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ApceHbeB n .A. , ManoB li. A., nawKeBH'l B. B., ConOBbeB B. r . E4-3703 

0 paBHOBeCHbiX ne<fJopMBUHSIX OCHOBHbiX H B036ylKJleHH bi X 

CO CTOSI HHl! CHJlbHO ne<fJopMHpOBBHHbiX SIJlep 

npoBelleH paC'l i'!T pBBHOBeCHbiX ne<fJopMaUHll S!Jlep H HCCJlellOBaH a 38BH ­

CHMOCTb 3Hepr!iH S!Jlep OT napaMeTpOB ne<fJopMBUHH {3 H Y • n oKa38HO, 'IT O llllll 

cHnbHO ne<Po pMHpo Ba HHbiX SIJlep nonHaSI 3HeprHSI Slllpa s · aaBHCHMOCTH o T {3 
npH Y =0 .HMeeT llBB MHHHMyMa, OllHH npH {3 0 =0, 2-0,3 C 3HeprHel! - ( 4-8 ) M 3B 

OTHOCHTeJibHO 3HeprHi! S!Jlpa npH {3=0, llpyrolt npH (3 0 .. (0, 1-0,2) C 3HeprHelt 

- ( 1,5-5) M 3 B . npH H3y'leHHH noseneHHSI nonHolt 3HeprHH S!Jlpa lf,({3 ,yl KaK ¢YHKIHIH 

n a paMeTpOB {3 II Y B b iSICHeHo, 'ITO 3 Ta tPYHKUHSI HMeeT TOJlbKO OllHH MHHHMyM 

npH y =0 H {3 .. o, 2-0,3 . HccnenoBaHHSI paBHOBeCHhiX netflopMauHlt soa6ylKJleHHhiX 

COCTOSIHHJ:I nOK833JIH , 'ITO He HMeeTCSI B036ylKJleHHblX COCTOSIHHJt C paBHOBeCHOlt 

ne!jlopMaUHei! {3 
0
,< 0, KOrlla llJISI OCHOBHOrO COCTOSIHHSI {3

0 
'> 0. npHBeJleHHbie BbiBO­

Ilbl OTHO C SI TCSI K ne<fJopMHpOBB HHbiM S!JlpaM, naneKHM OT nepeXOilHOlt 06JiaCTH. llnS! 
SIJlep n e p e XOilHOH o6naCTH , TBKHX KBK, HBflpHMep, nerKHe H30TOflbl TOpliS!, ne!jlop­

MBUHSI B03 6ylKne HHbiX COCTOSIHI!H MOlKeT Cl!JlbHO OTJlH'fBTbCSI KBK no {3 T B K H no )' 

OT paBHOBeCHO H ne<fJopMB UI!l! OCHOBHOrO COCTOSIHHSI , 

OpenpHHT 06beAHHeHHor o HHCTHT)'Ta HAepHbiX HCCJieAOBaHHit. 

,l(y6Ha, 1968. 

Arsenie v. D.A., Ma lov L.A ., Pashkevich V.V. 
S o lovie v V,G , 

E4-3703 

On Equilibtium Deforma tions of the Ground and Excited 
States of Strongly Deformed Nuclei 

The e quilibrium deformations for nuclei have been calculated 
u nd the dependence of the energy on the deformation parameters fJ 
ca. nd y have been studied. It is shown that for strongly defo rmed 
nucle i the t otal energy has two minima depending on {3 fo r y • 0 
one at fJ 0 • 0 .2 - 0.3 (with the energy - ( 4-8) MeV with re~spect 
to the nuclear energy ot f3 • 0 ) the other a t f3 0 • ( 0.1- 0.2) {with 
U 1·~ e nergy - ( 1 .5 - 5) MeV). While s tudying the behaviour of the 
total energy i ( fJ , y ) o.s a function of the parameters fJ and y , 
it was rounct out that this function has only one minimum a t y • 0 
and fJ • 0 .2 - 0.3. Inves tigation o f the equilibrium deformations 
of the excited states have shown that there exist no the excited 
states with the e quilibrium deformation fJ < 0 while for the 
g round state {j 0 > 0 • The conclu s i ons me;1tioned refer to the defo rm­
ed nuclei, far from the transition reg ion. For the nuclei of the tra~ 
sition regiOn, such as the light torium isotopes, the defor matio n of 
the excited states may differ considerably on fJ as well as on y 
(rom that ol the e~round. state. 
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I. The equilibrium deformations of the ground states of even--

even nuclei have been studied in a number of papers. Bes ans Szy­

mansk/ l/, Sobiczewski/ 2 / et al . have calculated the e quilibrium 

deformations for nuclei in the rare- earth r egi o n and in the actinide 

r egion. They used the one- particle energies of the Ni.lsson poten-­

tial and took into account the pairing correlations of the supercon­

ducting type. In order to calculate the s ta tica l nuclear s hape Baran­

g er and Kumar/ 3/ have used the model in which the pairing corre­

lations and quadrupole- quadrupole interactions a re taken into account. 

In the overwhelming majority of cases the calculated equilibrium defor­

mations {3 o are in good agreement with experimental data. Das Gup­

ta and Preston/ 
4

/ have investigated the axial symmetry of the shape 

of nonspherical nuc lei. They showed that the strongly deformed 

nuc.lei have axial symmetry and the static shape of these nuclei i s 

CJ. prolate ellipsoid of rotation. The word "strongly deformed nuclei" 

will be used for defining nonspherical nuclei which are outside the 

ti"ansition regions from deformed nuclei to spherical ones. 

The investigation of the e quilibrium deforma tions of the excited 

nw::l ei is in its initial s tage . In · ref/ S/ it w<J.s conside r ed in what 

3 



cases the · equilibrium deformations of the excited 'quasipa rticle states 

may differ from those of the g round s tates. 

In ref./ 6 / the e quilibrium deformations of the excited s tates 

were investigated in connection with the problems of the s tructure 

of spontaneously fissioning isomers. 

The main attention is focused, in this paper, un the calcula -

tion of the e quilibrium deformations of the excited states . It i s con­

sider ed whether shape i somers may exist in heavy s trongl y defor­

med nuclei. Since the magnitude o f the e q uilibrium deforma tions of 

t.h<~ excited s tates are mainly defined by the behaviour of the total 

energy o f the ground state of an even- even nucleus depending on 

th 2 deformation parametres f3 and Y then the t o tal energy 

&
0 

( f3 , y ) for. s~rongly deformed nuclei is cal c ula ted. 

II. The energies {i, 0 ( f3 , yl of the ground states of even- even 

nuclei for the f3 values from 0 t o 0 .4 and for the y values from 

0 0 ( ' d f3 0 0 . f3 0 to 60 prov1 ed that > o , y changes from 0 to 60 , 1f 

assumes the positive and negative values then y changes from 

0 to 30 are calculated by the two methods: by the Bes- Szyman-0 0) 

ski method/ 1 / and the Strutinsky method/ 
7

/ • 

Following the Bes- Szymenski method the total nuclear energy 

can b e represented in the form 

where & p 

te rns, {i,D 

soid. The 

{i,({3,y)a{i, +{i, + & 
0 p D 0 

( 1) 

I {i,D 

is the 
• 

energy 

are the energies of the proton and neutron sys­

Coulomb energy of a uniformely charged ellip­

of the proton system is of 

{i, .. I,E(v)2 
p v 

v ~ 
v 

4 
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__L 
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ited ·quasiparticle states 

)f the excited states 

>lems of the structure 

)aper, on the calcula­

cited states. It i s con-

heavy s trong l y defor­

brium deformations of 

behaviour of the tota l 

nucleus depending on 

the t o tal energy 

culated. 

states of even- even 

)r the y values from 

·om 0° t o 60°, if f3 
?n y changes from 

s: by the Bes- Szyman-

1e total nuclear energy 

( 1) 

ton and neutron sys­

rmely charged ellip­

the form 

( 2) 

where the summation is made over the average field one- particle 

levels, 

E ( 11) are the one- particle energies of the Newton potentia/ B/ • 
G z is the constant of the pairing interactions in the proton 

system and 2v: is the proton density in the state II • The COnstants 

GN and Gz and the parameters of the Newton potential (which in the 

case y =0 turns into the Milsson potential) are taken in the rare­

earth region the same as in ref./9/ and in the actinide region the 

same as in ref./ 6/ • 

Following the Strutinsky method/ ?/ the total energy of the 

ground state of an even- even nucleus is divided into the two parts: 

& ( f3. y ) - & d ( f3 . y) + !:.&( f3. y). 
o rop (3) 

where & drop ( f3 • Y ) is the energy in tHe liquid drop model, its para­

meters are determined from experimental data on the nuclear mas­

s es. The shell correction 

t:.&!{3,y) f:.lf,(z) + !:.& (N) 

consists of the proton and neutron parts, in this case 

where & 
p 

If, (Zl, 

is determined in ( 2) and the averaged energ~r 

A 
lf, ( z) • f E g(E) dE 

g ( E ) - -
1
- -

1
- I exp I - ( 

Va y II 

5 

E- E(ll) ., ~ 

> I 

( 4) 

(3) 

( 6) 



and A is the chemical potential, the parameter y is close to the 

energy difference between the shells (that is 5- 10 MeV). The con-

stants G N and G z were chosen so that obtain for fJ •fJ
0 
and )'•0° 

the correlation functions C n and C P close to the data in ref/
10

/ 

The schemes of the average field levels were chosen the same 

as in the Bes- Szymanski calculations. 

III; Let us now discuss the results of calculation of the total 

energy of the ground states of even- even strongly deformed nuclei 

depending on the deformation parameters fJ and )' • Some of the 

obtained results a presented in Figs. 1- 7. In Figs. 1 and 2 is gi-

vetl the function & 
0 

( fJ , y • 0° ) for a number of the gadolinium and 

hafnium isotopes. The deepest minima of the functions &
0 

<{3, yl cor­

respond to the equilibrium defamations which 'ar~ denoted by f3 0 and 

)' 
0 

• It is seen from the figures that the minima of the functions 

&
0

<{3.yl become deeper as far as the isotopes are moving away 

from the nuclei of the transition regions. 
IU 

It should be noted that the calculations for Gd (and to 

d 
1 04 G.d ) . . th . t . less egree for are more sens1tive to e Nilsson po entia! 

parameters and to the GN and Gz values as compared with stron-

gly deformed nuclei and therefore they are not quite unambiguous. 

The depth of the the well is close to the energy of zero oscilla­

tions. Therefore the calculated function & 
0 

( f3. )' l does not contradict 

i:'l sharp disappearance of the deformation when the number of neu­

t~"ons is 88 that is revealed in the properties of the first 2+ states 

and in the anomaly of the behaviour of the coupling energy of the 

. I 11! 
pa1r of last neutrons • 

The results in Figs. 1- 4 are obtained by the Strutinsky me-

tnod. However, for defome(j nuclei the functions & 0 ( f3 , y ) calcu-

l.:tted b y the Bes- Szimanski and the .Strutinsky methods are very 

6 

I 

I 

cl~se to each other. 
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method give for C 

(as compared with 
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( f3 • Y 
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114 
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than those calculate< 

The function 
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c a lculation of & 
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1nd y • Some of the 
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:!r of the gadolinium and 
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ar? denoted by {3 
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5 are moving away 

162 
(and to for Gd 

the Nilsson potential 

is compared with stron­

)t quite unambiguous. 

~rgy of zero oscilla-

y l does not contradict 

:!n the number of neu­

of the first 2+ states 

oupling energy of the 

:>y the Strutinsky me­

•s &o<f3.yl calcu­

::y methods are very 

cl~se to each other. So, the calculations by the Bes- Szymans ki 
108 

method give for Gd fl
0
•0.33 and &

0
({3

0
,y-0°l • -4.8 MeV 

(as 

and 

compared 
164 

for Gd 

with flo,. o.30, &
0

<fl
0
,ya0°l = -4.8 MeV on Fig. 1) 

{3 0 -0.3 and lf>o<f3 0 , y .. 0°) = -3 .1 MeV (as compared 

ed with flo• 0.27, &
0

<{3 0 , y 0°) •-3.1 MeV on Fig. 1) and 

so on. 

From Fig. 1 and 2 it is seen that for y .. 0° the function 

&
0 

( {3 • y • 0°) . has the two minima: one at {3> 0 , the other at 

fl < o ( or {3 > o , y "' 60 ° ) . In order to make oneself sure that a mini. -

mwn of & 
0 

( f3 • Y ) exists for {3 < 0 it is necessary to calculate 

the function & 
0 

( f3 • Y ) for all the values of y different from 

zero. Fig. 3 gives the behaviour of the function & 0 ( {3 0 • y ) de-

pending on y for the function values at minima with respect to {3 • 

From Fig. 3 it is seen that in all the cases the function & o< f3 • Y l 

has only one 

Fig. 4 where 

for y equal 

viour of 

minimum for 
174 

for Yb 

to oo. 10°, 

y .. 
0 

0°. This fact is seen in 

the behaviour of & 
0 

( {3 , y ) is giv<.?n 

20°, 30°, 40°, 50° and 60°. 

erbiu m and itterbium isotopes the beha-

is very similar to the behaviour of this 

same 

For the dysprosium, 

&0( {3. y 
174 

function for Yb and 
IH 

Hf , the functions & 
0

( f3 , Y ) have 

less deep minima for the tungstem isotopes. The values obtained by 

us for strongly deformed nuclei I &0 ( {3 .. 0 , y- 0° l - &0 < {3 0 • Yo l I a re by 

2-4 MeV smaller than those in ref/ 
12

/. The calculated values of 

the equilibrium deformation of {3 
0 

are in good agreement with experi­

mental data ( see, e .g . ref./ 13/ ) • The {3 0 values found by us a re 

f,:~.r larger than those calculated in ref./
2

/ and somewhat smaller 

than those calculated in ref./ 
12

/ • 

The function ) is also calculated for nuclei 

in the actinide region. Figs. 5- 7 represent a part of the results of 

calculation of & 
0 
(fl. y l performed by the Bes- Szymanski method. 

7 



uo 
It s hould be noted tho.t the beha viour of & 0 ( {3 , y ) for Pu 

i s a bo:.1t the same a s the curve I in Fig. I i n re;J 
6

/ • In Fig. 7 one 

g iv es a contour diagra m where the continuous lines correspond to 

the & 0 ( {3 , y ) values like - 5 , -4, -3, -2 and -1 MeV. The 

minimum of f> 0 ({3,yl is -5.7 MeV with respect to the & 0 ( f3 • 0, 

y • 0 ° ) v a lue. The curves s uch as in Figs . 6 and 7 are close 
. 236 uo 

to the functions & 0 ( {3 , y ) for u , Pu and for a number of 

curium .a nd c a lifornium i s otopes. For a ll the strongly deformed nuc­

lPi the function & 
0

( {3 , y) h as one minimum at y ... 0° • The calcu­

l a ted v a lues of {3 0 a re in rather good agreement with experimental 

d a ta ( s ee e.g. ref./ 14/ ) and are close to the values calculated 

i n r e f./ 21. 
A s far as we are· g oing to the transition region (i.e. for light 

u ranium and thorium isotopes) the minina of the functions & 
0

( f3 , y ' 

b e c ome .n ore a nd more shallow and the shape of the curve 

& ( {3 , y • coast ) more and more deflecting from the parabola. For 
228 

example, for Th 

& ( {3 .. 0 • y - 0 °) - & ( {3 - 0,14 • 
0 0 0 

y • o· 0 ) • -0,6 MeV, 
0 

& ( (3 • 0 , y • 0°) -& ( {3 • 0,10 , y • 60 °) •- 0,2 MeV , -
0 0 0 

tll ? c urve is nons ymmetrical with respect to the minimum. 

Th:.1s , for each of the strongly deformed nuclei · the function 

li, 
0 

( {3 , y ) has one minimum at y • 0 ° and the {3 0 values 

a r e clos e to the exper imental one. The results of calculations per­

Co nned by the two methods practically coincide with one another. 

Th•:: i"esults are stable against some changes of the G N and G z 

8 

v a lues a nd agains t s u d 

t o n p o te ntia l whic h d oe= 

data on odd- mass s tro n 

For a ll the strong. 

& 
0 

( {3 , y = con st ) i s c 

anha rmonic ity of the osc 

th·= r e s ults obtaine d in 

tions of the admixture c 

The c a lculations have 

ad.-nixtures to the l owes 

a s ma ll role of the anh< 

IV. W e discu ss r 

of th•::- aver age fie ld de 

y • The b e h aviour o f 

ding o n {3 i s well s tud 

r I 1o/ ~ s e e , e .g . r e f , ) • 

In the case when 

Uw pro j e ction o f the to 1 

i s n o t a g o o d qua ntum 

investigate d b y A .S. De 

fot• y "' 0 a nd 60° K 

Let u s c h oose th( 

the v a lue y f rom 0° tc 

b e the axi s 0 z a nd J( 

y fro m e0 
to 30° the 

compo n e nt witn K = K 1 

with o ther values o f K . 

y "' 6 0° a n a xia lly s 

vvhic h w e d e note b y 0 



o(fJ,y ) for 
240 

Pu 

in re;J 6
/ • In Fig. 7 one 

1us lines correspond to 

-2 and -1 MeV. The 

·ct to the & 0 ( fJ • 0. 

?,s. 6 and 7 are close 

and for a number of 

strongly deformed nuc­

at y .. 0° • The calcu­

ement with experimental 

:he values calculated 

ion region (i.e. for light 

the functions & 
0 

( fJ , y ' 

pe of the curve 

from the parabola. For 

y• o· 0 )•-0,6MeV, 
0 

y a 60 ° ) • - 0,2 MeV , -

the minimum. 

d nuclei · the function 

and the fJ 0 values 

lts of calculations per­

ide with one another. 

s of the GN and G z 

values and again s t such change of parameters in the Nilsson- New­

ton potential which does not l ead to contradiction with experimental 

data on odd- mass s trongly deformed nuclei. 

For a ll the strongly deformed nuclei the shape of the curve 

& 
0 

( fJ , y = const l i s close to the parabola which tes tifies a small 

anharmonic ity of the oscilla tions. This r esult 

tl1•? r esults obtained in ref/ 
15/ • In ref/ 

15
/ 

i s in agreement with 

one gives the calcul a-

lions of the admixture of two- phonon states to the one - photon states, 

The calculations have shown tha t for strongly deformed nuclei the 

ad.nixtures to the lowest one-- phonon states a re small what shows up 

a small role of the a nharmonic effects. 

IV. We discuss now the behaviour of the one-- p a rticle levels 

of tn0 average field d epending on the d e formation paramete r s f3 and 

y • The behaviour of the one-- particle leve l s a t 0° or 60° depen-

ding on f3 i s well s tudied, it i s well s hown in the N ilsson scheme 

/10/ (see, e .g . ref. ) • 

In the case when =I= 0° o r 60° th e nucleus i s nona xia l a nd 

th<· projection of the total momentum of the nucleus K on a ny a xes 

i s not a good quantum number. The case o f nonaxia l nucle i was 

investigated by A .S. Davydov e t a l./ 
1 6

/ . For u s it i s impo rta nt tha t 

for y"' 0 a nd 60° K is not a good qua ntum numbe r . 

Let u s choose the con s ta nt value 

the v a lue Y fr·om 0° to 60°. Let for Y 

f3 = f3 1 > 0 a nd v a ry 

0° the symmetry axi s 

be the axis 0 z and K = K 1 be a good qua ntum numbe r . Increasing 

Y from e0 
to 30° the wave f l !nc tion of a g iven s ta te except the 

component witn K = K 1 ( which ·1s predomina nt) conta ins a dmixtures 

with o ther values o f K . When y i s l a rger tha n 30° we have for 

y "' 60° a n axia lly symmetrical nucleus with o ther s ymmetry a xis 

which we denote by 0 (0 .l 0 
y y z 

a nd for this s ta te there i s a good 

9 



qua ntum number K - K ~ • In the interval of y from 3 0° to 6 0° 

the predominant comp o nent of the wave function is a c omponent 

·vvith K = K ~ • This is s een from Table I. From the normalization 

condition o f the wave function of the lowest state from subshell 

i u/~ o ne has 

differe nt K for 

obtained the components of the wave function with 

{3 = 0.2 0. For Y = 0° the state considered is 

assigned by the quantum numbers 1/ 2 + [ 660 l and the symmetry a xis 

i s the a xis 0 z • At y -J. 60 ° the given s tate is assigned by 

13/2 + [ 606 l and the symmetry axis is the a xis 0 
y 

As an exa mple we show the behaviour of the one- particle 

l evels of the average field for nuclei in the actinide region depen-

ding on y • Fig. 8 gives the scheme of the levels for the neut-

run system and in Fig. 9 for the proton system. The calculation 

i s ma de for {3 = 0.14. This choice is explained by the fact tha t 

the function & ( {3 , y a 60 °) has a minimum near f3 = 0.14 for 
0 

the ura nium and plutonium isotopes. The energies are given in 

units h <ll 
0 

• 41 A -l/a MeV. On 'the left one gives the qua ntum 

numbers 

y- 60 ° . 
KIT[N .. ZA] for y = 0 ° and on the right for 

Figs. 8 and 9 show that the energy of most levels depends 

weakly on y • However, there is a number of levels the energy 

of which increases by 0.5 MeV when y changes from 0° to 60°. 

This can lead in principle, to the existence of quasiparticle excited 

states with y "' 60 ° . 
e 

Using the formulas of the superfluid nuclei model/
17

/ it is 

not difficult to calculat-? the behaviour of the total energies depend­

ing on {3 and y for odd- mass nuclei with a qua.siparticle on the 

level p and for two- quasiparticle excited state of even- even nuclei 

with quasiparticles on the levels p 
1 

and p ~ • The energy of the 

one- qua siparticle state of the system which consists of an odd 

10 

number of protons and t 

is of the form 

&p ( p {3 • y ) 

The energy of the two- < 

sists of an even n L 

the levels p 1 and p~ re 

[i;p(pl.p2;{3,yl 

In :~rder to calculate ~ 

state and for each valu· 

( see ref/ 
17

/ ) for dete1 

C P ( p 1 • p~) and the c h 

Similar formulas are tak 

tem states. 

The total e nerg ieE 

f.;(p; (j ,y) a n •:! of the two 

.:tr e c a lculated by the f< 

( 2 ) one ins erts ( 7) or 

particle states of odd- c 

by the formulas ( 1 ) or 

one inserts the expres~ 

From the conditio1 

g ies & ( p • {3 , y ) 

it i s not difficult to detE 

equilibrium deformation 

d ef.: rmed nuclei. 



o f Y from 30° to 60° 

.cti o n i s a c o mponent 

"rom the normali zation 

t state from s u bshell 

the wave fu nction w ith 

1e state considered i s 

a nd the symmetry axis 

.te is ass igned by 

oe axis 0 
y 

Ar of the one- particle 

· actinide r egi o n depen­

:he levels for the n e ut­

stem. The cal culation 

ained by the fact that 

num near f3 = 0 .14 for 

1ergies are g iven in 

1e gives the quantum 

d bn the right for 

>f most level s depend s 

~r of l evel s the ene rgy 

'nges from 0° to 60° . 

of quasiparticl e e xcited 

1uclei model / 17/ i t i s 

= tota l energie s d epend­

a quasipa rti cle o n the 

ate o f even- even nu c lei 

• The e n e r gy o f the 

consi s ts o f an o d d 

number of protons and the qua siparticle of which i s on the level p 

i s of the form 

( 7 ) 

The energy of the two- quasiparticle state of the sys tem which con­

s ists of an even n u mbe r of protons with the quasipa rticles on 

the levels p 1 anct p~ reads: 

In ::lrde r to calculate & ( p f3 , y ) a nd & ( p , p ;{3, y) for e a ch 
P P I 2 

state and for each value of f3 and y one s olves the e qua tions 

( s e e ref/ 
1 7 

J ) for determining the correlation functions C P ( P > • 

C P (p 1 , p2 ) a nd the chemical potentials A (p) a nd A ( p 
1 

, p 
2

) 

Simila r formula s a re taken from the c a lcu l a tio n s for th e n e utron sys­

t em states . 

The total e n e r g ies o f the one- quasiparticle states o f 

&(p; {j,y) an::l. of the two-quasipa rticle states of &<p
1

, p
2

;{3. y l 

.:tre calcula ted by the formulas ( 1 ) o r ( 3 ), ( 5 ) wher e ins te a d o f 

( 2 ) o n e inserts ( 7 ) or ( 8 ). T he total ener g ies o f th e two- q u a s i­

par tic l e states o f odd- o dd nuclei & ( v , s ; f3 , y ) a re calcula ted 
0 0 

by the for mulas ( 1) o r ( 3) , ( 5 ) , whe re ins tea d of & P and & 
0 

one inserts the e xpressions ( 7 ). 

From the condition o f the a bsolute minimu m o f th e total e ner-

g ies y ) & <p .p .{3.y> 
I 2 

a nd & <v ,s ;{3,y> 
0 0 

a nd y e for the it is not difficult to determine the p a r ameters f3 
e 

e q u ilibrium deformation of the one- qua siparticle states of strong ly 

d e f .:rmed nuclei. 

11 



v. Let us consider the behaviour of the total energies of one­

and two- quasiparticle states and find the appropriate equilibrium 

Vt.'\lues of the deformation parameter f3 and y for strongly defor- · 
• • 

med nuclei. 

First, we consider the one- quasiparticle states. As was men­

tioned in ref/ 
5

/ an one- q~asiparticle excited state with equilibrium 

deformation f3 which differs from the deformation f3 for y •y mO 
e o e o 

may exist if the decrease of the quasiparticle state energy with cha-

nging f3 is larger than the increase of the energy of an even- even 

core. For one- quasiparticle states one may formulate the following 

rules when deflections of B 
e 

from f3 
0 

are possible: f3. > f3 0 
if 

a quasiparticle is either on the hole level of the average field the 

energy of which rapidly increases with increasing f3 or on the 

particle leve l the energy of which strongly decreases with increasing 

f3; f3 • < f3 
0 

if a quasiparticle is either on the hole level the energy 

of which rapidly decreases with increasing f3 or on the particle 

l e vel the energy of which s trongly increases with increasing f3 
In ref./ 

5
/ one gives some example of one- quasiparticle states in 

which f3 • I< f3 
0 

• In calculating in ref/ 
5

/ the functions 

~ ( p ; f3, y-0°) for the ground one- quasiparticle states were taken 

from ref./ 
18

/ • The functions ~ ( p ; f3 • y = 0 °) calculated by us for 

t'12 gt·ound states of odd- mass strongly deformed nuclei have (as 

compared with ref./ 
18

/ ) more plane minimum for {3> 0 . Therefore in 

the se calculations we obtain a somewhat larger deflection of f3 • 
from f3 0 as compared with ref. J 5 / • The largest difference is for 

U1e following states: according to our calculations, for y - o 0 the 

equilibrium deformation of the excited state 1/2 - (541 ] 
176 

Ln is 

by 0,04 larger than {3 • (in ref./ 
5

/ 6.{3 = 0.01 - 0.02); in 
176

Gd for 

~:-1e :;tate 1/2 + ( 400 ] 6.{3 - 0.05 (as compa red with 6.{3 = 0 in ref./ 
5

/ ) 

for the state 1/2 -( 505] 6.{3=-0.05( as compared with 6.{3 • -0.01 in 

12 

I 5/ ITf 
ref. ) ; in Hf the 

7/2- [50S 1 and $' , 

in ref/ 
5 / f3 • f3 0 an< . . 

In the actinide 

states U/2 + [ 606] 

while for fhe ·~nalei; 1 
ll4 I 

ln Am tqp one- qua~ 

fJ • f3 •+ 0.04 and U 
•. 0 

f3. •/3 0 -0.03 and so or 

Thus the calcu 

ref/ 
5 / that some lOVI 

mass strongly deforrr. 

which differ from the 

even-even nuclei. TI 

Let us investig< 

quasparticle states v. 

t."'le energies ~o ( f3 • Y 

sharply increase witt 

Figs. 8 and 9 it is ~ 

particle levels '.Mth ir 

pared with the chan§ 

with increasing f3 
r esults of the calcul< 

deformed nuclei therE 

As is shown a 

minimum. The probler 

to the existence in c 

particle states with 

energies depending • 
285 

Np for . f3 .. 0.14. 



total energies of one­

·ropriate equilibrium 

y • for strongly defor- · 

le states. As was men-

state with equilibrium 

~ation {3 0 for y e -y 0 -o 

' state energy with cha­

'1ergy of an even- even 

::>rmulate the following 

ossible: if 

the average field the 

Lsing fJ or on the 

•creases with increasing 

hole level the energy 

or on the particle 

with increasing· fJ 
:~.siparticle states in 

he functions 

states were taken 

'> calculated by us for 

ned nuclei have (as 

'or {3> 0 • Therefore in 

!r deflection of {3 e 

:!st difference is for 

.ons, for y- 0 0 the 

! - [541 l 176 
Ln is 

1 - 0.02); in 
116 

for Gd 

with t1 {3 "' 0 in ref/ 5 / ) 

with t1 {3 ,. - 0.01 in 

ref/ 5 / ) ; in 
1 
n H f the equilibrium deformations fJ of the states 

e . 

7 /2 - [50S ] and ~ /2 - [ 505 ] by 0.02 smaller than fJ 0 , while 

in ref./ 
5 / p • •· fJ 0 and so on. 

1141 

ll'i the actinide region, e.g. in Po for the one- quasipa rticle 

states 13/2 + [606] , 1/2- [ -761) , 11/2 t[615) t!fJ • 0.04- 0.05, 

whue tor fhe '§fate!; 1/2-[7701· . S/2-[761). 7/2+[613) tifJ-- ( o.03- o.o-4) . 
241 

ln Am ~ one- quasiparticle 

fJ - fJ •+ 0.04 and t h e states 
·- 0 11. •fJ 0 -0.03 and so on. 

states 11/2- [505] , 1/2 + [ 651 ) 

11/2 + [615) , 9/2 - [505] have 

have 

Thus the calculatiOn performed prove the conclusion drawn in 

ref / 
5

/ that some low-lying one- quasiparticle excited states in odd-. 

mass strongly deformed nuclei may have equilibrium deformations 

which differ from the equilibrium deformations of the corresponding 

even- even nuclei. These deflections do not, apparently, exceed 0 .05 . 

Let us investigate the question as to whether there exist one-

quasparticle states with y f. 0 
e 

for fJ >0 • As is shown below 
e 

the energies ff,o ( f3. Y l of the ground states of even- even nuclei 

sharply increase with increasing Y from 0° to 10° and higher. From 

Figs. 8 and 9 it is seen that the change in the energy of the one­

particle levels vvith increasing y is essentially smaller as com­

pared with the change of the energies of the one- particle levels 

with increasing f3 • These two facts allow one to understand the 

r e sults of the calculations performed according to which in s trongly 

deformed nuclei there are no one- particle states with r. f. 0 

As is shown above, the function & ( fJ > 0 y • 60 ° ) has a 

minimum. The problem is investigated whether this minimum can lead 

to the existence in odd- mass strongly deformed nuclei of one- q~asi-

particle states with y • 60°. 'Table 2 shows the behaviour of the 
1136 

energies depending on y for one- quasiparticle states in U and 
1136 

Np for · fJ • 0.14. From the table it is seen that for a number of 

13 



states, e.g. for 1 I 2 +[ 640 ] 
ua 

in u. 1/2 +[660]. 1/2- [ 530] 
21& 

in Np (the 

values of KIT[Nn A 
II 

correspond to y - 60 ° ) the function 

lfdp;f3,y> has, in addition to the deep minimum for y • 0 ° and 

fJ •13 , ,a very plane minimum for y • 60 ° and . f3 • 0.14. However 
e 

the depth of this minimum is very small, it is smaller than the energy 

of zero oscillations and therefore it is impossible to speak about 

the existence of the isomers of such a type. .. 
Thus, in s trongly deformed odd- mass nuclei the on~ quasi­

particle states must have y - 0 ° 
A number of two- quasiparticle states in strongly deformed even­

even nuclei have the equilibrium deformations f3 • differing from , f3 0 

·when y • 0 • According to our calculations in ·uoPa the two- quasi-

particle neutron states 

1.17-7-,6-13/2 + [606]. 1/2- [761]. 

Krr- 7-, 6 -13/2 + [606] , 1/2 - [ 501], 

K11 • 6 + , 7 + 13/2 + [606] , 1/2 + [ 880] 

have the equilibrium deformation f3. - f3 0 + 0.04 and the state 

Kw • 2- , 5-7/2 + [613], 3/2- [761] 

has f3 • - f3 0 - 0.04 and so on. 

As in odd- mass nuclei the two- quasiparticle excited states 

of even- even strongly deformed nuclei have y • 0 • 

14 

'Table 3 g ives the 
234 u 

with changing 

table it is seen that fc 

ICI1=3 

Krr = 5-

and proton two- quasir 

I( 17 a 

K 11 

the function & { P • ·P I . 

for Y ., 0° and f3 • 
However, as in the c 

mum is smaller than i 

for y • 60° in the c 

The largest de' 

observed in odd- odd 

vels of the average I 

f3 • So, the calcula 

nuclei in the transurc 

IC IT .. 

IC ., • 

K1r 



1/2- [ 5301 
ua 

in Np (the 

y- 60 ° ) the function 

,ini mum for y • 0 ° and 

d f3 .. 0,14, However 

smaller than the energy 

ible to speak about .. 
clei the on~quasi-

trongly deformed even­

{3 • differing from , f3 
0 

in '~ 40 Pa the two- quasi-

61 1 • 

[ 501 1 • 

[ 880 1 

4 and the state 

[761 1 

icle excited states 

.. 0 • 

·Table 3 gives the behaviour of the two- quasiparticle states for 
234 

u with changing y from 60° to '30° for f3 a 0,14 • From this 

table it is seen that for some states, e.g. neutron two- quasiparticle 

IC 11 • 3 + , 2 + 5/2 + [ 633 1 , I /2 + [ 640 1 , 

IC 11 "" 5- , 6 - 11/2 - [ 725 1 , 1/2 + [ 640 j 

and proton two- quasiparticle 

1C , • 3- , 4 - 7/2 - [ 503 1 , 1/2 + [ 660 1 , 

IC, • 1-, 0-,1/2- [5411, 1/2 +[660] 

th•= function & i p , ·P ; f3 • Y has, in addition to the deep minimum 
1 2 • 

for Y ,., 0° and f3 • f3e a minimum for {3 .. 0,14 and y .. 60°. 

However, as in the case of odd- mass nuclei, the depth of this mini­

mum is smaller than the energy of zero oscillations and an isomer 

for y .. 60° in the case of even- even nuclei will not exist. 

The largest deviations of f3 e from f3 
0 

at y = 0 must be 

observed in odd- odd nuclei where it is more e a sy- to find two le­

vels of the average field the energy of which rapidly changes with 

f3 • So, the calculations of ref/ 
6

/ showed that in many odd- odd 

nuclei in the transuranium region the excited states 

1(77 • 12- pl1/2 -[5051, nl3/2+[6061, 

IC , .. 11 - p 11/2 - [505 ,1 • D 11/2 + [6151. 

IC tr .. 6 + p 11/2- [ 5051, n1/2- [7611 

15 



have equilibrium deformations . which are by 0.08- 0,10 larger than {3
0

• 

Basing on these calculations ~e have tried to explain the structure 

of spontaneously fissioning isomers. 

The calculations showed that a number of excited states of 

odd- odd nuclei must have equihbrium deformations (3 • essentially 

smaller than f3 0 for Y., • 0 ·· For example, the equilibrium deforma­

tions of the excited states of nuclei with z = 105 and A= 258 and 

2 62 

)( fT - o..:..., 9';.... p 9 I 2 - [~505 J • D 912 + [ 604 ] 

Ktr - 10 +. 1+ p 1112 + [615] • D 912 +[604] 

a re by 0,03 - 0.05 smaller than {3 
0 

• For the isomers with {3 ., < {3 
0 

in odd- odd nuclei with Z > 103 the spontaneous fission and alpha 

d ecay half-lives can noticeably increase as compared with the ground 

s tates. This fact may turn out to be very essential in obtaining 

heavier transuranium elements. 

Table 4 shows the behaviour of some two- quasiparticle levels 
288 

in the odd- odd nucleus Np depending on y for {3 .. 0,14. From 

Table 4 it is seen that for their states the deepest minimum is at 

y = 0°, In those states where there is an additional minimum at 

Y .. 60° and f3 .. 0,14, e.g. 

)( fT .. 0- • 1- D 112 + [ 640 ] • p 1 I 2 - [ 541] • 

K fT • 1 - , 0- D 112 + [ 640 ) , p 112 - [ 530 ) , 

Kll' •l+ ,0+ all2+[640]. pll2 +[660] 

16 
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its depth is far larger 

lei however even in th 

about the existence of 

thb; minimum is appare 

tions. 

VI. The following 

nuclei can be drawn c 

1. The total ener 

have minima at Y 0 • C 

reement with experime1 

of the curves &o <{3, y · 

to a small anharmonici 

2 . Some one- que 

may have equilibrium < 
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4, In one- and t 

the axial- symmetric st: 
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> 0 • In cone 
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- --------------- - -------- -

)8- 0,10 larger than {3
0

• 

explain the structure 

)f excited states of 

ions {3 • essentially 

equilibrium deforma-

105 and A= 258 and 

9/2 + [ 604 ] 

, n 9/2 +[604] 

isomers with f3 • < f3 
0 

:; fission and alpha 

)mpared with the ground 

ntial in obtaining 

- quasiparticle levels 

for f3 a 0,14. From 

~pest minimum is at 

dditional minimum at 

l - [ 541] • 

12 - [ 530 ] • 

I 2 + ( 660 ) 

i 

I ,, 

its depth is far larger than in the case of odd and eve~ even nuc­

lei however _even in this, the most favorable 
0 

case, we may not speak 

about the existence of isomers with Y • 60 °', since the depth of 
• 

thh; minimum is apparently, lower than the energy of zero oscilla­

tions. 

VI. The following conclusions concerning the strongly deformed 

nuclei can be drawn on the basis of the calculations performed: 

1. The total energies of the ground states of eve~ even nuclei 

have minima at Y 0 • 0° and at the values of f3 
0 

which are in ag­

reement with experimental data on equilibrium deformations. The shape 

of the curves lb
0 

<{3, yl near the mi~um is a parabola which leads 

to a small anharmonicity of oscillations. 

2, Some one- quasiparticle and two- quasiparticle excited states 

may have equilibrium deformations IJ , which differ from f3 
~e . o 

3, There are no excited states with fl <>! < 0 , when f3 
0 

>. 0 • 

4, In one- and two- quasiparticle excited states nuclei retain 

the axial-symmetric shape, i.e. y_,"' 0. 

These conclusions are related to strongly deformed nuclei 

which are outside of the transition region from spheroidal nuclei to 

deformed nuclei. Some of these conclusions appear to be wrong for 

the nuclei of the transition regions. It is just in the nuclei of the 

transition region the appearance of shape isomers should be ex­

pected in particular, isomers for which f3 •. < 0 while for the ground 

state f3 
0 
> 0 • In conclusion we express our gratitute to A. Sobi­

czewski and V.M. Strutinsky for the routines of calculation on elec­

tronic computers. 
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The Contributiol 
jeotion K of the T• 
o! the Wave Function 
for P, • 0.20.

0
This 

and for r . 60 b7 : 

I 
••m•••~~22Z2:=s~=~=~= 

t K Pr' 
in degrees --

Vz % ~ 
00 1,0 0 

10° ·9,7JJ o,22J o,, 

20° o;6oo O,JOO o, , 

)0° 0,,)2 0,)20 o, 

J0° 1.10-4 8.10-6 2. 

~0° 1.10_, ·2.10-7 5. 

50° 1.1o-7 6.1o-10J. 

60° 0 0 

•••••••••••••••••a•• 
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!able I 

The Contribution of the Components with Different Pro­
jection K of the Total Momentum on the Axes Or and 0 
of the Wave Function of the Lowest level from the Subshell i ss/2 
for P • 0.20. 0This level ie ~signed for O • 0° by- l/2+l66<?j 
and for r • 60 b1' 1)/2 + [ 606j . 

I 
••••a8s~~az•~~-~~~=a===~======m••=~=••••••==•=======••••••==• 

~ K Pro1ection Values With Res-
ill degrees pect to 

tfz % % rz 'h % /J;;he Axis 

00 1,0 0 0 0 0 0 0 

10° ·9,7JJ 0,22) 0,04-0 O,OOJ 2.104 4.10-6 4.10-a 

20° o,·6oo 0 1.300 0,085 0,014 0,001 6.10_, 1.10-6 oz 

.30° 0,5.32 0,)20 0,118 0,027 O,OOJ J.lo-4 8.10-6 

)0° 1.10-4 8.10-6 2.10_, 1.1o-' o.o~6 2.lo'"7 0.94-2 

40° l.lo-5 -2.10-7 5.10-4 8.10-9 0.025 8.lo-10 0.975 01 
50° l.lo-7 6.lo-10J.lo-5 4.lo-12o.oo6 4.lo-12 0.994 

60° 0 0 0 0 0 0 I 

1~ 



T a b 1 e .) 
T a b 1 e 2 

The BehaTiou.r 
The BehaTiour of the Energies (in MeV) of the00ne-Qussi- particle States of 

particle Excited States with Changing O !rom 60 to .)0 
for ~ • o.u., (Quantua 
••••••a~••=aaaaaaaa~aaaaaas===E•~••=aa••~•~••=••••=••=~==•a== 

liuoleus ~:t[N'n,A] t ••••••••••••••••••• 
K, "Jr.[N11'f A] 

for r· 60° 60° 50° 40° .)00 lC'Jr 

2.)5 7/2+ [61.3) 2.52 2.44 2.18 1.78 
!or r •60° 

1f 5/2+ [6.3.3] 2.5.) 2.45 2.21 1.85 

.)/2+ [642} 2.58 2.48 2.21 1.81 6+, 1+ 5/2{6.).)] 

1/2+(651) 2.65 2.57 2 • .)0 1.95 • 2-, 9- 7/2+[61.3] 

5/2+[622) 2.67 2.74 2.46 2.17 5+, 2+ 7/2+[61.3] 

1/2+[640] 2.92 2.99 2.96 2.60 4+, .)+ 7/2+[61.3] 

5+, 0+ 5/2+ [6.3.3] 

2''M 5/2- [523) 2.52 2.44 2.18 1.78 .)-, 8- ll/2-f25] 

p 11/2+ (615 1 2.56 2.47 2.21 1.79 1+, 6+ 7/2+[ 61.3) 

.)/2-r5.321 2.6.) 2.5.) 2.26 1.87 .3+, 2- 5/2+[6.).)J 

1/2-(541) 2.7.) 2 . 7.) 2.57 2.17 
5-, ' - ll/2-{!25l 

1/2+[660) .).57 .).64 .).57 .),.)4 
7/2-[50.3) 

l/2-[5.3o] .).57 .).60 .).5J .).Jl 6+, 1+ 

••••~aaaaa2aaaaaaa:s=••••••••=•••••=•••••m•••••••••z==•==•=•= 2-, 9-. 1/2-[50.3) 

4+, .3+ 7/2-[5oJ] 

.)-, 4- ~/2-[50.3] 

!:!.~: .... !~!:f~:!1 
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Tab 1 e .) 

The Behartour o1q the Energies (KeY) of the T!o-Quas~p 
leV) of the00ne-Qussi- particle States of 2- lJ nth Changing O from 60 to .)0 for 
' from 60 to .)0 p • 0.1-

(Quantu• lf~bers Krr[Nn"E-A]ar• Related to¥ •60°) 
:m•:a:aa:a•••:a=-•=a==•:.== 

•••••••••••••••••~••••••••••••z••••••••••••••••••~••••••••••• 

K, Jr.[A'h, ~] ~1JiJ,Vn.,.A] r 40° .)00 lC'Jr 

2.18 1.78 
for r •60° for Q •60° 60° 50° -00 .)00 

2.21 1.85 N e u t r o n S t a t e a 

2.21 1.81 6+, 1+ 5/2{633] 7/2+[613] - • .)6 -.28 .).99 .).58 

2 • .)0 1.95 2-, 9- 7 /2+[61)] 11/2- ~251 4.)7 -.28 ).98 ).5-

2.46 2.17 5+, 2+ 7/2+[613] 3/2+ [6-2] -.47 4.)- 4.04 ).60 

2.96 2.60 4+, 3+ 7 /2+ [613] 1/2+,[651] 4.56 4.49 4.16 .).79 

5+, 0+ 5/2+ [6).)1 5/2+[622J 4.57 4.5) 4.)5 4.05 
2.18 1.78 )-, 8- 11/2{25] 5/2+[ 622) 4.59 4., 4.)1 4.04 
2.21 1.79 1+, 6+ 7 /2+[ 613) 5/2+ [ 6221 4.60 4.55 4 • .)6 4.04 
2.26 1.87 3+, 2- 5/2+[6))] 1/2+[6401 4.84 4.92 4.88 4.51 
~.57 2.17 5-, 6 - 11/2~25J 1/2+[640) 4.87 4.94 4.91 4.52 
).57 ).)4 

7 /2-[5o3] 5/2-[523) 
P r o t o n S t a t e • 

J.5J .).Jl 6+, 1+ -.29 4.21 .).95 ).56 

•~••••a••••~ a=•==•=•= 2-, 9- 7/2- [503) 11/2~15] -.29 4.21 ).95 ).56 

4+, 3+ 7 /2-[50.)] 1/2{54il 4.61 4.6.) 4.48 4.0.) 

)-, -- ~/2-[5o3) l/2{6iol 5.54 5.61 5.56 5 • .)6 

!:!.~: .•.. !~!:f~!!l.!~!~!~~----~:~~ •... !:~~ .... !::~---~~:~!~ 
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T a b 1 e IV 

The BehaT1our of the Energies (in MeV) of the Tws-Quasi-
Particle States with Chang-ing ¥ from 60° to JO 

for p • 0.14 

(Quantum Numbers K1r [Nn1:1!] are Related to t= 600) . 
•~3~~••a•••~•=~••••~=•==•=as~~•z••=••••••••~•••••= •••~~~~~=== 

Neutr.States Prot. States 

l(r, K,-r, [lint A] /( t,;[N'n/\j 
r 

For [ =60° For ( :.60° For ( •60° 60° 50° 40° )00 

1-, 6- 7/2+ {61J] 'J/2- [.52J) 2.52 2.44 2.18 1.78 

j+, 8+ .5/2+ [6JJ] 11/2 [61.5) 2 • .57 2.49 2.24 1.86 

11-, o- 11/2-[72.5] 11/2+ [61.5] 2 • .56 2.47 2.21 1.79 

4+, 7+ 'J/2+ [642] 11/2+ [615] 2.62 2 • .51 2.2) 1.82 

5+, 6+ 1/2+ (6.51] 11/2+ [61.5] 2.69 2.60 2.)) 1.97 

8+, 'J+ .5/2+ [622] 11/2+ [61.5) 2.72 2.67 2.49 2.18 

1-, 4- 5/2+ [ 622] J/2- [.5'J21 2.78 2.7) 2.54 2.26 

o-, 1- 1/2+ [640] 1/2- [ 5411 J.1'J ).28 J.'J4 ).00 

1-, o- 1/2+ [640) 1/2- [5'JOl ).97 4.15 J.Jl 4. 14 

1+, 0+ 1/2+ [640) 1/2+ [660] ).97 4.18 4.J5 4.17 
·~•=•=•u••====a••••••••===================••••••••~=••=•=~==•• 
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of0the 
60 to 

Twa-Quasi-
)0 

.ated to t=- 600) . 
a~••••~= ·•~~~~~4z== 

r 
50° 40° )00 

2.44 2.18 1.78 

2.49 2.24 1.86 

2.47 2.21 1.79 

2.51 2.2) 1.82 

2.60 2.)) 1.97 

2.67 2.49 2.18 

2.7) 2.54 2.26 

).28 ).)4 ).00 

4.15 J.Jl 4. 14 

4.18 4.J5 4.17 
-~·-···~=~-~-=~==~-

' 

6/p.r=o) 
M38 

2 

-2 

-3 

_; 

-5 "s'Gd 

-0,2 - O,f 0 0,1 0,3 

Fig. 1. The behaviour o f the total energy of the . gadolinium iso­
topes (in MeV) depending on the deformation parameter f3 

k e rn fJ. - - 0.4 to f3 - 0 .4 fo r the nonaxiality parameter 
y - oo. 
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Fig. 2 . The behavi our of U1e to tal energy of U1e hafrtium isotopes 

(in MeV) depending o n {3 (from -0.4 to + 0 .4) for y • 0°. 

2 -1 

I 

I 

I 

I 

(!J..r) __ . 
Hg~f 

-2 

-3 

-4 

-.3 

-6 

10° 
Fig. 3. The behavio 

hafnium isotc 
f·:>r the {3 va. 
eachy . T 

IH 
1- HI; 

161 
5- Gd ; 



taoHf 

oaHJ 

f76HJ 

17l(Hj 

~2 0,.3 j3 
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-2 

6 

5 

-.3 

-~ 

-5 

Fig. 3. The behaviour of the total energy of the gadolinium and 
hafnium isotopes (in MeV) depending on y (from 0° to 6 0°) 
f·:Jr the {3 value equal to the equilibrium value of {3 

0 
for 

each y • The curves correspond to the following isotopes : 
IH 

1- Bf ; 

5- Ill Cd ; 

I U IT& 
2- Bf; 3- Bf; 

6 - IU Cd ; 7- 112 Cd • 
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Fig. 4. The behaviour of the total energy (in MeV) of Yb de-
pending on fl different values of y from 0° to 60°. 
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Fig. 5 . 'TI~e behaviour of the total energy &
0 

( f3 , y ) (MeV) for 
2 34 

U dependi ng on f3 for the y values from 0° to 60°. 
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F ig . 6 . The behaviour of the total energy & o< f3 • Y l ( MeVd for 
HO Pu depe nding on f3 for the y values from 0 ° to 60 . 
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oo 

Fig. 
238 

7. The total energy {i, ( f3 , y ) for U. The minimum ener-
o 

gy is -5 .7 MeV. The continuous lines are the behaviour of 

fi 
.I {i, 

0 
( f3 , y ) o Canst for - 5 , - 4 , -3, - 2 and - 1 MeV. The 

Lmction {i, 
0

( f3, y ) has a minimum a t f3 
0 
~ 0 .24 and y 

0
"' 0 . 

0.25 0,30 

; o< f3 ' y ) ( MeVJ for 
s from 0° to 60 . 
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