
- ~0 
05"bE.UHHEHHbl J1 

HHCTHTYT 
$1.UEPHbiX 

HCCnE.UOBAHHt'i 

.Uy6Ha 

E .f.- 5607 

~ D .A .Areeaie• , R .V .Jolo• • -• • ·I: 
s 
--i ON ISOMERIC a·-6+ TRANSITION 

i IN THE 130 Ba NUCLEUS • ... .... 
~ 
A. 

! 
2 • .. 
~ 1971 



• 

E4-5607 

D .A .A rteniev •, R .V .Jolo• 

ON ISOMERIC 8. ···· 6 + TRANSITION 

IN THE ISO Ba NUCLEUS 

Submitted to Yl3R, AH CCCJ? (cep, q-,u3,) 

• On leave of nbsencc from the' J<.ndiolcchnico.J Institute' 
of the Academy of Sciences of tiH' 1 JSSR. 

l 
l 1

-··----·- .. ···--·co.: ~." .. irl~~ ~lh."Ti.ii.!)1' 
t ~! ~ ... ~~ ·~ ;.:~ ,f"\ . . ·-···~:--·~ ILZ r--~"~~ I 

,· .· .. d. ·.trth•"-··· .' ·· : . .. -... · . -~ ___ __.. __ .....,...,. __ _ 



~ 

<, 

/' 

.,.. 

111 . 130 Recently m the Da nucleus an isomeric stnt(~ of 

an energy of 2,48 MeV has been fot-1nd, There is some experimen

tal evidence that the isomeric transition is the M2 transition to 

the 6+ level of the quasirotational band, Hence we may believe 

that this state has 8- spin and parity. The hindrance factor for 

such a transition is 10 
7

, The evidence for the existence of a 

similar 2.34 MeV isomeric state in the 132 Ce nucleus I 2 I per-

mits us to assume that the both states are the bvo-quasiparticle 

neutron states, In ref. 111 isomerism of th~se states was accounted 

for by the 130 K -forbiddenness. Assuming that the Ba nucleus 

i.e, the 6+ state is the level of the rotational band, is deformed, 

and the 8- isomeric state is a two-quasiparticle one it is easy 

to find the degree of 

to be equal to 6, 
K -forbiddenness for the M2 transition 

However, these assumptions are in disagreement with the 

following experimental results: 
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I. The ratios of the energies of the 8+, 6+, 4 +, 2+ levels in this 

nucleus strictly differ from the corresponding ones in strongly 

deformed nuclei. 

2. For stro::-.. _5ly de'-Jrmed ·nuclei the value of the hindrance fact or, 

calculated per one degree of K -forbiddenness is of 1.5 ...; 2 

orders of magnitude ·.·vhile for 180 Ba 

than one order of magnitude. 

it is somewhat larger 

Another possibility of explaining isomerism is the assu mp

tion that this isomeric state is a two-quasiparticle state in the 

spherical nucleus. Then the 6+ state would essentially be a 

six-quasiparticle one and isomerism would arise due to the large 

difference in the number of quasiparticles for the initial isomeric 

and the final 6+ state. 

However, it is impossible to explain in such a way the 

absence of the two-quasiparticle levels below the 8- state the 

decays to which would be allowed. 

Thus, on the one hand, the absence of the two-quasiparticle 

levels below 8- level in 
130 

Ba can be easily seen if this nucleus 

is assumed to be deformed. On the other hand, this assumption 

leads to the wrong values of the ratios of quasirotational level 

energies and to the large
1 
value for the hindrance factor. 

On Fig. 1 and 2 the ground and excited [ n 404 ~ , n 514 t ] 

Silte energies are given as functions of the collective f3 
variable. The t ~To-quasiparticle [ n 404t , n 514 ~ ] neutron state 

is the one of the lowest states in 
130 

Ba 

Iation is the same as in ref. /
3

/. 

• The method of calcu-

As may be seen on Fig. 1, the difference between the 

deformation energies for prolate and oblate shapes of nuclei -in 

the ground state turns out to be small so that we are unable 
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to assign to 180 
Ba in the ground state s< 

shape. But at the same time the dependence 

energy (see Fig. 2) on f3 enables us tc 

shape. To describe these properties of 

is just proposed. 

Let us assume that: 

180 

1. The ground and quasirotational states rra 

framework of the Bohr-Mottelson model with 

potential energy /
4

/ (see Fig. 1). 

2. The coupling of nuclear collective motion 

excitations leads to an additional dependenc 

deformation energies upon y , such tha 

state may be considered in the framework c 

with the potential energy having a deep min 

according to ref. /II/ the quasirotational leve 

+ -1/2 
'I' (0 ) = N 0 F ({J ) 

'I' (2 ·-+') = N ~ 1/
2 F ( {3 ) a; 

11 

'1'(4+)=N~ 1 /2 F({J)[a*2 a~ 14p 

'I' (6+ )= N~ 1 /2 F(p)[[a~ a~ 1 4 a~ lup• 

where 
2 

N I = 16 TT 
(1/2) ! 

0+3)!! 

2 
a =D 110 (8)cosy + 2p._ ,-

2 - 2 
D 11 2 (8)+Dp-2 (t 

y2 
and 

j F2({J) {34 d~=l. 
0 
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to assign to 
180 Ba in the ground state some definite equilibrium 

Slape, But at the same time the dependence of the excited s tae 

energy (see F'ig. 2) on f3 enables us to assign to it a prolate 

shape. To describe these properties of 
180 Ba the follmving model 

is just proposed. 

Let us assume that: 

1. The ground and quasirotational states rm.y be considered in the 

framework of the Bohr-Mottelson model with 

potential energy /
4

/ (see F'ig. 1). 

y -independent 

2. The coupling of nuclear collective motion with quasipnrticle 

excitations leads to an additional dependence of the excited state 

deformation energies upon y , such that the 8- two-quasiparticle 

state may be considered in the framework of the collective model 

with the potential energy having a deep minimum nt y = 0, Then, 

according to ref. /tl/ the quasirotational level IVilve functions are 

'I'(O+)=N~ 1 /2 F(f3) 

'I' (2 +) = N- 1
/

2 F ( f3 ) a *
2 2 J1 

'I' (4+)=N: 1
/

2 F(f3 Ha"; a* 2 ] 4 J1 

'I' (6+ )= N-6 1 /2 F(j3)[[a~ a~ 1 4 a~ ]6p.' 

where 
2 

N I = 16 7T 
(1/2)! 

(1+3)!! 

2 
a 2~ = D 110 ( 0 ) cos y + 

2 - 2 
D

11
2 (9)+0

11
_ 2 (0) 

y2 
and 

j F
2

({3) {3
4 dfJ=1. 

0 
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Let us assume that the potential energy, being a function 

of {3 , has a minimum sufficiently deep to allow the replacement 

of {32 by the equilibrium value in the expression for the moment 
E(4+) . E(6+) . E(s+) ------ , - -----
E(2 +) E(2+) 

of inertia. Then the energy ratios: 
E(2 +) 

for the quasirotational levels turn out to be 2.5; 4.5; 7 correspon

dingly. These values are in good agreement with the experimental 
130 

ones: 2.54; 4.48; 6.86; for Ba 

It is worthwhile to note that the wave functions ( 1) have 

components with different K ~ • For example, the contribution 

of the K = 6 component to the norm of the 6 + state wave func

tion is 5"/o (see Appendix 1). It means that in this model the 

existence of the isomeric state cannot be explained by the K -

-forbiddenness alone. 

at 

For the collective potential energy, having a deep minimum 

y = 0, the 8- two-quasiparticle state wave function is: 

y2 

v 
2 2 24 TT y 0 

--:-r 
F'({3 )e 2 Yo 

8 ( + + + D M - a a s as ' ) K=- a ) ) . I 0 '> 

8 
(D (a+a+,) + 

M8 s s K=8 

where 

oc 

I F' 2
({3){3

4 
df3=l. 

0 

The M2 transition from this state to the 6+ quasirotational state 

is forbidden. Indeed, the 8- two-quasiparticle state has K .. 8, 

',Nhile the M2 transition operator may change the K -number of 

the quasiparticle maximum by two units. 
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'I'he forbiddenness becomes weaker 

the interaction of quasiparticle excitations 

the Hamiltonian of which has the form /
5

/ 

H =-hwof3o Yo I-,, 
S 0, B 0 

f (22) 
, , v , a 

sO,s 0 BB lnt 

Then the weakening of the forbiddenness 

of the three-pho:'lon component in the 8-

quasiparticle and collective parts of this < 

and K = 6 respectively. The contributi 

the norm of the 8- state wave function ca 

of perturbation theory is found to be equ.: 

2). Thus, within the above mentioned asst 

8- ... 6+ turns out to be hindered due t 

1) the weight of the three-phonon compon 

function, ii) the contribution of the K = 

quasirotational state wave function and III 
lap integral over the collective parts of t 

functions. We have not calculated this int 

upper estimate we have put it to be equc 

As a result, the hindrance factor is 

F '> '> 
5.10- 2 .2.8.10- 5 

Thus, the model considered permits us t< 

tional band energy ratios, the possibility 

isomeric states and the values of their h 

'I'he existence of the isomeric two-< 

probably be related to the fact that belov 

7 



s assume that the potential energy, being a function 

s a minimum sufficiently deep to allow the replacement 

the equilibrium value in the expression for the moment 
E(4+) • E(6+) . E(s+) --- . ---hen the energy ratios: 
E(2 +) E(2+) E(2 +) 

irotational levels turn out to be 2,5; 4,5; 7 correspon

e values are in good agreement with the experimental 
!30 

4,48; 6,86; for Ba 

orthwhile to note that the wave functions { 1) have 

with different K ~ • For example, the contribution 
+ 

6 component to the norm of the 6 state wave func-

see Appendix 1), It means that in this model the 

.f the isomeric state cannot be explained by the K -

ss alone, 

e collective ootential energy, having a deep minimum 

the 8- two-quasiparticle state wave function is: 

2 
Yo 

y2 

F' (f3 ) e- -;yr 0 

(a : a:, ) K= _ 8 ) ) I 0 > , 
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The forbiddenness becomes weaker if one takes into account 

the interaction of quasiparticle excitations with 

the Hamiltonian of which has the form / 5 / 

y -vibrations, 

H =-hwof3o Yo ~,, 
s o, s a 

lnt 

f (22) 
, , v , a 

sU,s 0 BB 
a , , 

sa s a 

Then the weakening of the forbiddenness is due to the appearance 

of the three-pho:'1on component in the 8- state 'Nave function, The 

quasiparticle and collective parts of this component have K = 2 

and K = 6 respectively, The contribution of this component to 

the norm of the 8- state wave function calculated with the help 

of perturbation theory is found to be equal to 10-5 (see Appendix 

2), Thus, within the above mentioned assumption, the transition 

8- 6+ turns out to be hindered due to the smallness of: 

1) the weight of the three-phonon component in the 8- state wave 

function, ii) the contribution of the K = 6 component to the 6+ 

quasirotational state wave function and III) the value of the over

lap integral over the collective parts of the 8- and 6+ state wave 

functions. We have not calculated this integral but to obtain the 

upper estimate we have put it to be equal to unity. 

As a result, the hindrance factor is estimated to be 

F '> • '> lO 6 

s. w- 2 .2.s.w- 5 

'I'hus, the model considered permits us to explain the quasirota

tional band energy ratios, the possibility of the existence of 

isomeric states and the values of their hindrance factors, 

The existence of the isomeric two-quasiparticle levels may 

probably be related to the fact that below them there are only 
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collective levels, the transitions to which are hinde~ed due to 

K -forbiddenness in strongly deformed nuclei or the 
either the 
above mentioned reasons in transition nuclei or the quasiparticle 

selection rules in spherical nuclei. Hence the hindrance factor 

may be considered as a measure of the collectiveness of low 

-lying states, which is the strongest one in the well-deformed 

nuclei. 
y -dependent 

We have not discussed yet the effect of the 

terms in the potential energy, which are small compared to the 

deformation energy, but comparable with the first 2+ e:xcited state 

energy at large equilibrium ~0 
value. The account of these 

terms would reduce to some extent the weight of the components 

K in the quasirotational wave functions, 'and the 
with large 
ratios of the quasirotattonal level energies would be close to 

the ones for the well-deformed nuclei. However it seems unlikely 

that these terms may change qualitatively the main results, but 

the values of the quadrupole moments must be changed essenti

ally. Even a small dependence of the collective potential energy 

on 
may give rise to large quadrupole moments for the 

y 
quasirotational levels. This is just observed in experiment. 

y -dependent terms in the Hamiltonian Furthermore the 

remove the energy level degeneracy which is characteristic of 

the model with 
' y -independent potential energy. Hence the 

collective model with 
y -independent potential energy may 

be used only as a first step approximation. 

In conclusion we want to emphasize that the y -indepen-

dent potential energy surprisingly well describes the quasirota

tional level energy ratios for most of the known transition nuclei, 

as is seen from Table 1. It is unclear how well this model 

describes other properties of these nuclei. 
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Appendix 1 

Let us calculate the contribution of l 

to .the norm of the 6+ state wave function. 

The normalized 6+ state .wave functi 

1 F(~) 

'1/16" 2 rr 9fT 
where 

6M 4V * t I. c 4 v2!L .. c 2!L2 IL ,a 2!L 
!LIL'IL" 

J F
2 (~)f3

4

d~=l. 
0 

Let us single out from it the component ' 

sin 
3 

y 
3! 

9!! 

6 M 4 V 

F ( ~ ) ~ , C • v 2 IL " C 2!L 2 1L ' ~ 
1L IL IL 

'1/16 1T 2 

2 2 2 
+D* 2D*,2D*,2 )= 

IL.- IL - IL -

1 F(~ 

y16TT 2 _!l_ 
9!! 

The contribution of this component to thE 

function is equal to 

9!! 

16 1T 
2 3! 

1 
8 

00 
rr/3 

~ 4 F
2 (~)d~ J 

0 J 
0 

6 6 6 6 
dO (D:4

6 
+D:._ 6 ).(Dt!j6 +DM-6)' 

X J 

Appendix 2 

Let us estimate the admixture of t! 

phonon state to the 8- state wave fund 

we have: 
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Appendix 1 , 

Let us calculate the contribution of the K = 6 component 

to the norm of the 6+ state wave function. 

The normalized 6+ state wave function has the form: 

l F( {3 ) 6 M C 4 v * * a* , ~- , C 4 v2p."' 2p.2 JL 'a 2p. a 2JL' 2JL ' 

y'l6rr 2 3! 
9Tf 

where 

JL JL JL 

f F2 ({3){34df3=l. 
0 

Let us single out from it the component with K = 6 

a 
sin Y 

y'l6 1T 2 
3! 

9!! 

F({3) ~ 
p.p.'p." 

2 2 2 
+D* 20*,20*,2 )= 

JL.- JL - JL -

6M 4V 1 2 2 
C ,C ,--=.W* 0*, 

4 v 2 JL 2JL 2 JL 2 y' 2 p.2 JL 2 

1 

y'l6rr 2 ~ 
9!! 

F ( {3 ) 

6 6 

n tt 6 + nr:- 6 

2y'2 

2 
0*, + 

JL 2 

- sin a Y • 

The contribution of this component to the norm of the wave 

function is equal to 

9!! 

16 1T 
2 3! 

l 
8 

"" 
f 

0 

rr/3 
{3 4 F 2 ({3) d {3 f sin 3 y • sin

6 y d Y x 
0 

X f 
6 6 6 

d 0 ( D ~ 
6 

+ D ~ 6_ 8 ) • (D r: 6 + D M _ 6 ) = 0 . 05 . 

Appendix 2 , 

Let us estimate the admixture of the two-quasiparticle and thre 

phonon state to the 8- state wave function. For the wave function 

we have: 

9 



I 

,,,1!1 

t ' 

t 
t: 
•: 

il 
\ 
~I 
I. 
~ ,, 

,.. 

\ 8 M 8 ; n; s, s '·> = y l Y n 
. 17 F'(~)-==·(--) . 

2417 2 y ~ y n ! Yo 

In * 8 ( + + 
• M8asas' ) 0*8 ( + + K=8 -2 n + · M 8 a a , 

- 8 8 )K=-(8-2n ) I\ 0 >, 

where 
00 

2 4 
F' (~)~ d~=l of 

M is the momentum projection on the z - axis in the lab. sys-

tem, n is the number of phonons s, s 

numbers of the quasiparticle states, and 1 0 > 

quasiparticle vacuum state. 

are quantum 

stands for the 

To choose the dependence of the wave functions upon y 

we have assumed that 

well with a minimum at 

y vibrations occur in the potential 

y = o. 
For the Hint matrix elements we have 

<8M8;n+l;s; s; \Hint \8M8;n;s 1 s 2 ·>=- h w 0 {3 0 Yo Yn+1 • 

(22) (22) 
-If v o, o, +f,, v, o, o,-

8; a; ; 8 I a I 8; s I 8 2 82 a2 a 2 s 2 a 2 ;82 a 2 82 82 sIs I a, a I 

(22) (22) 

-f , , v , o , 8 , - f , , v , o , o , . 
8 1 a 1 ;8 2 a 2 8 1 8 2 8 1 8 2 a 1a 2 8 2 a

2 
;8

1
a

1 
s

2
s

1 
8

2
8

1 
a2 a 1 

It is assumed that the isomeric state is the two-quasiparticle 

neutron state with quantum numbers: 

f 8 M 8; 0; 912 - [ 514 ] , 7 I 2 + [ 404 ] ·> . 

As follows fro111 the calculation of all the three-phonon 

states, from which tr~nsitions to the quasirotational levels are 

allowed, only the \8 M 8 ; 3 ; 512 - [ 532 ], 112 + [ 400 ] '> · state gives 

for the matrix elements, Hint noticeable values, 

10 

' 

To calculate the admixture of this 

we may resort to perturbation theory si 

matrix elements are small compare 

of the mixed states, If we take into ac< 

states the contributions of which are la 

this admixture is equal to the product 

<8M8; 1; 512-[ 532], 7/2 +[4041\ H lnt \8M8; 0; 912 · 

E ( 5 I 2 - [ 532 ] + w y - E ( 9 I 

< 8M8;2;5I2 -[532],312+[4021\H lnt \8M8; 1;: 

E(312+[402])+wy -E(7, 

<8M8;3; 512-[532],112+[400]\ H lnt \8M8 ;2; 

E(1 12 +[400 ])+ w y - E( 

which is equal to 2,8 10-
6

• Here w. 

are the energies of the y -phonon and 1 

The quantities w y and ·y ~ are 

and y~ = 0,1 which are d 
.. 

- symmetric nuclei, The single particle 

value were taken from ref, /
3

/, the mal 

le operator were taken from ref. /
6

/, 
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0 

{3 
0 

y
0 

V n +I • 

(22) 
v 0 ' 0 ' +f ' , v , s; s I s 2 s2 a2 a 2 8 2 a 2 ;52 a 2 82 82 0 , 0 ' -

8 I 8 I ala I 

(22) 
v, o -o ,_f,, 

8182 8182 ala2 82a2 ;sl a v ' " I s 2 s I u 
, 8 '\ , 

s281 a2al· 

that the isomeric state is the two-quasiparticle 

with quantum numbers: 

[ 514 1 , 7 I 2 + [ 404 1 ·> . 

ws from the calculation of all the three-phonon 

hich transitions to the quasirotational levels are 

the IBM 8 ; 3 ; 5/2 - [ 532 ], l/2 + [ 400 ] •> · state gives 

elements, Hint noticeable values. 
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To calculate the admixture of this state to the wave function 

we may resort to perturbation theory since the values of the Hint 

matrix elements are sma.ll compared to the energy differences 

of the mixed states. If we take into account only those intet•mediate 

states the contributions of which are large enough the value of 

this admixture is equal to the product of the three following ratios: 

<8M8;1;5/2-[532],7/2+[404]1Hint IBM8;0;9/2-[514], 7/2 + [404] > 

E(5/2-[532] + Wy -E (9/2-[514]) 
=-0.04 

< 8M8; 2; 5/2 -[532], 3/2+[402]1 H lnt I8M8; 1; 5/2-[532], 7/2+ [404 J.> 
·---=0.30 

E(3/2+[402]) + w - E(7 /2+ [404 ]) 
y 

<8M8;3; 5/2-[532],1/2+[400]1 H lnt I8M8 ;2; 5/2 -[532],3/2+[402}> 

E(l/2+[400])+ wy- E(3/2+[402]) 
-:0:44 

which is equal to 2.8 10-
6

• Here wy and E ( K 
17 

[ N n A ] ) 
z 

are the energies of the y -phonon and the quasiparticle respectively. 

The quantities 

and 

2 
wy and y 

0 
are put to be equal to wy= 1 MeV 

y ~ = 0,1 which are characteristic of the axial 

- symmetric nuclei. The single particle levels and the t3 0 

value were taken from ref. /
3

/, the matrix elements of the quadrupo

le operator were taken from ref. /
6

/ 
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~£!.£_! 

Comparison of the experimental 

tion of the unified model with } 

energy, Figures in columns present ' 

tios for quasirotational levels. Th 

corresponds to the calculated value 

Jlucleus 

120xe 

12?-xe 

124xe 

lJOBa 

1J2ce 

1J4ce 

134Nd 
186pt 

188pt 

!~iJ:l 
B(2+) 

2.47 

2.49 

2.48 

2.54 

2,64 

2.56 

2,68 

2.56 

2.52 

~a [(~ 
E(2+) .L:( 

4.J4 6. 

4. J9 6. 

4.J8 6, 

4,46 6, 

4.74 7. 

4.55 6. 

4.8J 7. 

4.59 7. 

-1,46 6. 

-------------------------
Prediction 
of a raodel 2.5 4.5 7. 

---------------------
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l ' 

'l'a.blc_! 

Comparison of the c:{pC:::-irnentnl rcnul t:1 with the predic

tion of the unified model v1ith y -independent potcnticd 

energy. Figures in columns present experimenta117 I energy :-:.1.

tios for quasiroto.tional levels. The last ftetu~• of £•a.ch columr>s 

corresponus to the calculated value. 

---------------------------------------
lli~ lfi~ rliQ li{1o+2._ Jfll?~l 

Uucleus K( 2+) E( 2+) ~(2+) ~(?+) E(?+) 
--------------------------------------
120Xe 2.47 4.J4 6.52 8.92 

12?-xe 2.49 4.J9 6.61 9.01 

124xe 2.48 4.J8 6.6J 

lJOBa 2.54 4.46 6,86 

132ce 2.64 4. 74 7.16 

1J4ce 2.56 4.55 6,86 

134Nd 2.68 4.8J 7.JO 

186Pt 2.56 4.59 7.02 9.71 12.6 

188Pt 2.52 -1.46 6.'70 

-------------------------------------------------
Prediction 
of a raodel 2.5 4.5 7.0 10.0 1J.5 
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Fig. 1. The ground state energy of the 130 Ba nucleus as a 
function of f3 
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