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ABSTRACT 

The energy spectra, electric quadrupole transition probability and 

branching ratios of even-even Gd 154·158 nuclei were studied by using 

interacting boson model (IBM). The study of influence of cubic [d x d x dj 

and quadrupole [Qx Qx Q] interactions on the nuclear structure of these 

nuclei are undertaken. The analysis of the obtained results and the 

parameter values predict that these nuclei have large deformed nuclei 

properties. A good agreement between theoretical and available 

experimental results is obtained, 

INTRODUCTION 

The nuclear propelties of even - even nuclei in the interacting boson 

model (Arima and lacheIl, 1976,1978,1979) are obtained from a system of 

a fixed number of bosons. The neutron (proton) boson in this model is 

identified with a pair of valence neutrons (protons) outside the nearest 

closed shells. The bosons may have angular momentum L=O (s-boson) and 

L=2 (d-boson). The interactions between substates of single state of s­

boson and five substates of d-bosons lead to a group structure in six 

dimensions U(6) , which is broken to three dynamical symmetries 

U(5),S(3) and 0(6) corresponding to the geometrical idea ; spherical 

vibrator, deformed rotor and Y-soft respectively (Lipas, 1984). 



which gives a good agreement between the experimental and the model 

results (Barrett it al . 1983;Warner and Casten 1985; Warner 1991 ; Harder 

and Krusche 1994). 

In the present work energy levels, B (E2) and branching ratios in 

Gd 154-158 • d' d Ii d . h . f1 fIsotopes are stu Ie lrst, an most Important t e In uence 0 

cubic and quadrupole interactions on these properties are studied as well. 

MODEL 

In calculating the energy levels we use the Hamiltonian which is 

written in the language of second quantization (s, s+, d, d+), where s, s+ 

and d, d+ are the annihilation and creation operators of sand d-boson 

respectively. The general form within one body and tow body terms is 

written (Chianng et.al 1985): 

H=Eb+.S)+Ed(d+.d)+ L I / 2 (2L+ 1)1/2 CL{[d+xd+](L)x[dxdtL 
)} (0) 

L=O,2,4 

+ I1.J2 V 2 {[ d'xd+](2)X[ dxs](2)+[d+ xs+](2)X[dxd](2)} (0) 

+1/2 vo{[clxd'rO)x[dxsrO) +[s+xs'lO)x[dxdrO)}(O) 

+ U
2 

{[d 'xs'p1x[dxsfl} (0) +Uo{[s + xs,](Olx[ sxs](Ol} (0) 

I ) 

Another form often used which is (Casten and Warner \988): 

H = Ed nd + ao P.P +al L.L +a2 Q.Q+a) T).T.1 +a4 T4.T4 ----- ·-------(2) 

Wherc the coefficients ai (1=0----4) are a linear components for the 

coefficients in equation (I), and; 

-' 

I1d =(d'.d) : the \lumber of d-boson operator 

P =(d.d)+1/2(s.s) : the paring operator 
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fflQldaUty And Quadrupol~ Interaction'! Effect On the, ' 

: the angular IllOlllentulll operator 

(} 
, , 11)

III xsls xdl 
I I (")

- X!d xd I' : the quadrpouole operator 

'1'1 "!d'xd'I(\)(I'~JA) : the oclOpo\c ami hcxadropoic 

operator 

The electric quadrupole tnmsition operator ill IBM has the form 

'1'( (22) == 0.1 d' .s+s I .dJ(2)- ~ !d I .d J(2) ----------------(3) 

Where a and P are two parameters one can vary them to fit the 

experimental data 

THE RESULTS 

Choice Of The Parameters 

The Gd-isotopes A= 154 to A= 158 with Z=64 to 98 have a number 

of boson which vary form 1 I to 13 respectively, where the closed shells 

z=50 and N=82 are taken as the core. This number gives a good range to 

study the energy levels because it generate a large system space. The values 

of the parameters in eq. (2) which are used in this calculations are chosen to 

fit the experimental results of low lying stales. After several iterations we 

found the best values of the parameters as shown in Table( I). 

The Energy Levels 

The theoretical and experimental (Mitsuo 1984) energy levels of 

Gd-154 nucleus are given in fig.(l) , where the levels 1<1O~ have been 

grouped into different bands. From this fig. It could be seen that a good 

agreement in ground state, beta and gamma-bands. The energy and 

deformation parameters <13> and <y>of 2+2 state show that this state is 

predominantly K+=O+ Band and 2+3 state mainly K+=2+ band. Further more 
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the 0\ state lie lower than 2+2 state (beta head band lower gamma head 

band). 

The K- characters and deformations parameters of the bands 

comply with the known level spectrum ofSU (3)limit. Of IBM (Warner 

and Casten 1982). 

Fig.( I) also includes the B Band y y -bands, where 0) (B B -head 

band )have (1.295, 1.242)Me V in IBM and Exp. . Results, while 44 is a 

member of same the band which has (1.698, 1.595 ) MeV in IBM and Exp. 

results respectively. The 25 state (y y -head band)has (1.531, 1.489) MeV in 

IBM and Exp. results. At the same time ,3 2 which belongs to the same band 

has 1.661 and 1.614 MeV in IBM and Exp. results. These energy values. 

show the ability of the IBM to fit this band. Finally, the energy ratio,
i 

E4,iE2, equal to 3.31 and 3.01 in IBM and Exp. Results respectively which! 

is due to the rotational propclties of this nucleus (Warner and Casten 1988). 
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Fig.( 2) shows the comparison bet WCl"1l the I ':xp. <Inti calculated 

energy levels 01" (Jd-15() nucleus. In general, tilere is a good agreement 

between experimental and model result fiJr low-lying states in ground state 

beta and gamma-bands. However a poor agreement was obtained for odd 

higher spin, the differenl energy bel ween IBM and Exp. results which 

varies from 0.1 to 0.4 MeV in gamnw band .From this fig. One can see 

two columns in J3J3 -band region which represent, First Exp. data for J3J3 

band, where 0' ( 1.168),2'( 1.258) and 4' (I .4(27) Me V , second :Exp*. data 

for ODD -band 0' (1.715),2'(I.779).Meanwhile, the IBM column 

0)'(1.675),2/(1.769) and 44+(1.980) MeV cLc. from comparison between 

theoretical and experimental results for tow bands one can conclude that 

the IBM results arc in harmony with 13 P 13 -band , but it is not able to 

dctermine thc J3 J3 -band . This result reflects that the J3 B-band is not 

collective or, perhaps, it is thought to be outside that model space (Mixed 

symmetry band outside one filed of boson system ). The last region in this 

fig. represents the yy -band, where 25' (1.827, I .907)Me V 3/ (1.916,2.008) 

and 45+ (2.020,2.135) MeV in mM and Exp. results respectively where 

these states are lower members of this band. From the above values one 

can see the identification between IBM and Exp. results, the energy ratio 

E4,/E2, equal to 3.318 and 3.236 in IBM and Exp. result respectively. 

The calculated energies of the excitation states in Gd '58 below 3.5 

MeV are compared with experiment results as shown in fig (3). The results 

of ground state band are give correctly, but beta head and gamma head­

bands lied lower than 0.1 MeV. In this nucleus after the analysis of22+ and 

23+states's properties, we found that 22+ state becomes gamma head band 

and 23+ is a member of beta band. 

The energy of O2+ (beta head band) is equal to (1.196, 1.058)MeV 

while 2/ (1.107,1.132)MeV and 2/ (1.259,1.244) MeV in Exp. and IBM. 
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Results. The OJ-head band in IBM result nearly to ~ f3 ~ than ~ ~ - band. 

This fig. also included the y y -band states . Finally, the energy ratio 

E4 1+/E2 1+ is found to be equal to 3.32 and 3.28 in IBM an Exp. results 

respectively . From these results, we can get the necessarily change of the 

parameter values range, whenever we study the higher Gd-isotopes. 
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TrloHlolity And Quodrupol~ Interoctlon.! Eff&ct On th& 

Triaxialily 

III this section the illfluence or the cubic Hlld quadrupole 

interactions or (iLl-isotopes are studied, a modified Ilaimiltolliall system 

becomes 

Where lIe is a cubic Haimiltonian (lleyde 1993): 

H('= LC-:))fd'd'd']O).[ddd]()) 

And 

Il sliCO == Hsu + Hc + Ho 

Where H{} is a quadrupole interactions Haimiltonian after using 

cubic interactions 

Where e), VQ Q Q and I I'll represent the cubic interaction parameter 

, the quadrupole-quadrupole-quadrupole parameter interaction and the 

Haimiltonian in eq. (2) respectively. 

Fig. (4a) shows the influence of HQ and He terms on the ground 

states band levels for Gd 154 isotope. At e3 =0.01 only (Hsdc uses) the 

values of energy difference are equal to 0.0002 --- 0.00 I MeV, which is 

very small in comparison with energy values. In using the HstlcQ 

Haimiltonian (e 3=0.01 and V Q {} Q = 0.005 ) there is an increase change in 

energy equal to 0.01 ---0.15 MeV. From fig. (4b) one can see the effect of 

He and HQ terms on the energy of f3 -band, when He is used the energy of 

any level becomes lower by 0.1 ---0.04 MeV to ones that are in used Hsd 

Hamiltonain . At the same time, if we use Hsd('() Hamiltonain the energy up 

to 0.2---0.3 Me V for any level , although ,the theoretical results are in 

harmony with experimental data. From lig.( 4c) it is clearly seen that the y­

band levels are affected :where the energy decreases 0.1---0.02 MeV in 

using HsdC Hamiltonain and increases 0.04-0.2 MeV by using HsdcQ 

Hamiltonain . The Bf3 -band levels effect is shown in fig. (4d) where :the 
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energies mcrease IS equal 0.25 -0.4 MeV in usmg HsdCQ Hamiltonain, 

Finally, from these figures one can conclude that large effect results from 

cubic and quadrupole interactions in high-energy bands. Figs (5a-5d) show 

the effect of cubic and quadrupole interactions of the energy bands in the 

Gd 156 isotope. From these figs .it could be seen that the exact effect was in 

Gd 154 nucleus. Fig.(6a) show the influence of I-Ic and HQ terms on the 

ground state band levels of Gd 158 isotope. However the P-band levels 

were effected by the use of these terms. For example the, 0/ energy level 

increase 0.35 MeV as wetl as the 2/have the same effect for 0/ level. 

From fig. (6c) one can see the large effect of cubic interactions on the y­

band specially, the odd angular momentum. At the same time, the V QQQ 

term effect was observed on the high energy levels of this band. Briefly ,the 

HsdCQ results reflect the importance of these interactions in high bands 

energy. 

B (E2) And The Branching Ratios 

The calculation of the E2 transition probabilities requires the use of 

eq. (3). The a and ~ values used for Gd-isotopes were determined by 

fitting the experimental data of B(E2), 21 -----> 01 ),as shown in Table (1) . 

Table (2) shows some B(E2) values for transitions. From this Table one 

can find a good agreement between IBM and experimental (Kumar et al. 

1979; Gupta et a1.1980) results for transitions within ground state band for 

Gd I54 
•
158.Moreover, this Table includes some transitions for beta band 

levels to ground state band levels. 

In table [3] some B(E2) branching ratios for Gd-isotopes are 

tabulate. The 8(E2) ratio 2 y ------> Ogf2 y ------->2g has a small val ues in all 

isotopes ,which means 2y predominantly decays in to 2& state. This 

qualitative behavior is well reproduced by experiment data for deformed 

nuclei .The B( E2) ratio 2 y ------> 0r~12 y ------>01( increases with increasing 
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tloHlollty And QUQdrupol~ Int~roctlon/ Eff~ct On th~ .. , ----------­

,. thl' neutron llulllhL'r. The ratio .~ -----,2../3, ------ >2" is small, thisY ,. I , 

W~·alls tllat lhe rotatiollal transition to the 2y stat!: is prckrrcd. The ralio 4)' 

io~--- '2j.! /4, ------>2y is very small ami shows thalLlle 41 sLate is really a 

vihralional slale, il belongs clearly Lo the 2" balld . Finally, the B(82) ratio 

211 ----> ()~ 12 y ---->O~ is equal to OO.142H and O. ! 203 in the Gd 15,1 and Gd 

I~I, , while this ratio is equal to 7.407 ill Od 'S !! when Hsd Hamiltonian is 

used. This means thm the cubic interactions must be incorporated in 

c.lctermining beta band energies, because this ratio is close to the value of 

1/6 predicted in SU(3) limit (Warner and Casten 1988). 
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'('abk III hest parameter values lIsing in this work. 
-~ 

A I':" "0 al a} <II n" X IX I~ V()(](} 0] 
.~.~._~, ' ••0" --.-- ­

IS!J 0.0 0.0 (J.n I ·(Ull I n.m () .0 ·U2~ () 1(, ·(J.(m 0.0005 0.01 

156 o.n 0.0 0.007 ·00 IJ 0.026 00 ·1.221 016 -o.(m 0.0005 0.01 
0~'__ ' __'0____•• 

158 0.0 0.0 0.006 0.014 o. () ·1.12.1 016 -0.037 f-c)O()()S . 0.01 

1Table [2] f3(E2) values orGd 15 1·15H isotopes given in e2 .b2 
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Table [3] Branching ratios values ofGd 154·15& isotopes 

Gd-154 Gd-156 Gd-158 

Exp. IBM Exp. IBM Exp. IBM 

0.460 0.489 0.538 0.681 

0.14 I 0.190 0.189 0.006 

1.030 0.262 0.239 2.043 

0.052 0.045 0.038 

0.026 0.028 0.029 

0.740 0.771 0.961 

2.300 1.750 1.400 
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