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Intt<od uction 

The model with pairing plus quadrupole as well as spin-dependent 

interactions for collective states in deformed nuclei was su!;!.~ested earller' 
11j 0'" by the authors' • The numerical calculations for states were per- · 

formed within the framework of this modeL n was shown. tnat the mOdel 

predicts well the energy of the second o+ vibrational states. It was found 

that the spin-q~rupole interactions affect slgn:it!cantly the decay proper

ties of. o+ states a.s welL 

The present work is devoted to the et!ect ()f .the spin-quadrupole 

interactions on properties of 2 '" vibrational states. Preliminary results of 

this work were reported earlle)2/. 

The properties of the gamma-vibrational states were studied in recent 

years, within the framework. ol the model witn pairing plus quadrupole 

interactions (see, e.rJ,./3•4/). The numerical calculations, as well as expe

rimental studies (see, e,.g.tf'>-S/) have shown that this model gives a sa

tisfactorv descriDti~n of ~anuna.-vibrationa.l states. But the modet wttr • 

pairing plus quadrupole interactions predicts the second 2+ -states around 

2 MeV, while they ~re obsel;"ved much more lower in a number of nue1el. 

Thus. the first arid the second 2+ states were toUnd. In · nea:vv nuclei al 

energl.es/9/: 

Th2U 

Th2SO c.> 
1 
,.o, 783 MeV, ru 

2 
"' 1,013 MeV; 
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234 12 v U cu 
1

"' 0, 926 MeV, cu 
2 

= 1, 6 Me • 

In all the nuclei the states indicated lie below the energy gap. 

In the present work we will try to answer the next questions: 

a) how strongly the spin-quadrupole interactions affect the proper

ties of the gamma-vibrational states 7 

b) do they lead to the significant lowering of the second 2,.. -states? 

c) how the spin-quadrupole interactions affect the structure of the 

wave functions of the 2+ -states? 

The main equations of the model are given in previous wortJ1f, so 

we confine ourselves to the discussion of the details of calculations ana 

the resUlts obtained. 

CalcUlations and Discussion of the ResUlts 

The numerical calcUlations have been carried out for rare-earth nuc ..

lei in the region 150 < A < 174. The same version ot the NUsson 

scheme and pairing in~~ract~~n parameters were used, as in rer/1
/. The 

blocking effect as well as other corrections connected witn the 1mproving 

of the accuracy of the method were not taken into account. 

To determine the· quadrupole arid spin-quadrupole coupling para:... 

meters K 

" 
and Kt 

·energy of 2+ -states when 

the particUlar cases of the equation for .the 

K t or K q equal to zero were solvect. The 

coupling parameter values were estimated from empirical energies of the 

first 2+ states. The resUlts are given in fig. 1. It turned out that to ex

plain the 2+ state energies the spin-quadrupole coupling parameter must 

be chosen about 1,5 time larger than the quadrupole one. One can plot 

the equipotential line K" as function of K 
1 

for the permanent empi

rical energy of 2+ state, if the quadrupole as well as spin-quadrupole 

interactions are treated at the same time. The point of intersection of 

such lines corresponds to the best set of coupling parameters 

4 

K 
q 

and 



1e 
1 

for the whole region of nuclei. i 'l'he calculated e'qulpotentl~l lines 
. . + 
for the first 2 · states are . plotted on fig. 2. It· tu,rned out that it is dif-

ficult to cho~se the single set for all the nuclei. 'l'he equipotential lines 

. intersected between those for the boundary nuclei· Ndl5o and Yb 174 

A satisfactory fitting to .empirical energies can be achieved with 1e 
1 

.. 6-6.5 

and K ... 4.~4.7 (in un. o( A4/3 1iru~. The best agreement for Yb. isotop~ 
can b;' ob~ined with K t .. 5. In tabl~. 1. calculated ~neigies for lowest z+ ~. 
states ·as well as lowest two-quasiparticle energies (which are th"e poles 

of the function. F ( ru) xf) and empirical data are listed. 1t is seen that 
,,, ' 

the spin quadrupole interactions affect slightly the energy of the first 
+ . . . . 

2 state. ln the be!1innim1. of the deformation reruon the ener!::!.v of the 

second 2+ state also a:rrected slightly by the spin-quadrupole interactions. 

But in Gd, Dy and Er isotopes the second 2+ state lowered signi

ficantly. Unfortunately, there .are not practically empirical energies to corn

pare with our predictions. 

Cci.Iculated E2-transition probabilities B ( E 2, 0 - 2) are listed 

. in table 2. As a rule the spin-quadrupole interactions affect slightly the 

B ( E 2) value for the first 2+ state. If only the calculated energy lie near 

the spin polj1./ the B(E2) value can be reduced slgnlficantly due to the 

spin-quadrupole interactions. 

But the spin-quadrupole interactions affect strongly the E2 -transi

tion probability for the. next 2+ states. 

In fig. 3 the empirical B(E2) values for the first z+ state are corn-: 

pared with the results of. our calculations, utilizing the empirical ene-rgy 

and different 1e 1 vali.tes. It is seen that in general the B(E2) value re

duced somewhat due to the spin-quadrupole interactions. 

Recently the new experimentai data on 2+ states in Yb isotopes 

. were obtained by means of transfer and scatterin.!1 reactlons/6-8/ ds well 

as in be~-decay studies/1.0/. 'l'he detailed calculations of the energy, 

B(E2) vtllue and neutro~ two-qua.si..:particle amplitudes .in the ~ve furi'c

.tion for . Yb 172 nucleus are listed in table 3. !t turned. out that the pre

dictions of the pairing plus quadrupole model with K ·,. 4,6 {which giv:es 
q . • • . . 

the best fitting to experimental . energies for aU the nuclei of. the region) 

x/For determination see ref/
1

/. 
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are ~n contradlction with the 

The experimental data indicate 

empirical two-quasiparticle amplltudes/7/. 
+ 172 

the first 2 , state in Yb to be preferably 
+ . . of collective nature, while the second 2 state contains only small mix-

tures to the two-neutron amplitude 1111 [ 52H - 512tl • The agreement bet

ween empirical and predicted by pairing plus quadrupole model amplitudes 

may be achieved with K., = 4.9. But with such a' K value we obtain 

too small (and even imaginary for some nuclei) energy for nearly a half 

of the Quclel of the region. On the other hand all. the empirical data cart 

·be fitted due to the introduction of the spin-quadrupole intera.cUons. SI-

milar calculations fdr other Yb Isotopes are listed In table 4. tn the 

last column of the table the calc~tions of Zheleznova et ai./3/ ·a,re listed, 

which were performed iaklng the blocking effect· into account. . The calcu

lations show that the two-quasi-particle a.mplitudes may cha.nge significantly 
. + 

due to the spin-quadrupole Interactions, especially for high-lying 2 states. 

Such a strong effect on energy and amplitudes is due to the .increasing 

role of the mixing term X (ru ) with the increasing of the energy. The typical 

plots of functions F(ru) , S(ru) • X(ru) and P(ru,Kt) are given In ft!. 4 for 

Er 
184

nucleus. 

Conclusion 

Numerical calculations have shown that the spin-quadrupole interac

tions affect weakly the energy and B(E2) value for the first 2+ state 

{gamma-vibratlonru state). Nevertheless we obtaln a more consistent des

cription of this state, taking the spin-quadrupole interaction into account. 

Furthermore the introduction of the spin-quadrupOle Interactions leads tc 
+ the significant lowering of the energy of the second 2 state. The K t -

transition probability for this state are effected strongly as well as the 

two-quasi-particle amplitudes In the wave function. But very scarce. empl-. 

rica! data about this. state do not permit to extract a certain K • value. 

It. ~eems a vety interesting data about spin-quadrupole force could 

be obtained through the study of odd-even nuclei, as well as from beta 

and alpha-decay studies of even nuclei. 
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2+ state energies, calculated with different •, and • • values 
( 1n un. of A 4/3 ~.). Experimental data are from the papers 5-7, lO-lJ. In the 

last column of the table the lowest two-quasi-particle energies are listed. 

Nucleus 

Ndl5o 

sml52 

sml54 

Gdl54 

Gdl56 

Gdl58 

Gdl6o 

n?-58 

Dyl6o 

n?-62 

Dyl64 

Erl64 

Erl66 

Erl68 

w2+ 
ex per. 

MeV 

1.06 

1.086 

1.444 

0.998 

1.156 

1.188 

1.010 

0.945 

0.966 

0.890 

0.770 
.1.987 

0.861 

0.788 

0.822 

•, .. 0 

4,6 

1.85 
2.Jl 

1.67 
2.)8 
2.52 

1.77 
2.)8 

1.27 
2.46 

1.)2 

2. 75 

1.22 
2.82 

0.99 
2.56 

0.94 
2.46 

0.85 
2.44 

0.60 
2.)2 

O.Jl 
2.15 
2.:n 
0.80 
2.JO 

o.59 
2.J.J 
2.)4 

0.89 

1.84 
2.20 

Calculated ener~ , MeV 

6,6 5,4 5,7 
0 4,6 4,5 

2.12 
2.42 

2.14 
2.44 

2.1J 
2.52 

2.08 
2.45 

2.06 

1.93 

1.59 
2.56 

1. 76 
2.JJ 

1.65 
2.)1 

l.JJ 
2.28 

0.77 
2.17 
2.JO 

1.27 
2.26 

0.64 
2.14 
2.29 

0.99 

2.20 
2.)6 

:12 

1.7J 
2.24 

1.56 
2.Jl 
2.52 

1.65 
2.JO 

1.21 
2.)6 

1.27 
2.J6 

1.16 
2.)2 

0.95 
2.08 

0.90 
2.12 

0.81' 
2.08 

0.57 
1.92 

O.JO 
1.58 
2.JO 

0.75 
1.96 

o.56 
1.57 
2.Jl 

o.8J 

1.76 
1.86 

1.76 
2.24 

1.61 
2.JO 
2.52 

1.69 
2.)0 

1.28 
2.)2 

1.)J 
2.)2 

1.21 
2.26 

1.02 
2.02 

0.96 
2.08 

0.89 
2.0) 

0.70 

1.85 

osi 
1.47 
2.29 

0.82 
1.87 

o.66 
1.45 
2.JO 

0.90 

1.66 
1.85 

6,0 
4,5 

1.74 
2.2) 

1.58 
2.29 
2.52 

1.67 
2.28 

1.26 
2.26 

First 
pole 
of F( .. ) 

2.JO 

2.)8 

2.)6 

2.4) 

l.Jl 2.6) 
2.26 

1.20 2.6J 
2.18 

1.01 
1.92 

0.95 
2.05 

o.88 
1.96 

0.69 
1.75 

0.52 
l.J2 
2.29 

0.80 
1.78 

0.64 
1.31 
2.JO 

0.87 

1.58 
1.85 

2.5J 

2.25 

2.2) 

2.22 

2.11 

2.17 

2.10 

1.8) 

.. 

0.9)0 
Erl7o 

0.986 
Ybl68 

1.220 

nl70 

1.468 
n 172 1.61o 

nl74 ~:._630 

1.16 
1.62 
2.)2 

1.lJ 
2.24 

l.J8 
1.84 

2.)7 

1.57 
1.72 

1.45 
1.97 
2.,2 

~ (continued) 

1.20 
2.24 
2.52 

0.86 
2.22 

1.20 
1.84 

2.)6 

1 •. 41 
1.64 

1.01 
1.98 

1.04 
1.60 
2.02 

1.09 
1.66 

l.J2 
1.81 

1.90 

1.49 
1.60 

1.17 
1.96 
2.28 

13 

1.07 
1.60 
1.98 

1.1) 
1.56 

1.)5 
1.77 

1.86 

1.47 
1.59 

1.14 
1.96 
2.25 

1.02 
1.58 
1.91 

1.09 
1.47 

1.29 
1.69 

1.85 

1.40 
1.59 

1.05 
1.95 
2.19 

1.61 

2.10 

1.8) 

1.60 

1.96 
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Ca1culated E2-trans1t1on probab111tT fer the 1owest 2+ states. The corresponding I Tab1e 2 ( continued) 

energies of the states are 11sted in tab1e 1. The exper1menta1 B(E2) va1ues are 
from the paper 5 I 4.6 4.3 3.7 6.2:!: 1.1 Er168 7.1o-3 0.02 0.10 

BlE.2, 0-+2)/B(E2) s.p. e"ff. = o.:1. B(E2) 0.11 0.01 0.01 
Nucleus · exp • . 

• t 0 5.4 5.7 . . 4.6 4.6 4.5 Er17o 
3.7 3•3 2.9 3.6:!; 0.7 
0.05 3.1o-6 6.10-3 

Nd15o 1.31 1.35 1.27 2.9:!;0.5 0.02 0.29 
6.10-6 0.02 o.o3 

0.43 

2.20 2.17 2.0 2.8:!;0.5 2.5 2.5 2.2 
sm152 4.10-4 0.02 o.o3 

Yb168 0.22 5.1o-6 0.04 

o.n o.u o.u 
I 3.5 2.J 2.0 

2.5 2.4 2.2 2.7;t0.6 Yb17o 0.02 3.lo-3 0.02 
sm154 0.14 o.o3 0.05 0.34 4.10-4 0.02 

Gd154 
3.9 3.8 3.5 5.3+2.0 0.5 
0.13 0.07 o.o8 - 1.9 1.7 Yb172 &,1.4 

1.8 0.05 5.10-:-4 
4.0 3.9 3.6 2.3;t0.8 

Gdl56 0.10 0.04 0.06 

I 
2.1 1.5 1.2 

4.2 4.0 3.7 -"'3.0 Yb174 8.10-3 0.01 0.02 
Gd158 o.u 0.05 o.o8 0.23 o.6 0.7 

4.4 4.2 3.7 3.6:j;0.6 
Gdl6o 0.2 o.o3 0.06 

5.7 5.4 4.9 2.7+0.8 -DT158 0.01 0.09 0.12 

6.1 5.7 5.0 2.7;t0.8 
· n,yl60 

0.01 0.10 0.14 

7.8 7.2 5.6 3.&;.0.7 
DT162 0.01 o.03 0.12 

13.1 12.4 7.0 4.9:j;0.9 
n,yl64 0.27 5.10-4 0.04 

0.01 0.34 0.37 

Er164 5.6 5.1 4.3 6.7;t1.9 
o.o1 0.09 0.16 

Erl66 6.6 6.0 4.7 7.7:!; 1.5 
0.25 0.01 o.o8 
5.1o-3 0.18 0.21 

14 
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Table 4 

Calculated energy and neutron two-quasiparticle amplitudes l/1~,· ~f(~.,.+t.Jsg) 

for different values of coupling parameters 
"' and " .. ( in un, of P."13 1Lw

0 
) • 

The experimental data are given from Burke and Elbek's paper. The calculations of 

Zheleznova et a1. 3 are listed in the last column. 

Nucleus 
ICt=O 

Configuration • ~~ 4. 6 

Ybl68 

52J~- 52H 

52U~· 512t 

512t- 510t 

52lt + 52H 

Energy, MeV 

Yb17o 

5231- 521l 

5211- 512t 

512t- 510t 

52H+ 52H 

Energy, MeV 

Yb174 

523l- 52U 

52U- 512t 

512t- not 
52lt+ 5211 

Energy, MeV 

-.654 

.030 

097 

528 

l.lJ 

-.620 

.124 

-.192 

-.447 

1,J8 

-.128 

.090 

-.705 

-.296 

1.45 

5.4 
4.6 

-.498 

,025 

-.107 

-.598 

1.09 

-.447 

.079 

-.221 

-.500 

1.32 

-0.91 

.042 

-.738 

-.111 

1.17 

17 

5.7 
4.5 

-.400 

.0.20 

-. 107 

-.624 

Exp. 7 w,.. Zheleznolla J 
and /'/'/ et al • 

-.993 

.029 

-.117 

-.678 

1.13 0,986 1,Jl 

-.J58 0,05~0.20 -.908 

,062 

-.225 

-.:528 

1.35 

-.050 

-.023 

-.7J6 

-.109 

1.14 

-0.53 

1.24 

OYOo56 

1.63 

,224 

-.259 

-.514 

1.59 

-.171 

,075 

-.129 

-.145 

1.54 


