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ABSTRACT

The structure cof the low-lying levels of the 9OY, 90y
and 91zy nuclei is discussed in a framework of the cluster-phonon
coupling modei. In order to describe simultaneously positive and
negative parlty states, octupele as well quadrupocle vibrations of
the 38sr core are allowed. The cluster states include single
neutron coupled to single proton (9°Y), two 51ngle proton (9°Zr)
and fwo single neutrons coupled to single proton (glzr) The
residual 1nteractlon among the cluster particles is assumed to be
_the modlfled surface d -interaction. For each case, energy levels
and electromagnetic properties are calculated and compared ‘with
the experimental data.

NUCLEAR STRUCTURE: 9°Y, 90Zr, and 912r; calculated levels
J, T,Q, M, T, B(EA}, and §(E2/M1). Cluster-phenon

coupling model. Modified surface §-interaction

* Supported in part by FAPESP and CNPg.

I -~ INTRODUCTION

The isotopes 90z, and ?1lzr have been the subject of
many experimental and theoretical investigations in.the past and

many features of the experimental data have been found to be

readily explicable in terms of fairly simple shell model

descriptions(1'7). For the N=50 isotones the use of the (2p1/2,
199/2)" model -space with an inert %8gp core in the shell model
calculation schemes has been quite successful in reproducing
energy levels, life-times and decay rates, nuclear moménts and
cther parameters. However in the case of gOzr, nost of the low
lying negativé parity stétes as well as a few odd langular
momentum positive parity states cannot be explained with this

mcdel. The collective structure of the 37 state in ¥zr is fairly

well establisheg(3) and ‘the exact structures of other negative

parity states in this nucleus have not been determined. To
explain these states therefore, one needs to consider another,
and perhaps a larger model space as well as the p0551b111ty that
these states are due teo core excitations. In the case of.QIZr
nucleus previous calculations(4-%) included besides the well
known proton interactidn determined from N=50 calculation, the
coupling of neutron deqrees of freedom (2d5/2, 351/2, 2d3/2_and
197/2 orbits), 1In thls model space the importance of core
excitations has never been investigated.

The main aim of the present work is to describe
51mu1taneously positive and negative parity states of 90Zr and

positive parity states of 9lzr, using a medel in which quadrupole
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as well as octupole vibrations of the Bssr core are’ allowed,

Recent calculations(8:9)

performed for nuclei with A ~ 90 using
the cluster (guadrupcle-cctupcle} phonon model indicate that this
model represents a good starting point to describe the general

trend of experimental data in 89!, QOY' 875y and 8%%sr.

In order to test the parametrization of the residual'

proton-neutron interaction and other parameters of the cluster
phenon model, the available experimental data for the 9%y nucleus

were discussed.
ITI -« THE NUCLEAR MODEL

A detailed description of the cluster vibrator model is
given in Refs. 11 and 12. He we only sketch the main formulas in

order to. establish the notation. The total Hamiltonian is
H = Hy + Hpeg + Hipg . ' (1)

where H, represents the energy " of the unperturbed systen
consisting of gquadrupcle and octupole vibrational fields and
valence particles in a central field. The effective proton-proton
‘and proton-neutron residual interaction among the particles in
the shell-model cluster, Hp,o, oODLY includes explicity the
modified surface delta interaction (MSDI). This two-body force is
expressed in the form(13),

H = -amAg & (F(1)-F(2)) 5(r(1)—Ro}+B[?(1}- 2E(2)] : {2}

res

where r and T are the pdsition and isospin vector operators of
the interacting particles and R, the nuclear radius. The.isospin
T is used to label the strength parameters A,, Ao for T=1 and
T=0, respectively. The last term contributes only to the diagonal
matrix elements, and is necessary only for 91lyr calculations. The
interaction between the p-particle cluster and the vibrational

fields is given by the expression

3 B 2y Ay B *
Bine = )E2 Tl u;_)\[bl S M N kir;) ¥y, (8,05 (3)

where k(r;) is the interaction,intensity;“Bi'are-the deformation
parameters and all other symbols have the standard meaning-.
The matrix elements of Hj,¢ are parametrized by the

coupling constants'aa defined as

<k> BA
a; = —
van Y2i+L1

where <k> is the mean value of the radial matrix element of the
interaction.
The eingenvalue problem (1} is solved in the basis

[¢3132) Ty, Ril>

for the A=90 nuclei (p=2) and in the basis’
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_ for .the A=91 nucleus (p=3). Here j=(nlj) stands for the guantum
numbers. of the single proton or neutron state, J the total
angular momentum of the cluster, R represent the guantum numbers

{N,R,,  M3R3,R} where w, is. the number of A ~pole phonons of

A
angular momentum RA ; B = ﬁz + §3, and I is the total angular
momentum.

The electric and magnetic operators consist of a

particle and a collective'part

P
HErw = T, ) Py Yy, (05045)
- 3 _eff _Ar u+s U= -u :
* o Sv Ro[BR" + ¥ lM) )
3 172 ' B . . . .
MO = (o7 gy By 4 T (g ()8 () 4g, (1L () g, (6)

4T

where egff is thereffective-particle charge, e%ﬁf = ZeBA//EX—:T
is the Veffective vibrator charge, and 9re G and gg are,
respectively, the collective, orbital and spin gyromagnetic
ratipg.

The mixing ratio §(E2/M1) is given by

"§(E2/M1) = 0.835 (E,/MeV)(D /eb u 1)~ . o

with

<L ME2)] 1> .
p =2 £, (8)
<Igl MO 1>

and Ey = E; =~ Ep is the transition energy.

The reduéed transition probabilities are

_ <] WD | 12 -
B(wLiI; + Ig) = _ {9)
2Ji+l_
with oL = E2,Ml1 for electric and magnetic cases, respectively.

The matrix elements of E2 and M1 operators are expressed in the

forms.

. A )
<I;] MEN)| Ig> = (egff A+ efffar + e2ff gy o fn _ (10a)
Il M| 1o ~(EF e+ £ ¢ g, Drg, Dk gEy (10b)
: P . n P n

and the gquantities a, aA’, B, ¢, ¢’, D, D’ and E are calculated
from the model wave functions.

The mean lifetime corresponding to the transition

probabkility T of decaying state I; to Ig is

T(wlily + Ip) = L/T(WLily » Ip) (11)
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III - PARAMETERS

The clusters are assumed to consist of one proton and
cne neutron, two protons, and two protons and one neutron for
QOY' 90zr ana 91Zr, réspectively. The configuration space is
generated by the valence particles distributed among the single-
proton states:IZpi/z, 1g9/2 and the single-neutron states: 2d5/2,
351/2, 2d3/2, and lg7/2, and coupled to N=0, 1, 2 guadrupole
phonon and N=0,1 octupcle phonon.

The Hamiltonian was diagonalized with the following set

of parameters:

(a) sinéle particile energies EPyz = 0, €9gyy = 0,839 Mev,
sd5/2_= 0, 81,5 = 1.08 Mev, sd3/2 = 2.00 MeV, and €ys0 = 2.34
MeV, were takeﬁ from the work of Chuuf?®);

(b) phonon energies hu, = 1.836 MeV and hw; = 2.#34 MeV,
are the experimental energies of 21+ and 31' states in the B8g,

nucleus;

8,

(c) MSDI strengths A, = 0.4 MeV, is fixed for %0y ang

~%1zr, A, = 0.3 MeV, 0.4 MeV and 0.5 MeV, are used for %0y, 90zr

and 912:,,respectivé1y,.and B = 0.35 MeV is taken for 91Zr.
{d) particle-vibration coupling~constanté.az = 0.5 MeV and-
ag =70.4-Mev are fixed for the three nuclei.:
The electromagnetic properties were obtained ' with the
usual values of the effective electric charge and . effective

gyromagnetic ratios, namely

Ze B
, eoff . , efE = g se,
v YZA+l n
Set II : egff = 2e
for the electric tfansitions, and
SET A : g, :ree - :Fee
P P n n
g, = l;g_ =0, g, =Z/3
ﬂp th_ 23
: f
SET B : g, = 0.7g§ree, g, T 0_7g_sree
p P n n

In the calculations of electric properties we used
for the radial matrix elements <jairlljb> the usual estimate
<> = (3/(A+3))RJ\ with a nuclear radius R, = 1.30 al/3, and the

fixed value <k> = 50 Mevi{l4),



The theoretical mixing ratios § (E2/M1) and mean
lifetimes T were evaluated assuming the ordering and excitation
energies of the experimental levels.

IV - RESULTS AND DISCUSSION
a. 9% Nucleus

The goal of the present calculation for this nucleus is
t& test the parametrization qguoted in the ﬁrevious section, in
particular, tc adjust the proton-neutron interaction strength
parameters. The experimental(ls) and theoretical spectra of 90y
are compared in Fig. 1.

- As an example, in fig. 1 the calculated spectrum for
A, = 0.2 MeV is also exﬁibited. It should be noted that the
agreement between the calculated and measuréd energy spectra for
%0y nucleus can be improved by 1owerihg the MSDI ' strength
parameter Alj with A, = 0.4 MeV. The results for the
eiectromagnetic pfcperties of %Y are shown in Tabie 1. Our
calculations reproduce the electric éuadrupole moment of the
ground state. The magnetic dipole moment. 6f the ground state and
‘the lifetime of the 31' state obtained in Ref. 10 are in good
agreement with experimental data. These values were calculated by
means of wave funétions, effective charges and gyromagnetic
ratios similar to those employed in our calculations. ©Only the
effective core gyromagnetic rétio g = 0 value useall®) ig guite

different.

10.

B. 902; Nucleus

The experimental(13) and theoretical spectra for 29gp
are compared in fig. 2. The agreement between calculated and
measured positive parity levels is acceptable. Although the
single neutron 1h11/2 statg is not included in the calculations,
particularly_for negative parity levels, there is good agreement
between experiment and theory. .

The confiquratiqns and amplitudes of the wave functions
of low-lying states in %02r which contribute more than 4% are
listed in Table 2. Only the ground state is a pure two proton
state. The-21+ and 31“ appear té have callective characteristics.
The remaining states are based on ,ﬁhe tﬁo-proton (99/252 and
(pl/z, 99/2) configurations for positive and negative parity
levels, respectively[_ln these states there is a small mixing of
one quadrupclar phonon configuration. -

Experimental information on .the electromagnetic
properties are displayed in Table 3. We alsc show theoretical
results. The mean lifetimes were obtained by using the
experimental excitation energies 1;761 MeV, 2.186 MeV, 2.319 MeV,
2.739 MeV, 2.750 MeV, 3,077 MeV, 3.309 MeV, 3.448 MeV, 3,589 MeV
and 3.843 MeV, for the 0,7, 2;%, 5,7, 4;7, 3,7, a,%, 2,%, 6",
Bl+ and é3+ states, respectively. By inspecting the experimental
and theoretical results one sees that the measured eléctric
quadrupcle and magnetic dipole moments for the 81+ stéte are

reprodu;éd by the calculation{ The agreemént between calculated
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(e.p = 2e) and experimental B(E}) and mean lifetimes values is, in
general, reasonable. Our -<calculation reproduces the measured

T (21"') (15} ang B{E2; 01"' + 22"')(16_) values.
c. %lgr Nucleus

~ The éalculatéd energy spectra for positive parity
levels is comparéd with experiment in fig. 3, and there is good
agreement between them. The experimental sequence for the first
six ievels is reproduced by the theory. For these levels, the
conponents ‘of the corresponding wave Ffunctions which ceontribute
more than 4% are listed in Table 4. It appears that the 5/21"' and
5/22+ states have ma.inly a three-particlie configuration, while
the others have mixing characteristics.

Experimental data on the electromagnetic properties are
presented and compared with the calculated values in Table 5.
The calculated E2/M1 mixing ratios and mean lifetimes were
obtained by using for the excitation energies of the 1/2l+,
5/22+, 7/21"', 3/2]_+ and 9/21+ sté.tes the measured values
1.205 Mev, 1;467 MeV, 1;882 MeV, 2.041 MeV and 2.131 MeV,
respectively. The measured values for the guadrupole and dipcle
mdments of the. ground stateX”), the mean lifes 1(1/21+)(19),
1(5/2,™) (7,18,19), 1(7/2,%) (7,19), 1(3/2,%) (18) ang t(9/2,") (19),
and the B(E2; 5/2'1*' - 1/21"')(17'21) are well reproduced by the
theory. Only for the values invelving the 1/21+ state, i.e. the
t(1/2,%) and B(E2: 5/2;% » 1/2;%), we needed to use the effective

neutron charge, eneff = 1.5e, taked from Gloeckner’s work(3).

1z,

The calculated signs and magnitudes -of the mnixing ratios
1:(7/21"' + 5/21+) and 6(3/21+ -+ 5/21'1") are in good agreement with

the available experimental data in Refs. 19 and 20, respectively.
v - SUMMARY AN ONCLUSIONS

The properties of the 2%, 29zr ana ®lzr nuéiei were.
calculated within the framework of two-particle and tree-particle
clust;er core " coupling model, respectively. The cluster of
pqrticlesl is coupled to the guadrupcle and octupocle vibrations -
field of the %8sr core. In the calculations only the intens'i'ty
étrength Apog -were adjustable with different wvalue for each
nucleus. -

. The ava.ilable data or the energy spectra, electric and
magnetic moments, B(E}) and B(M1} vaiues, mixing eletromagnetic
ratios and mean lifetimes were examined. The results reported:
here demonstrated that, in this picture, it was possible to give

a reasonably accurate description of the  low-lying level

properties of these nuclel using the same residual interaction

(MSDI} and a uniform set of parameters.

Tt seems that the correlation and excitation modes not
included as particle-hole excitations, single-neutron 1h11/2
state and larger number of phonons, may affect in an appreciable

way only the states above ~ 3 MeV of excitation energy-
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FIGURE CAPTIONS-

Figure 1 - Comparison of experimental levels of 90y from Ref. 15.

with the calculated spectra.

Figure 2 - Comparison of experimental levels of 90zr from Ref. 15

with the calculated spectra.

Figure 3 - Comparison of experimental levels of ?lzy from Ref. 17

with the calculated spectra.
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TABLE CAPFIONS

Comparison of experimental(15) ang theoretical electric
quadrupole and magnetic dipole moments ang mean

lifetimes for I? state in 50y nucleus.

Wave functions of. a few low-lying states in 902:. Only

those amplitudes which are larger than 4% are listed,

Comparison of the 'theoretical electromagnetic
observables with the available experimentél information

for 9°zr nucleus,

Wave functions of a few low-lying states in yr. only

those amplitudes which are larger than 4% are listea.

Comparison of the theoretical electromagnetlc
observables with the avallable experimental information

for glzr nucleus

TABLE 1

tT(ps)

H{nm)

Qieb)

EXp

EXp

THEORY

EXp

THEORY

THEORY

1B

IA

Ix

5.63

6.66

=0,20 =-1.630 8

-0.13

-0.155 3

70

35

250 7




TABLE 2
ki

Ii Ja ip Jab AMPLITUDE

0} % % 0 0.777
%. % 0 -6.598

o; % % 0 of7és
% % 0 0.533
% % 2 - =0.279

2{ % % . ¢ —0.750
% % 0 0.516
3 3 2 0.348

2; % % 2 o 0.816
% % 0 ~0.372
% % 4 ~0.263
% '% 2 0.261

37 3 3 0 0.756
% % 0 -0.655

41 % % 4 . 0.957
% % 4 -0.273
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TABLE 2 (continuation)

jab N R

5 0
5 1 2
4 0
2 1
6 1
6 | 0
4 1-
8 0
8 1

AMPLITUDE

 0.958
-0.275

"0.869

"7 _p.358

-0.215
_ 0.948
 -0.256

0.933

-0.322




TABLE 3

TABLE 4
Qleb) H{nm)
I ExP THEORY EXP THEORY =
' o 1 ia Ip jab h j N R AMPLITUDE
b Ir _ A B
st 10.91%  11.97 10.51 ©=0.51% ' -0,45 - -0.67 5 0 L L
S~ ‘ - 1/2*1' 5 5 o 5 3 0 o 0.724
. : 9
.. 1 S B(Ext) (e2fn®t) 5 K 0 3 3 1 2 -0.406
15 EXP ~ THEORY EXP THEORY L ) N §
’ Fl il 0 5 ¥ o o -0.338
Ia  IIA : I II
1 1 5 5 :
B 7 7 0. i3 i 1 2 0.330
2i  Bafs 7 92fs 70fs . . s )
. . ‘ b . ¥ ¥ 2 3 5 8- o -0.218
o] »21 2 . 674 60 882 . 1.170 R . 3 s
7 ' 32t 3 7 0 5 5 o 0 0.547
57 0.81s 2P 75 1.7 . . . ; _ ’
SR _ ' b . T 7 0 5 3 1 2 0.416
o} +33 3 108,000° 20,500 20,500 1 ) s .
+ . o . b : ¥ 3 L] 7 3 0 0 -0.409
ot 4t 4 340,000° 42,000 168,000 L L s .
: . . L c . ) x ¥ 0 v ¥ 1 2 -0,350
o} 23 2 70.7 0.7 86 . . . X :
- : T ¥ 2 7 5 0 0 - 0.294
8} 125ns 6®  647ns 210ns :
g 9 5 3 ‘
. . A 7 ¥ 4 ¥ ¥ o] 4] 0.273
61 ~8f : 2 2758 30 g0 o R 5 s
. : +
527 5 5 0 > 0 0 -0.716
2% 11.9fs 4% 9.4fs 9.1£s o N N . z
. 3 3 o 3 3 0 0 0.560
9 ' '
- 5 3 0 3 3 1 2 0.206
a - Ref., 6 .
9
> 3 2 3 5 o o -0.204
b ~ Ref. 15

¢ - Ref, 16



+
5/2%

-+
/27

+
9/21

3

Ni— MO N9 e Ne N mjw o o Mo Nl e Mo S

.
o

N e N e N ivl;-' i M0 M e N MW W N

TABLE 4 (continuation)

Jab
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