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Original scientific paper 

The low lying levels of 9 8Y have been investigated in the Interacting Boson-Fer­mion-Fermion Model. A U  (5) core (9 6Sr) has been used and the parameters for the calculations were deduced through studies of the neighbours 9 1Y ( odd proton)., 
9 7Sr (odd neutron) and 9 6Y (proton-neutron interaction). Thus, insight has been gained into the structure of the spherical states of the nucleus 9 8Y which lies at the onset of nuclear deformations near A = 100 and which exhibits shape coexi­stence. It was found that this structure deviates remarkably from the zeroth order classification of multiplets which originate from a coupling of the relevant proton and neutron quasiparticles. 

1. Introduction 

The A � 100 neutron-rich nuclei provide a unique opportunity to study an extremely rapid onset of deformation 1 >. This phase transition is particularly pro­nounced for the sequence of Y nuclei, where 9 6Y 2> and 9 7Y 3 - 5> exhibit the pattern 
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associated with spherical shell-model states, while 9 9Y 4• 6 - 9> and io oy 1 0> havefully deformed structures with well developed rotational bands. Thus, the odd­odd isotope 9 8Y is positioned in the center of the transitional region between spherical and deformed nuclei, and is therefore a particularly good candidate for shape coexistence of spherical and deformed structures. In fact, the first rotatio­nal band which was identified in a non-even-even nucleus of the A � 100 region, was the very regular band in 9 8Y with the head at 496 kev1 1 - 1 3>. Much effort has been recently devoted to the experimental investigations of 9 8Y 1 • 1 4- 1 6>. On the other hand, it is well known that the theoretical approach to nuclear structure in the framework of the Interacting Boson Model (IBM) 1 7>, Interacting Boson-Fermion Model (IBFM) 1 8> and Interacting-Boson-Fermion-Fermion Mo­del (IBFFM) 1 9 - 2 1> is capable of treating both spherical and deformed even­even, odd-A and odd-odd nuclei, respectively. In this framework, we have recently started to investigate the structure of nuclei in the A �  100 region22 - 2 5>. The quantum chaos for the IBFM/IBFFM-energy spectra in that region has also been studied 2 6>. In this paper we report the application of the IBFFM approach to the low­lying levels in 9 8Y which are of spherical character. Here we are in a particularly difficult situation since very little is known about the spins. A long-standing pro­blem was the ground-state spin and parity for which values of 1 + 1> and 1 - 1 4> have been proposed. Only recently, the o- assignment has been established1 5 • 1 6>. In the light of such a situation, we have attempted to predict the properties of low-lying levels in 9 8Y using the parameters from IBFM and IBFF M calcula­tions for the neighbouring lighter nuclei 9 7Y, 9 7Sr and 9 6Y. 
2. The calculational procedure 

In the first step we have performed IBF M calculations for the negative­parity states in the odd-even isotope 9 7Y. Here, the same boson core of U (5) character (9 6Sr) has been taken as in a previous IBFM calculation for the positive­parity states in 9 7Y 2 2>. The BCS occupation probabilities for the proton quasi-particles p112, p312 and f512 are taken the same as in the previous IBFFM calcu­lation for 9 6Y 2 3>. The proton quasiparticle positions e (,q,312) - e (np 112) =  0.78MeV, e (nf512) - e (np 112) = 1 . 15 MeV are fitted to my levels ; these valuesare similar to those used for 9 6Y. The boson-fermion interaction strengths r: and x are taken equal to those used in the calculation for positive-parity states inmy 2 2>. The strengths A: = 0.4 MeV and A: = -0.25 MeV were adjusted tothe low-lying negative-parity states in 9 7Y. (For definition of the parameters see Ref. 27. For the IBFM and IBFFM computations we are using the computer codes PTQM and OTQM, respectively2 8> .) In the second step, we have performed IBFM calculations for the positive parity states in the even-odd isotone 9 7Sr. This nucleus in which shape isomerism has been observed recently2 9>, has 9 neutrons in the valence shell and thus the ,,ds,2 quasiparticle lies above the •p'g712, 'Pd312 and 'PS 112 quasiparticles. Therefore, we have assumed that the ,,cf512 configuration is completely occupied and it was thus omitted from the calculations. The neutron quasiparticle parameters were 
324 FIZIKA 22 (1990) 1, 32�32 
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adjust:-d to the levels in 97Sr : s (g712) - e(s 112) = 0.9 MeV, e(d312) - e (s 112) = 
2 ,..., ) 2 (,..., ) 2 - -= 1.2 MeV, v (s 112 = 0.5, v g112 = 0.2, v (d312) = 0. 15. We note that 11d312was included above 'Pg712 in accordance with the investigation of 9 6Y 2 3> . Thus, itis assumed that the 3/2; state at 167. 1 keV in 9 7Sr is not of quasiparticle but ofmore complex nature as associated with the I = j - 1, j - 2 anomaly3 0>, or theanalogous effect in IBFM. The boson-fermion interaction strengths A: = 0. 18MeV, r; = 0.5 MeV, A; = 0.4 MeV were adjusted to the levels of 9 7Sr. Th�IBFM energy spectrum of the positive-parity spherical states in 9 7Sr are pre­sented in Fig. 1, in comparison to the available experimental d�ta. For complete­ness, the available experimental levels of rotational character are also presented. 
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Fig. 1. Low-lying spherical states of 517Sr calculated in IBFM and comparison to data. 

In the third step, we have performed the IBFFM calculations for the lowest­lying states in 9 8Y which are associated with a spherical shape1 • 1 4>. For the bosoncore we used the same U (S) parameters as in the IBFM calculations for 9 7Y and 97Sr. For the quasiparticle parameters and boson-fermion interaction strengths we used the values from the IBFM calculations for the normal-parity states in 
9 7Y and 9 7Sr. The value of r; is the same as the one used in the IBFFM calcu­lation for 9 6Y. For the spin-spin residual interaction strength we employ the estimate V00 = 20/A = 0.2 MeV. The strength of the surface delta interactionis taken as V8 = -0.22 MeV, which is close to the value obtained from the strengthused in the 9 6Y calculation 2 3>, by requiring that the diagonal matrix element for the (ng912, Pg71 2) configuration for 9 8Y is the same as for 9 6Y.
FIZIKA 22 (1990) 1, 323-,332 325 



SISTEMICH ET AL. : THE STRUCTURE OF . . .

3. Results

In this way, we obtained the IBFFM states for 9 8Y without adjusting any 
parameter. The resulting low-lying negative-parity spectrum is presented in Fig. 
2. The calculated states are tentatively attributed to the experimental levels in
the ordering of increasing energies. As will be shown below, such an attribution
is supported by the electromagnetic properties of the low-lying states.
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Fig. 2 .  Low-lying spherical states of 98Y (below 0.7 MeV) calculated in IBFFM and comparison 
to data (level energies and parities from Refs. 1 and 14 and g. s. spin from Ref. 16). The experi­
mental level at 496 keV is of deformed nature and therefore is omitted from the experimental 
spectrum of spherical states. The calculated 1 t state is assigned to the experimental (1 +) level 
at 548 keV which is assumed to be spherical (see text for details). The tentative assignment of 
the calculated states to the low-lying negative parity levels is supported by the electromagnetic 

data (see Table 2) and the observed conversion coefficients t>. 

In Table 1 we present the IBFFM wave functions of the low-lying states. 
The two lowest-lying IBFF M levels are o- and 1 -, in agreement with the predic­
tion of the parabolic rule 3 1 >. In the zeroth order classification these states arise 
from the (np 11 2, 'PS 1 12) Jn = o-, 1 - multiplet; the corresponding Nordheim num­
ber is.Al"=O and therefore the leading-order approximation predicts E(O-) < E(I -).
As seen from Table 1, the IBFFM wave functions of o; and l"i states, although
mixed, are dominated by the corresponding components (np 1 12, 'PS 112) o- and
(np 112, ,i's 112) 1 - .  

On the other hand, there is not a single dominant component in the IBFF M 
wave functions of the 27 and 1; states. In each of these states there are two large 
components with comparable magnitudes 

12; > = 0.57 l(ni> 1/2> 'P
0

d312) 2, 00; 2> + 0.49 l (,i;p 1/2> 11g,,2) 4, 12; 2> + . .  .

1 1; > = 0.56 l (np 1,2, vd31 2) 1, 00; 1 > + 0.51  l(np 112, vg,12) 3, 12; 1 > + . . . .
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TABLE 1.  

Oi" li" 
(nJl112, VS112) 0.,00 0.91 (m>112, i,d312) 1.,00 O.S6
(nJl112, i,d312) 2.,12 0.26 (m>112, 118112) 1.,12 -0.2S
(np3/2, VS112) 2,12 0.17 (m>112, i,d312) 1,12 -0.19
(nfs12, vs 112) 2.,12 -0.17 (np 112, iid312) 1.,20 -0.19

(np 1/2> Vd312) 2,12 -0.23 l i"  (m>112, 11g1, 2) 3,12 O.Sl
(nl)1/2, VS112) 1.,00 0.88 (ni>112, 11g1,2) 3.,22 -0.21
(nJl3/2> VS 112) 1,00 0.19 
(np 1/2.t Vd312) 1,12 -0.20 4i 
(np 112, i,d312) 2.,12 0.19 (nJl112, Vd312) 2,12 0.42 
(np312, 118112) 2.,12 -0.lS (np 112, vd312) 2,22 -0.16 
21 Cni>112, 11g112) 4.,00 0.66 

(ni>112, t1g112) 4,12 -0.37 
(,ti>112, SIS 112) 0,12 0.17  Cni>112, t1g1,2) 4,20 -0.18 
(np 112, SIS 112) 1,12 -0.19 

3i (np 112, vd312) 1.,12 0.16 
(np 1/2> Vd312) 2.,00 0.57 (m>112, vd312) 1.,12 0.36 
(nJl112, vd312) 2.,12 -0.23 (np 112, iid312) 1,22 -0.15 
(np 112, vd312) 2,20 -0.19 (np 112, i,d312) 2.,12 0.17 
(np 112, Vg712) 3,12 -0.16 (np 1/2> t1g7,2) 3,00 0.65 
(nJl112, vg,,2) 4.,12 0.49 (np312, "8112) 3.,00 -0.18 
(np 112, iig,,2) 4.,22 -0.20 (np 112, 118112) 3.,12 -0.36

Cni>112, "8112) 3,20 -0.172- (np 112, 11g7,2) 4,12 -0.162 

(m>112, '18112) 0�12 0.25 it  (nJl 112, VS 112) 1,12 0.24 
(np3/2, 11S 112) 2.,00 0.80 (ng912, vg,,2) 1.,00 0.77 
(np3/2> Vd312) 2.,00 -0.16 (ng912, 11g1,2) 1.,12 -0.17 
(np312, PS112) 2,12 0.23 (ng912, '18112) 2,12 0.28 
(np3/2> Vd312) 2.,12 -0.1S (ng912, VS112) 3.,12 -0.30 
(np312, itd312) 3.,12 0.17 (118912, vd312) 3.,12 0.36 

(ngg12, vd312) 3,22 -0.15 

Main components in the IBFFM wave functions of the low-lying spherical states in 9 8Y. The 
wave functions are expressed in the basis l(jnjr,) Jm., n41; J) where the proton-neutron angular 
momentum Jn• and the angular momentum I of the boson state with n, d-bosons are coupled to 
the total angular momentum J. For simplicity., the label of the total angular momentum is omitted 
in the Table from the notation for basis vectors. Only the components with amplitudes which 

exceed 2 % are listed. 

This structure differs basically from the zeroth-order classification, according to 
which the 27 and 1; states are predicted to based on (np312, 11s 112) 1 - and (np312, 
'PS 1,2) 2- configurations, respectively. 

The structUre of the next two levels, 4� and 3;., is similarly complex. In fact, 
it is in its main part boson-symmetrical to the 2- and 1 - states : the main com­
ponents are 

14; > = 0.42 l (nJ>112, 11d312) 2, 12; 4 > + 0.66 l (np 112, 11g712) 4, 00; 4 > + . .  . 
1 3; > = 0.36 f(np 11 2, 11d31 2) 1, 12; 3 > + 0.65 l (np 11 2, 11g712) 3, 00; 3 > + . . .  . 
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Only the next higher state, 2; is based on the (np 31 2, 'PS 11 2) configuration. Thus,
this state, due to its structure, approximately corresponds to the 2; state at 652 
keV in 9 6y 2 3>. 

Thus the situation in 9 8Y differs from the one in 9 6Y, where the observed 
levels are close to zeroth-order classification. The main cause of this change of 
structure of low-lying negative-parity states going from 9 6Y to 9 8Y is a change in 
the pattern of the quasiparticle levels with the addition of a pair of neutrons. 

In order to test the tentative level assignments in Fig. 2, based until here solely 
on energy ordering of IBFFM and experimental states, we have also investigated 
the branching ratios and half-lives of these states. They were obtained from the 
E2 and Ml transition moments, which were calculated employing proton and 
neutron effective charges and gyromagnetic ratios used previously in the IBFFM 
calculation for 9 6Y 2 3>. 

For protons, the main role in the structure of the low-lying levels is played 
by the spin-flip quasiparticle partners np 112 and np 31 2, and thus the tensor term
in the Ml operator plays a minor role; therefore we set 8¥ = 0. The nvo remaining
parameters in the electromagnetic operators, e"18 and gj. are, in the first step, 
fitted in IBFM3 2> to the 1 67 and 141 keV transitions in 9 7Sr with B (Ml : 3/2; -+ 
-+ 1/2:) = 0.005 µi and B (E2 : 7/2! -+ 3/2D = 0.006 e2b2, respectively. In this
way we get e"18 = 0.35, Kr = 5� g;ree (r2). In the calculation for 9 8Y we have

somewhat modified these parameter values to 0.25 and :o g{ree (r2) = - 0. 78,
which were adjusted to reproduce the values of t 112 for the assumed 4- state at
374 keV and of ly (27 -+ 17)/ly (27 -+ 07) to the experimental data. In Table 2 
we present the calculated results for the branching ratios and the level half-lives 
in comparison to the available data. The agreement is rather good, except for 
ly (1; -+ OJ, which is predicted to be more than an order of magnitude stronger 

TABLE 2. 

ly (11 -+ 11)
11 -+ 11 IBFFM EXPO 

1 "i -+ 01 1 1 
21 -+ 01 1 1 

-+ l i" 0.22 0.19 
1.i -+ 01 3.9 0.11 

-+ 1 i' 1 1 
-+ 2i 0.96 0.32 

4i -+ 2i' 1 1 
3i -+ li' 0.0000 

-+ 21 1 1 
-+ li  0.0000 
-+ 4i' 0.02 0.07 

T 112 (I,) 
IBFFM 

0.12 ns 
0.4 µs 
0.03 ns 

34.6 ns 
O.OS ns

EXPt, 1 3> 

0.14 ns 
0.62 µs 

36 ns 

Electromagnetic properties (branching ratios and halflives) calculated in IBFFM for the low­
lying states in 9 8Y, Comparison to data is given under the assumption of the spin assignment 
from Fig. 2. The branching ratios are normalized to unity for the strongest observed depopulation 

of each level. 
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than the measured value. An interesting additional experimental information for transitions between the low-lying states is the conclusion from the measured con­version coefficients that the 2� -+ 1; transition is of Ml type with a possible smaU E2 admixture1>. The IBFFM calculation predicts Ml + 2% E2 for thistransition, in good agreement with the experiment. Employing the parametrization deduced from neighbouring lighter nuclei, we have also calculated the positive-parity levels. We obtain 1 + as the lowest po­sitive-parity state in IBFFM. A few calculated low-lying positive-parity levels are also presented in Fig. 2, where the 1 T-IBFFM level was assigned to the experi­mental 1 + level at 548 keV. The wave function of this state, presented in Table 1, has the largest component (ng91 2, ,,g,12) 1 + . This is in agreement with the para­bolic rule since the parabola (ng91 2 ,,g,12) has @ = 1 and therefore is open down­wards. The next higher calculated positive-parity states are 5 t and 3 t .  Their relative position is rather sensitive to the strengths of the residual interaction and can be reversed by a ·modification of the interaction strengths. Further experi­mental information is needed in order to obtain firm assignemnts for the positive parity states in 9 8Y. Here it should be mentioned that the 1 + state at 548 keV might also belong to a deformed configuration since it is strongly populated through the p- decay of the deformed ground state of 9 8Sr. If so, then the spherical 1 +state resulting from the calculation may lie higher in energy. Finally, let us comment on the coexisting deformed states in 9 8Y. The band head at 496 keV has no reliable spin/parity assignment. As most probable, 2+ or 2- assignments have been proposed 1 4• 1 5>. Calculations of the excitation ener­gies of the band heads of odd-odd nuclei in the A � 100 region 3 4> offer candi­dates for both parities, namely {n [422 5/2], v [404 9/2]}2+ and {n [303 5/2}, ,, [404 9/2]} 2- which have the same neutron configuration. Also the state {n [301 3/2], v [ 404 9/2]} 3- could be a possible candidate for the band head ; it would, however, involve an unexpectedly large moment of inertia of the band. We note that the band strucwre, similar to the results of the Nilsson model calculations, can be obtained in IBFFM employing an SU (3) boson core3 5>. Such a treatment of the deformed states in 9 8Y would require large computations involving the full valence oscillator shells for protons and neutrons and is not available at this stage. In conclusion, the IBFFM calculations reproduce satisfactorily the known properties of the low-lying levels of 9 8Y and thus strengthen the assumption that they are of spherical nature. It is remarkable that this good description is obtained through an extrapolation of the parameters from the lighter neighbours although the levels of 9 8Y seem to be more complex than those of 9 6Y. Of course, a measure­ment of the spins and parities of the levels of 9 8Y is necessary to confirm the IBFFM results. An open problem is the nature of the P-decaying isomer in this nucleus with I r,.J 5/i 3 6> at an excitation energy of about 1 MeV3 7>. It is difficult to describe this level as a proton-neutron coupled state as in the case of 9 6Y where the cor­responding isomer probably is the 8+ member of the (ng912, vg11 2) multiplet.The present results may help to gain better understanding of 9 8Y and to serve as a possible guideline in identification of low-lying levels in this nucleus, which presents a challenge to the understanding of coexistence of spherical and defor­med phases at the point of rapid onset of deformation. 
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Istrazivana su niskolezeca stanja 9 8Y u IBFF modelu. Koristena je U (5) sredica 
( 9 6Sr), a parametri su odredeni iz proucavanja susjednih jezgri. Dobiven je uvid u strukturu sfericnih stanja jezgre 9 8Y. 
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