamos Group: S8cp,er et nl 
c. Sa1ttlo Group: Vandenbosch et al g. Oubnc1 Group .. 
d. Sac lay Group . Expt. Oarrier-s quotmJ fron .Myers ond 

s ... datccki 11) 
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Table 4 I 

I 
! 

\ ......... -.............,. ............. ................... _ ..................................... _...._ .......... ..-..... ............. ._. .................... _._.......;.....,.,.,.. .. ~ 
f '' . c· I ' 

Z . A ""~-~-Q_~_gQ.i.- ... ~~"---~--Q~ __ Q __ ~--
- {;:· .~5.0 rn p~~: ~ ::~l l .. 

- - · »t: -± §Jni;r.rf.) 
( 

I . . _;... L. .rx ..... =-~! i -"'" .. ~ 
t,...,.._,...._~ .............. ~ • .tbot...._, _ _...,._~-"'--'"'1 i ...... ..........-.w......,........ --~-.. - ....... -..... ~tr'P ____ ... __ .Il.ot ........ 

1 __ I_!i.,__ _ ____ ;.3___ -----~-~-----... ' ,~ J 6 ~ t ........... 2_.....,...,. ~~...._ _____ i> .. .,lln• ...... &J \ 

t 
90 228 309.0 5."/br 723.9 6.79 

i, 
( 

I 2JO 266./t- 1~. OG 1ooG.9' 9. 31 t 
2)2 247.7 lhh6 1036.5 9 /r •, l .. ·'y 
2Jl1 271 .Jr. ,,.82 970 .I~ 8.72 

j 
i 

236 '323 .. :3 5.66 . 909.3 8.0G 
! 
I 
l 

' . I 

' 92 230 309.9 5.66 715 .. h 6 .. 62 
232 260.7 1+.70 1015.'7 9.26 
23l~ '>3" 8 /t.22 • 10h9.h 9.1~3 '• 

c. ( c .. 

~ 

236 261.7 h.sa 976.1~ 0 .. 6) 
238 32o.o 5 t;i., • • 1- ~OBe) ? <f•J • J • 

,f/!.':'1/•, 
21~0 365.9 6.22 915.3 7.09 
2./t-2. 305.6 t: "'2 ·' . ;t. f • . 880.5 ?.hG 

94· 232 319.7 5.?6 ?15 .1 6. :;·1 
2Jh 266.5 l~rii> 7'3 1038.6 9. 3l~ 
2.36 21*1.0 ~~~22 10?'/.0 9 .. 5-'~ 
238 266.1 1}.59 995·"1 a.?o 
21~0 330.h 5.62 919 .tv 7.92 
2h2 379.9 6.38 92:3 • IJ ?.U5 
21~/t 311.6 5.16 802.2 7.39 
246 297.?. I~ ct GG 856.1 'I 0° • v 

: 
96 2;38 21~3. 0 . 4619. 1109 .. 2 9.G:J 

2/tO 268.8 . ~~.50. 1010.5 .. G.T/ 
... 242 3JG.o s. 6!~ 9:32.0 '/ .. 92 

.. 2h4 38'1. 5 6.h1 9J3.6 ... /.02 
2h6 .. .315.1. 5o 15 085.1 ?ot~2 

~u~a )02"3 4,EHl 056.) 6.9() 
'-...,../ 250 271 'll} ~~. ~2 7B0~9 6 2'"'-., -V 

·- .... 



98 

100 

,. 

102 
,•' 

·1o4·-

106 

*·· 

_ _; 

21~1· 

2h6 
21~0 

250 

252 
25h 

2h8 

2!>0 
252 
25h 
.2:16 
250 

252 
254 
256 
250 

256 
258 

260 
262 

258 
260 

262 

264 

.. 
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Table .4 contlnued 

353.6 
400.1 
JJ1.9 
.:321.8 
:28!3. 6 .. 

:no. 2 

1~49 .1 
360.2 
361.7 
327t)1 
1~15.0 .. 
h95.1 

331.2 
321.7 
279.? 
373.9 

33lhO 
289.6 
.387. 2 
/~?3.1 

402.9 
361.2 
h59.o 
!)L~h.4. 

h. 53 
!).,?3 

7 .2lt 

5.85 
5.68 
5.06 
G.36 
?.h? 

s.~'.o 

lt-98 

5.10 

''· 36. 
s. '/7 
6.96 

6.08 

5.38 
G. 75 
7.90 

.~ 
... 

981.1 
977.9 
918.1 

B8Jo5 . 
. 796.9 

. ! 

839.1 

983.3 
912.? 

. 872.6 

7'78.2 
. 619.6 

796.9 

917.3 
880 .. 0 
706.9 
027.9 

958.6 
865.1 . 
907~0 

879.0 

1055.3 
960.1 

100/~. 0 

970 •• 2 

0 .. 22 

0 .. 09 
'1.1~9 
'7 ,, 1 . •· 
6 '"':! 

•• ~ ,.1 

8.02 

7."35 
6.93 
6.10 
6. 31~ 
6.09 

r/.29 
6 .. 90 

. 6.09 
6.32 

'l./i2 
6.61 
6.[!..1} 

6.54 

o.oG 
?.21} 

7 ·'~7 
7.13 l 
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138 . . t4o.. · :;itz · ·· · 144 - l1o - . . . ~~8 · .. .·;so: 

~~V21 ·.·.·r~·~-I, .. · .. ,··· ;;>~: .. o Q-~[ti_T_J_.------ .. 
L 

. ~ . ' : . 
. . ' ,· :. I,.· . • J.: >:··· , . 

,.· ... ,·:: 170 . .3~ 72.6~ 
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i98 -
I~ · ~_:__~~~~t~-r-, 

'~ . 
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9~ <}6 l<O 101' 
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' 
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~ lC<O ~!.,:) 

10) l"}~ ;;:.o 
10:• 9.-o ~~ 

10} ' ~10 }<O 

M n-1 ,:,o 

91 lOZ ;no 

9:! ~0 }):> 

91 lr.'O }J.o 

en ~~, '~ 
61 led~ no 
8< ?,., , ... , 
6} 9!0 }~>0 
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· FIGURE Cf,PTIONS 

. 
FS.g. · .1, :. Nucle~r shepes in th!J plurH3 of the dofonret:ion parem8ters £_ .:md 

.. : 

. ·· . 
1\ sphere corrosponds to ..! "' 0 nnd ~ n 0 I . Sph'e~ids have tholr . 'J:L1 a D ~ . 

. .. ·. Fir.;. :2a. Si.ngl!':l-proton levels. 150 <A <.165; ~ .. 0,0637,.!!"' 0.600, ..£4 t2 ·-0.04. 

: 2b. Single-neutron le\ials 150 < A < .165; ~ ... 0.0537 ,J!..•"" 0.42Q, ~ c -O.G4 •. 

, : :_, 2c~ ·. S:inr;le-;:>Z-oton .levc.;ls 175 < ~ <-.190; .. ! a o.0620:,i!_ ... 0.614, .!:4 "' o.0-1. 

<:2d. S:tr.gle-.neutrcn lsv~ls 175 <~ < 190;_~ a 0.063S.,...t.l·n 0.393,~ "'O,C4. 

·.:·.· .2'.1. Sinzle-nroton levnls .. 220 < ;\ < 240; -'~ "" 0.0580, _u ". · 0.639 t .. -0.04. 
- 1 • I ••"'1-

;. f: .. 2·F •... Single-r.G:J'crcn levels 220 ·<lL < 240;_.! c b.?B35,·J.t .. 0.346, . .£4 ~ -0.04. . 

lev,s~~.2~~-·-~ < 7.60: ~ ~-o •. ~s6n~ P • o.€55'.~~4 ~ 0:01. \! _ 

I 

' '. 1 . ....._....,_~-:-~-- --·-···-···~::-:.·=.:-:.:· ·_.· ... _-·--------· ___ .. -.. - .. ~-- .. ··.--:--~-· ··-=-·;.·~·~~-, ... _ .. ·r 
.. :· . ........ · .. ::.~·:::~~2h'~\~~·Sinzlo-·mmtron .. lcv'els 250 ~ A'< 260; ·.~ ct o~·os35;jf n OaO!t(, .:~~ a ·'O.i04.>. I 

··:.·"tf}'~·i:;.-:·::· .. Single-proton levels .8_ ~ 2;;; . .r. .. o.~534~ "~ ... o.ess, ~ .~ o. t . . ' ! 

Single-neutrott ,18velr~ A ~ 293;:.. ~ ::., 0'~063·~~ u "' 0.253,_£, .Q 0. 
- ~. ...._.._ 'i' 

.· .. , 21'• ~··~ S.ingle .. pr-oton levels valid for ·first hurrp end secondr.:1y mitdrr.~, . ...:~ .. 

:.:- ;-· . ·. ......... .:·.j·~~·242, .is .. 0.0577, J!. .. 0.650, ~~4 a ·a.b4. 

·.·.: · .··.) t 21 .. ~ ·. :· Sinzle~neut~n levels va1i.d -For first· huTp nnd secondary min:!rr.w.,' 
• .. •• •• • -::::( •• •• • • • • • • 0 • • • 

... . . ·:.· ~ ~ 2·~-2,· .~ = o.o53·s, . .1!. t: o.325, ~ .. ·a.o4. 
. . . 

F'-~·.· Sa~·.:·· Singlo~proton loyal diagran for sp.herical pctentiCJl:• Pcn"tlmecers a:t"'(? 
. . ·.·· 

. :~ ~·:: .' _-
fittG-d to reproduce obsorve? de-form2d sir:glo.:.particlo level order- at: 

.. :-::· 

. ~·: · !!_. z .. 165 and 242. Level orcbr at ~ ": 208, 290 · is axt'rapolated 

.. 
: .::.<.linc~rly.· E. Rost' s predicte~ level on:ler21 ) for A ~ 29~ is exhibitr:~d . · 

. .. ·. 

. .,; .. ;~b I f,n . .:J1cgous to Fig.· 3a, va~ id for neutrons • .· . ....... 
: ~ . ; ..... : .. 
· .... · 

···. '• 
'·.;,·_ ·. ··: · . 

• • 
', . 

. . 
. . , :-

.. ·, • 0 
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-rig. 4a. Empirical odd-Z-.even-cvcm rnass differences. compared with 

theoretical l::l fn ro.rc earth reg:i.on . 
. -P 

."4b. l~mpirica.l odd-N-cven-evcn mass differences ~ornpared with 

Fig. 5· 

Fig. 6. 

Fig. 7• 

theoretical fin in rare-earth region. 

Plot of· ratios. of' calculated A and l.~.p fo:t• the case . 
G ~ S and for the case G = cons·t. The t\to .9_-funcU.ons - -
are norro.!llized at !!:.. ~ 0.2). It is found that, apart from 

fluctu::~otions, dl\C to level density variations, D._ varies· 

roughly as 3 s 

· \'rc ·also exhibit for comparison a curve corres:pond.:i.ng to 

-~ ::ll2 
I the .t.(S) d.ependcncc suggested by the "sla'b model" of 

......... -· 
. f 25) 

re ·• • 

Effect of various terms in total energy as a function of 

deformation. Long-dashed curve n1arks simple sum of single-

part.icle cncrgic:; 1 for dotted cux·ve Coulomb energy is ndderl, 

for dot-dD.Ghed curve also pairin~ (Q ;:;;; .§) is 1ncluded1 ior 

short~da.shed curve the Strutins'lr..y normalization is applied. 

In all these cases it is asswned that .£4 =· 0. J:n the last 

case (soli.d. curve) also the effect of the ~.-degree of 

freedom is included. 

Gnp parameters (left scale) und totnl pairin~ energy (richt 

'scale) a5 i\mctlons of distortion € for the t'-ro caset. th:.;.t. 
: "" ..,..,. . :, .. 

G is constant and Umt G is propor·tiorml..' to the surfr.~cc 

area. 
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. 
Fig. ···:a.· Errpirical rare earth ~-values (filled ci.roleof·obtaim~ th~"'ueh 

: 20) . 
tho analysis of rof.- conpared to the prer.mnt 6ulculations bufcr:J 

the) inclusion of thfJ Strutinsky nonnaHzation~ The off'ect of the 

latter is less than 0,01 ':i.n m':!gnHude. Note that in tho calbula-

tions coupling beh·Jeen sh.ells N and N t.4 .are negloctod. 
; -- -...... I 

• , 

F:J.tt. 9. Relation beh!Sen coordinabJs !.' .!4 and · 11.2, ~4 • Note th.::~t the 

pure spheroid shape contains some ,14 · (and in .addition _!3 6 etc. · 

not shown in fj.gure). • , 

· Fig.1tb~ Equilibrium distortion in the _p2-l4-plnne of a fr.w rt:presentative 

nuclei in the actinide region. Case a gives pure w:i.thin shtdl 

·~ingle-particle values, case b displays the effect of the .added· 

Coulorrb energy, case c rrerks the additional effect of pairing \vhile 

in case d also polarisation is included, 

10b. EquiHbrium ~ :distortions for nuclei in tho actinide regipn for 

·the four different cases given in Fig.10e. 

Fig. 11; Same as Fig.· B for equilibrium _p 6-values in rare earth regibn. 

Errors in OTpirical ! 6-valuiJs are at least 0.02. lheomtical ~6 :'" 

values are sensi~ivo to polal"'izations due to coupl:tngn betwa~n shells 

N -+ N t 4 not presently in~luded·. 

Fig. 12a. Equilibrium (~, s4l-values in the rare earth region as of present 

calculations ( Strutinsky normalization ··included). 

12b. Eq'uil).bri~.Jm (_E, ~)-values in actinide region;·· 
~ . 

Fig. 13. Sum of singJ.e-patticle, pair:i.ng and Coulomb enef'8ios witf]£_ut 

~~r:t!tinsk~-~~li7.at~~ as function of .!,.!:4 • At lar£e distor-

.. · tions the energy ultim1tely rises be~ond + ·15 .r1cV (limit -for plot). 

•· 
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· .Fig.· J)J, · 

_:81-

.. 

..... · , ... ~ .. , ·: ·_sl~ell corrections evaluated by the Strutinsky 

method as g. function of the shell":'smearing parameter . .!. 
. 242_ 

· for ·case of neutrons of ·PU. Energies corresponding to 

·. three different distortions are considered . tor· 

..!. ~ ·1.2 h~0 ~t is obvious that· W:i.th fourth~ or better, 

sixth~order co,rrection terms included there is·very 

satisfactory stability "rith respect to the choice of 

· _Flg. 15.•·' .. ·.same as Fig. 14, but for.neutrons of. 
208Pb~ . . .. . 

r. -
. ·~~:g. ·16. (:_.Experimental. and theoretical mass v~J.ues· for ·150 < f::. < 3/::0 

. .. . __ : . · ·:_: plotted .rela.ti ve to the spherical liquid drop value ~.s of 
t .. • : . . • 

,• .. · . .'-.~·:· . . . . .··: ;.~,~--·.: :··~r ,1_1l. 
. ·. .. . .... · ... · 

. .. Fig~. 17e.·• . Total-energy· surface in . TL· ~~) plane for '•25~m after 
. .. . . ·: .. -t . :. ' . . 

., .·::. .··.:;: .. ' ep;~iication of the Strutinsk-y normalization. This fiaure. · . 
. ,··: · .. 

· ·.,. co::~rcs:s>onds to a somewhat earlier ce.lculation and err>_ployn. . .. , 
·, · .. "· . . 

·.· Q. $:: const and a cliffer.ent pairii'lg cut-off than described. 

in _.the present po.per.. . Hqre recent calculations are 

.exhibited in Jt~ig~. 20, . . 
· ' · _l'fb • :. S.9.tr.e as Fig. 17fl~ valid for 290114. .. ..·. 

Fig_. 18s./ · tiqtl.id-drop e~ergy surface for 252}m. 

, ·. ·18b~ ·: .. Liquid-drop en.ergy surface for 29°.il4 • 

.. , ~ . ; . : 

Shell and :pairing energy contributions· for · 252Pm. 'For 

further details see Fig. 17fl .• 

l.9b •. ·.Same as Fig. 19a for 29°114 • .. 
· · ... Fig •. ~oa·~ · Tot.D.l ·energy ·minimized \,". r. t. .,:4 for each· e as function 

. . .. . 

-
9f. ~ for isotopE'!s of · 92u. Dashed curve corresponds to . 

••• ·' >' 

!/..--~-:· .. 
··.Ct.~:!..• < .. ::,_,..,_._ .. .' 
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G set constant. while the solid. 'line is based on assumption 

tha. t, G is proportion~~l to the nuclear surftl.CG area • 

. 20b. Srune as I<,ie. poa for isotopes of . 91lu· 

20<~. Same as Fig. 20a for isotopes of 96cm. 

20d-. Same as Fig. f.Oa. for isotopes of 
98

cr. 

20e, Same a.s tig. 20a. for isotopes of 100Fin. The extra dot-

~6 . 
dashed curve added for J Fm represents ·the new total 

encrcrv for the case G "' S when -the nuclear potent1nl l:N' _,-v_ 

parameters &re modified from those relevant for A ; 2q~ 

to .J> - 265. As can be seen the barrier change j_s actually 

very small. 

2ot: Surue as Fig. 20a. for isotopes of 10~o •. 
20e;~ Same as I<'ig. 20a for isotopes of Z = 104. 

~Oh. Sru11e a.s F:i.g. 20a for isotopes of Z = 106. 

20i. Same as li':i.e. 20a for isotopes of . ..z = 108. 

20j. Same ns l"lg. 20u for :i.f;otopes of Z = 110 • 
• 

20k. Same as Fi8. 2Do. for isotopes of .z. = 112. 

2.0.e. 
20m. 

Fig. 21. 

Same a.s I<':i.B. ~~On for isotones of Z :: llh. 
The t\',10-peak barrier as a function-of neutron nurrbBr for Z • !12-"iOCl. 

. J>oten tial energy ruinlmi zed with · recpect to_ .!E4 . as a fu!l'C1:i.on 

of c for various nuclei to lllustrate thQ '·efi'ect of shell -
structure on a liquid drop background. ~'he broken curve3 

correspond to 1iqtlid dr·op fission barriers. The solid curves 

' are the barrier e.ftcr inclus:l.on of shell and pairing 

effects. 
.. 
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... Fig~ 22. Spontaneous fiss:i.onhalf lives_ of .I., 114 ·_and. 11Q is-otc)pcni 
.-.-... 

' . 

' 
Fig. 23. 

as func·tions of tht:J_ inertial param€!ter · ~ ... for b:arrier penelr::1tion. 

Thnm estimates of ]. 
,_ 

m·e g i von • For further explanations, sec 

text. 

Con~:ours of theoretical half-lives in the vic,inity ·of J. " 114 an(!.· 

·'Jt= 184. The thick dark lines are contours of sp~ntaneous fiRsic.:1 

half-lives. The broken lines are contour-s of alpha half-lives • 
._nuclei, 

Beta stabf(j'"aro shaded. 
_-, 

.. 
F:f.g~ 24. Periodic Table exhibiting predicted location& of ne-vt ele:rnents • 

. _,,_· 
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....... Tf\BLE CAPTIONS ·. 
TeblA 1.··:. Values of ..!S... and .E.. t.Tr'ployed in the· single-particle calculation.·; 

.·.: co!Tflsponrling _to differsnt regions of mass along the beta-stability 

.. Tha fir3t· column denotes the rrass of the c::en~er of each 
. I • 

· · · li.ne. 
. . . 

Tsgion. 

Tatil.e 2._ C3J.culab3d prop8rties of the t\';n-hurrpEd spontaneous fission barriers 
...... ·-: 

.. 
,, .. 

. .... 
f ••• 

::'and sh~;.J9 it~cmsrs fr.mn potential energy .surfaces of the actinides • 

·. ThB dsfor!Th.'1tion~ of tho ground state and isomeric state are 15.sted. · . : . . . . . 

·, ·~ . . 
· · m3r-in steto ~ro g5.ven in ~1eV above the ground state. I!tl ·is assumed 

· vibret:i.onal: .'. . ~:::..;.::;,:;:..:..:=.;:.~ 

. .,:;._:._ thGt {:ha zoro-pointl ene!-gies of the ground state and h;omeric state 

.': . · · ·. ·· . >.::·;::.;:·::-·_/;:':. oro cqu."JL 
:· · .. ·~ ...... · .· .. :_~;:: :: . . , ... 

· . T ctl 1.~ · j o . • Expsr:hn:;mtn 1 p!'Opert:tc~ o·f shape isomeric states • The first group 
....... 

:••' ·:· ... · 
·:;·:(;·· .. ·.:.:·:·:;·of colu11ns 1.dGn)r.ifiss the nucleus. The second group gives the 

::·; ,, ~ ·. / 

~<~:·: </>,:./ exparimai'Jtal fission b~rriers based l erroneous! on the} assu•rption 
..-.~ • • : ·, ··:_ • • • • 0 •• 

:·:J.::·. ··.:~:·,/of a one-humped ·strocturn. The excitation energy of' the isomeric 

'· .. 

:::::.::: .. state is shm\TO. in the next. group, e:;.stj~ted fran threshold measure-
. ·.' 

:· 

. · · .: ,··~<.-:' .. · .. . :· ·. ment 'nnd t'ro11 (n,f) reasonance experiments. The next entry gh'es 
.· • .';·,.~: .:: :.;·<·· · '-distances beUteen_; ~ · · · . , . . . . 

· :::: : .:· ·_.. the ratio_ of I. resonances ·in the isom=3ric state to the ground state. · ... 
· .. :~ · .. :.::·_.;The last coli.Hm indicates the experimental opohtaneous fission half-

. : 
. . 

· ·: : 1 ~.V8s ·o-f . tho isqm8I"s. Thsortkical ·values are taken fran Table 2 • 
.. 

·>· 
•:. . · Hs ape grateful :~o Dr. S. Bjornholm and Dr. -~l. R. Nix for the5.r 

.. · ... ·. ·:help in supplying us v:itl) the experimental data, 

· Te.ble 4;- · Innrtial par2m8ters for nuclei in the ~tinide reg5.on .• Columns 1 and 

? idsn~ify the n•:Jcleus, colt.-mns 3 and 5 list thG volue3 of the iner-

.:: .. tial par.:m<:rt:m"" B j,n units of v2 M •v"'1 . . ,. d ,. . . 
11 a · ,-or· El•OITI"c'ltlOn 

··:-
c .. 0._'20 . 

.•. 

-· 

•. 
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Table 5. 

and ~4 .• 0:0 and alsq, ~ .. 0 .so and ! 4 .... 0.02, respectively. 

·columns 4 and 6 present tho ratio of n to the 'irrotational value 

45) 
~irr Cs.). See rof~ • 

·~ . .. ...r.ili..~J:.~-~t.~_t.i.~liQ~ 
Beta stability, alpha dE.rcay energies and apontaneous fisr>ion ·of- tha 

actinides, In each squar·e cJ.assHied by Z and. ~ •. the uppcnrost - ·~ ' 

figure gives the mass excess :.on 12c scale in MeV. If.the nucleus 

is found· to be betFl-stable, this nl.nber is underlined. The t\o.'O 

• 
• mrrbers belan give, the theoretical and experimental alpha decay 

energies respectiv!ely. The integer to the right is the ratio of 

tho experimental spontanoaus fission haif life to the theoroticc:~l 

· value. In the calculation wa have taken tho inertial parameter 

.ft to be the average of tho three rr.ethods of esti.m3tion describw . 
·in the text • 

';.;> T~bla 6. Experimental and theoretical fission half-1 ife parameter'S. Tho 

.. 

-~ . . 
• 

nuclide :f.s 5.dentified by ]:_ and A in the first t\oJO colurrns. 

Coltrnns 3-5 give theoretical and exp:H·irnontal ~~values (see sectimi 
. 

~). the latter fron crrpirical half-lives. The first K-value is. 

calculated assuming a· linear t-depcndencc~ of 0 ·between the h:o - -
calculated points;· The second K-value is. obtained after a correc-- . 

tion for the error in the ground st~te mass value. The corrE!ction 

is assurrod only to·affect the equilibrium minimum.:·: ::,~. Coh .. mns 6-7 

give tho theoretical Q-values calculal-ed for £ • 0.2 (~4- • 0) 

.and ~ n 0.5 .c!4 u 0.02). 

Tha assumed 1 inet:~r dependence of 0 on . .£. wa:i.ghs the second . hu~rp 

of the barrier heavily. As tho height and width of this · hurrp are 
•' 'I 



I;. 

" .. 
'~ ;. 

1.1 

probably overestimated (see text) the .uncorrected K-valuen. come 

out very larr.e. 

Table 7. Table of I'T\JSSeD, spontnneous-fission and a'lpha hal·(-lives neal~ . 

Z ... 114, N c 184 • The upper- number in each square Gives thBrress - -
excess in 12c scale £see ref. 11 )) jn f"loV. In . the 1 :i.ne belcYtJ is 

listed the spontaneous-fission half-life and in·· parenthesis the 

barrier height in MeV •' The ~otto:n line in each square gives thr-!. 

a;tpha half-life and the alpha g,-value (in parenthesis). nota

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 p~rson 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 accef;s to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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