Self-Consistent Approach to the Structure and Dynamics of T=1 Mirror Nuclei

Abstract

We study the effect of isospin impurity on the superallowed Fermi S decay using the Excited
Vampir variational model for the description of the lowest excited 0 states in the T=1
nuclei 82Nb and 82Zr, and #Tc and ¥ Mo. Results on non-analog 3 decay branches for the
A=82 and A=86 mass nuclei are obtained. The calculated branch for the ¥Nb—®Zr 3
decay to the first excited 0" state with considerable strength is predicted to coexist with
the superallowed decay. The structure and electromagnetic properties of the low and high
spin isobaric analogue states in 82Nb and 32Zr, as well as #Tc and 8Mo are presented and

compared with available experimental information.
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1. Introduction

The investigation of the structure of exotic nuclei around the N=Z line in the A ~ 80
mass region is one of the most exciting challenges in low energy physics today. Apart from
displaying some rather interesting nuclear structure effects these nuclei play an important
role in weak interaction and nuclear astrophysics since the abundence flow of the rapid
proton capture process (rp process) is determined mainly by the competition of proton
capture reactions and 8 decays along the N=Z line. Recent reaction network calculations
have shown that the rp process ends in a closed SnSbTe cycle [1]. Since the detailed reaction
rates depend on the nuclear structure, information on the low-lying levels of N~Z nuclei is
very important.

The charge independence of nuclear forces requires that the energy spectra in pairs of mirror
nuclei are identical. Small differences between energy levels could then be interpreted as pure
Coulomb effects. Introducing the Coulomb interaction for the valence protons we intend to
make a comparison of the microscopic structure of the mirror nuclei 82Zr and 32Nb, and Mo
and %Tc.

Superallowed Fermi § decays between analog states provide tests of the validity of the con-
served vector current (CVC) hypotesis and the unitarity of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix (see [2] and the references therein). Combining the vector coupling constant
(G,) of nucleon § decay with that of the purely leptonic muon decay, the CKM matrix
element between u and d quarks (V,4) can be determined. This amplitude together with the
mixing amplitudes V., and V;, provides the possibility to test experimentally the standard
three-generation quark model for the electroweak interaction. Intens theoretical effort was
devoted in the last years to the investigation of the superallowed beta decay of nuclei with
A>62 [2-7]. Several experimental programs have been recently initiated to measure the half-



lives and branching ratios for the superallowed decays of odd-odd N=Z nuclei with A>62,
where the charge-dependent correction terms are expected to be large.

Two classes of nucleus-dependent corrections must be applied to the measured ft value of
a 0t —0*" 3 transition between T=1 analog states in order to obtain the coupling constant
G, via the relationship [2]

___K (1.1)
2G2(1 + AYy)

where f is the statistical rate function, t is the partial half-life for the transition, ¢, is the

ft(1+0gr)(1 —4,)

isospin-symmetry-breaking correction, dg is the transition-dependent part of the radiative
correction, A% is the transition-independent part, and K is a known constant.

In this study we will examine the isospin mixing effect resulting from the variational Ex-
cited Vampir approach to the structure of some A~80 mass nuclei. We report illustrative
calculations demonstrating that the deformation effects are growing for nuclei dominated by
oblate-prolate shape coexistence on the low-energy spectrum.

Calculations based on the variational approaches of the VAMPIR family have been success-
fully performed for the description of a variety of nuclear structure phenomena in the A~70
mass region, not only in nuclei along the valley of §-stability, but also in some exotic nu-
clei close to the proton drip line [7-19]. The complex EXCITED VAMPIR approach allows
for a unified description of low and high spin states including in the projected mean fields
neutron-proton correlations in both the T=1 and T=0 channels and general two-nucleon
unnatural-parity correlations. The oblate-prolate coexistence and mixing, the variation of
the deformation with mass number, increasing spin , as well as excitation energy have been
compared with the available experimental information. Since the Vampir approaches enable
the use of rather large model spaces and of general two-body interactions, large-scale nuclear
structure studies going far beyond the abilities of the conventional shell-model configuration-
mixing approach are possible. Our previous investigations on microscopic aspects of shape
coexistence in N~7 nuclei in the A~70 mass region indicated the presence of a strong
competition between particular configurations based on large and small oblate and prolate
quadrupole deformations. Furthermore, as expected, since in N~Z7 nuclei neutrons and pro-
tons fill the same single particle orbits, the neutron-proton pairing correlations were found
to play an essential role [8]. On the other hand the theoretical results suggest that certain
properties of these nuclei are extremely sensitive to small variations of particular parts of the
effective Hamiltonian [9, 10]. Thus, our results indicate that the oblate-prolate coexistence
and mixing at low spins depend on the strengths of the neutron-proton T=0 matrix elements
involving nucleons occupying the 0f5/2, 0f7/2 and 0gg/2 single particle orbits.

Since our microscopic investigations on the coexistence phenomena in this mass region have
already passed many experimental tests, we thought it worthwhile to apply the same methods
to study the effect of isospin mixing on superallowed Fermi 5 decay for the A=82 and A=86
isospin T=1 nuclei. The investigations are extended to the structure of low and high spin
isobar analogue states in the two pairs of T=1 nuclei, 82Zr and 32Nb, and %Mo and %Tc.
We shall briefly describe the complexr Excited Vampir variational procedure and define the



effective Hamiltonian in the next section. In Section 3 we shall then discuss the results on
isospin mixing corrections for superallowed Fermi 3 decays involving two pairs of T=1 nuclei:
827r, 82Nb, and %Mo, *Tc.

Results on the low and high spin states including electromagnetic properties will be com-
pared for the 82Zr and 82Nb, and %Mo and %Tc as well as with the available data. Finally

we shall present some conclusions in Section 4.
2. Theoretical framework

We calculated the lowest 0% states in 82Zr, 82Nb, and ¥ Mo, #Tc to investigate the superal-
lowed Fermi 3 decay of 82Nb and %¢Te.

In order to make a comparison of the structure of low and high spin isobaric analogue states
in the A=82 and A=86 nuclei we calculated the positive-parity states up to spin 207.

The variational procedure which we use involves projection before variation on particle num-
ber, angular momentum and parity, but not on isospin. First the Vampir solutions, repre-
senting the optimal mean-field description of the yrast states by single symmetry-projected
HFB determinants, have been obtained. Then the Excited Vampir approach was used to
construct additional excited states by independent variational calculations. The final so-
lutions have been obtained diagonalizing the residual interaction between the succesively
constructed orthogonal configurations.

We define the model space and the effective Hamiltonian as in our earlier calculations for
nuclei in the A ~ 70 mass region [19]: a °Ca core is used and the valence space consists out
of the 1py/2, 1p3/2, 0f5/2, 0f7/2, 1d5/2 and Ogy)o oscillator orbits for both protons and neu-
trons. The effective two-body interaction is a renormalized nuclear matter G-matrix based
on the Bonn One-Boson-Exchange potential (Bonn A). In the charge dependent Hamilto-
nian the Coulomb matrix elements for the valence protons and shifts in the proton single
particle energies are added. The corresponding shifts are calculated for each mass number
using spherical Hartree-Fock calculations based on Gogny force. It is worthwhile to men-
tion a few particular aspects of the renormalization procedure which are relevant to the
present investigations. The G-matrix is modified by three short range (0.707 fm) Gaussians
for the isospin T=1 proton-proton, neutron-neutron and neutron-proton matrix elements
with strengths of - 35 MeV. The isoscalar spin 0 and 1 particle-particle matrix elements are
enhanced by an additional Gaussian with the same range and the strength of -70 MeV. In
addition, the interaction contains monopole shifts of -400 keV for all the diagonal isospin
T=0 matrix elements of the form (0gq/20f; IT = O|@\0gg/20f; IT = 0) with 0f5/, and -250
keV for the 0f7/, ones, and shifts of -500 keV in the (1plds/s; IT = 0|C§'\1p1d5/2;IT = 0)
matrix elements, where 1p denotes either the 1p;/» or the 1ps/; orbit. These shifts have
been introduced in our earlier calculations in order to influence the onset of deformation.
We have to mention that it is the best renormalization of the G-matrix which we obtained
in the last years and was successfully used for the description of the Gamow-Teller 8 decay

of proton-rich nuclei in this mass region. More data on the electromagnetic properties of



the nuclei in this mass region, as well as § decay properties justify a new endeavour on
the renormalization procedure starting from the Bonn CD which includes charge symmetry
breaking and charge independence breaking.

3. Results and discussion
3.1 Superallowed 3 decay

The B*-decay half-lives for the heaviest N=Z nuclei, 82Nb and 8¢Tc, for which Fermi super-
allowed decays have been established, have been measured following the fragmentation of a
primary Mo beam at GANIL, France [20]. The experimental half-live is 52(6) ms for 32Nb
and 45(12) ms for *¢Tc.

For the description of the investigated 0T states in ¥2Zr and #Nb and Mo and #Tc in the
final diagonalization up to 13 projected configurations were taken into account.

In 827Zr and 82Nb the first two minima are prolate deformed while in the 8Mo and 8 Tc already
the second minimum is oblate deformed in the intrinsic system. The results obtained for the
A=82 as well as A=86 nuclei indicate a variable, sometimes very strong, mixing of prolate
and oblate deformed configurations in the final wave functions. We should mention that for
this 13 (12)-dimensional many-nucleon basis used in the present calculation the lowest 13
(12) 0* states are spread over 6.5 MeV excitation energy in both ¥Zr and ¥Nb (¥%Mo and
8Tc).

Concerning the Q¢ calculated values are in good agreement with the present evaluated
results. For the 82Nb 3 decay the theoretical result is 10.583 MeV compared with 11.220
(0.592) MeV [21]. For the decay of %Tc the calculations give 10.803 MeV, while the value
extracted from systematic trends is 11.350 (0.532) MeV [21].

Using these Excited Vampir wave functions we calculated the transition strengths for the
analog and non-analog branches of the Fermi 3 decay. The results obtained for 82Nb—%2Zr
decay presented in Fig.1 indicate that the upper limit for the isospin mixing is 2.0% and
the lower limit is 1.0% with the 13 dimensional many-nucleon basis used in the present
investigation. A non-analog branch with an upper limit of 1.4% and a lower limit of 0.4% is
found to take place to the first-excited 0" state situated at 1.9 MeV excitation energy. This
strong branch prediction is a hint for possible experimental investigation.

The results obtained for the 3¢ Tc—8Mo decay presented in Fig. 2 indicate that the upper
limit for the isospin mixing is 1.2% and the lower limit is 0.2%. The missing strength is
distributed over the 0" excited states.

The results reported here represent the first calculations of this type able to estimate the
significant non-analog strengths for the A=82 and A=86 nuclei. In order to extract a more
reliable value of the isospin mixing correction more effort will be devoted in the near future for
improving the accuracy of the wave functions of the involved 0" states increasing considerably
the dimension of the Excited Vampir many-nucleon basis.

In the frame of the Excited Vampir approach the many-body wave functions for the involved



0" states are independently calculated applying the projection before the variation for each
considered nucleus. All the investigated effects should be described by the corresponding
wave functions if the many-nucleon basis is large enough and the effective interaction is ad-
equate for the employed model space in a given mass region.

3.1 Low- and high-spin states in T=1 marror nuclei

Coexistence of two or more stable shapes at comparable excitation for a given spin and
parity has been known in the A~70 mass region. The most deformed nuclei in the region
have been observed for Z number 38 and 40. A marked change in structure was expected
around N=44, approaching the spherical shell gap at N=50. The N~Z niobium, molybde-
num, and technetium isotopes lie between Z=40 and N=50 and the competition between
the prolate and oblate deformation is to be expected. Low- and high-spin states in the T=1
mirror nuclei 82Nb and 82Zr, as well as 3Tc and Mo are presently investigated in order to
predict the differences between the isobaric analogue states with increasing spin. The oblate-
prolate shape-coexistence as well as shape-mixing phenomena are studied in the frame of
the complex Excited Vampir approach. The available data suggest that 82Zr exibit shape
coexistence [22]. With rapid changes in collectivity nearby, the N=44 isotones with Z>40
are expected still to exhibit rotational structures [23]. We calculated the lowest 8 states
of positive parity up to spin 207 in 82Zr. For 82Nb the lowest 27 and 4% states have been
investigated using an 8 dimentional Excited Vampir basis, while for the higher spin states
only the lowest three configurations have been constructed. In 2Zr the lowest two states
at each spin are prolate deformed and then appears the first oblate projected configuration.
The yrast state for each investigated spin is built out of the lowest configuration, but for the
yrare states a variable, sometimes strong mixing was obtained. The states have been orga-
nized in bands according to the B(E2) values connecting them. In Fig. 3 we present the 32Zr
spectrum and in Table 1 the B(E2) values for the yrast band compared with the available
data [22]. In Fig. 4 we present the calculated spectrum for #Nb. A direct comparison of the
yrast positive-parity band in the two mirror nuclei are presented in Fig. 5. The irregularities
observed in the data for 82Zr are also seen in the theoretical spectrum at spins 12* and 18*,
as well as in ®?Nb. Good agreement with the data is obtained for the B(E2) values as can
be observed from Table 1, which indicates also similar quadrupole deformation for the two
mirror nuclei. In Figs. 6 and 7 we present the alignment plot and the 0Ogg/2 occupations,
respectively for the states presented in the spectrum in Fig. 3. The alignment plot indicates
that protons are aligning first from spin 10" to 12% and above spin 12 also neutrons are
aligning fast. In Figs. 8 and 9 we present the alignment plot and the 0gg/» occupations in
82Nb. This figures indicate that for the yrast states neutrons and protons manifest the same
alignment. Correlating the alignment plots in the two mirror nuclei we can not conclude on
the importance of the neutron-proton pairing correlations. The prolate-oblate coexistence
found in the structure of the lowest 13 07 states involved in the analogue and non-analogue
superallowed Fermi 3 decay of ¥Nb to 82Zr is corroborated by the presence of this mixing at



low-, intermediate- and high-spin non-yrast states found in both nuclei. The investigation
will be extended in the near future increasing the dimension of the many-nucleon Excited

Vampir basis in order to increase the accuracy of our predictions.

For the A=86 mirror nuclei 8Mo and #Tc we calculated the lowest up to 6 Excited Vampir
confirgurations for intermediate and high spin positive parity states. For the 0% states the
lowest 12, for spins 2% and 4% the lowest 8 Excited Vampir states have been taken into
account. Again prolate-oblate coexistence and mixing was found in the non-yrast states up
to spin 18%. In Fig. 10 we present the theoretical spectrum for Mo compared with the
available data [23]. As in the data irregularities in the yrast rotational spectrum appear at
spins 10" and 167. The B(E2) values presented in Table 2 indicate a smaller deformation
for the yrast band in %Mo with respect to 32Zr, as it is expected. In Fig. 11 we present
the theoretical spectrum of ®Tc¢ compared with the available data. In Fig. 12 a direct
comparison of the yrast bands of the A=86 mirror nuclei indicates that the irregularity at
spin 10% takes place in both nuclei, while in 8Tc the second upbend appears at spinl14*
and not 16" as in 8Mo. In order to clarify the problem we have to extend the dimension
of the Excited Vampir basis. Fig. 13 indicates that the first fast proton alignment occurs
at spin 10", while at spin 161 a fast neutron alignment explain the upbending in the yrast
spectrum. The occupations presented in Fig. 14 support the alignment plot. In Fig. 15
the alignment plot for ®Tc is similar with the one observed in 82Nb, neutrons and protons
manifest the same behaviour. The 0gg/o occupations presented in Fig. 16 corroborate the
alignment results.

4. Conclusions

In this report we presented the first results on the effect of isospin mixing on superallowed
Fermi 3 decay for the A=82 and A=86 T=1 nuclei calculating the lowest 0" states in these
nuclei in the frame of the complex Excited Vampir approach using the best effective inter-
action which we obtained up to now for this mass region. The first theoretical estimation of
the strengths of the significant non-analog branches is presented. We have to increase the
dimension of the many-nucleon basis used to describe the 0" states within the Qgc window.
Another refinement of our calculations will be introduced once we shall start from the Bonn
CD interaction since in the present calculations the charge symmetry breaking and charge
independence breaking have been taken into account only in the renormalization procedure.
We investigated for the first time the isobaric analogue states in the 82Nb and %2Zr, as well
as %Tc and ®Mo. The structure of the low-, intermediate- and high-spin yrast states are
very similar for the mirror nuclei. The comparison with the available data indicates good
agreement. The prolate-oblate coexistence and mixing found in the structure of the inves-
tigated 07 states is also present in the non-yrast bands for both A=82 and A=86 nuclei.
The present investigation will be extended increasing the dimension of the Excited Vampir

many-nucleon basis used for the description of the yrast and non-yrast bands.
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Table 1. B(E2;I — I — 2) values (in €2 fm*) for the yrast
states of the nucleus #Zr and 8Nb

I™[R) 827 82Nb
Experiment Theory Theory
2F 2328710 1351 1291
4+ 232811028 1992 1913
6+ 16721353 2166 2070
8t 25391 1058 2174 1995
10 23281835 2129 1889
12+ 19261338 1974 1867
14+ 19041834 1733 1753
16+ > 621 1472 1596
18+ 809
20+ 808

Table 2. B(E2;1 — I —2) values (in efm*) for the yrast
states of the nucleus ¥?Zr and #Mo

I™[h) 827y Mo
Experiment Theory Theory
2t 232871028 1351 875
4+ 232811028 1992 1277
6+ 16721532 2166 1298
8+ 253911028 2174 1288
10 23281835 2129 1176
12+ 19267350 1974 1053
14+ 19047834 1733 908
16+ > 621 1472 692
18+ 809 492

20 808
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Fig. 6. The alignment plot for the ¥2Zr bands presented in Fig. 3.
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