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Systematics of 3B decay sensitive medium mass nuclei using quadrupole-quadrupole
plus pairing interactions
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We present a microscopic variational model calculation to study the systematics of progsaecaying
medium mass nuclei d®Mo, 1%Ru, *%d, *4cd, *6Cd, ?*Sn, 1?8Te, and**°Te along with their daughters.
The calculations have been attempted in $ha-g-hshell using the pairing plus quadrupole-quadrupdte (
+QQ) interaction. This framework is found to be quite successful in describing the yramh@ 2" states of
most of these nuclei when appropriate changes in the neutron-proton interaction component are taken into
account. We also present B8 decay half-lives for'®Mo and '*¢Cd.
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Nuclear structure studies have recently acquired som&till, a systematic and more reliable theoretical study in this
special importance, apart from other reasons, due to theegion is lacking. Here we do not go into a detailed investi-
strong theoretical as well as experimental intefést1]] in gation of the models being currently used but focus our at-
the problem ofB3 decay. The neutrinoless decay mode playstention on the effective interaction aspect only.

a unique rolg1-6] in investigating the basic nature of the  In order to develop understanding of two-body effective
neutrino. In this context, there are many open questions fronmteraction changes while moving toward the drip line, re-
the nuclear structure point of view. The most important is thecently, shell model studies have been undertakdj for
reliability of the models and their ingredients. Specifically, somef-p shell nuclei using a modified KB realistic interac-
the choice of the effective two-body interaction for the cal-tion. This shell has the advantage that the best possible com-
culation of the double-bet§3B) decay nuclear matrix ele- parison[21] among different nuclear microscopic models
ments is crucial. (especially with the recent large scale shell mpddbng

The mass regioA= 100 has been of considerable interestwith different tested effective interactions is possible. A re-
for nuclear structure studi¢42,13 as it shows the interplay markable observation about the success of extended pairing
of many interesting features. These nuclei have been founplus quadrupole-quadrupoléd® (- QQ) interaction has been
to display backbending at high spins and shape transitionsade in a series of very recent papg2dé—24. It is shown
[12]. Many attempts have been made in the past to explorthat P+ QQ interaction gets very close to the realistic effec-
these structural changes. The gradual structural changes fiive interaction with the singlet part of the interaction playing
this region have been attributed to the exceptional strength & very sensitive role.

n-p interactions[14]. Inelastic electron scattering studies It was observed18,19 that, independent of the model
have acted as a very sensitive probe for dynamic changes used, the effective two-body interactions play a crucial role
nuclei at the microscopic levé¢ll5]. This has been demon- in the calculation of38 decay nuclear matrix elements. In
strated through transition charge density studies for Pd anfact, the role of two-body effective interactions can be di-
Cd nuclei[16,17]. These studies lead to a clear discrimina-vided into two parts; one associated with the pairing interac-
tion of the isoscalatthrough the neutron-protpmand isovec- tion aspect and another taking care of deformation. In the
tor (through the proton-proton and neutron-neujrparts of  mass regiorA=100 the strong dependence of nuclear prop-
the interaction. It has been shown explicitly timap interac-  erties on the neutron-proton component of ® interac-
tion strengths have a deformation producing tendency. tion, augmented by the success of the extendedQQ in-

For more than a decade, this region has also become ineraction in thef-p region, has motivated us to look into a
teresting from the point of view of sensitivity {83 decay as  study of systematics ¢83 decay sensitive nuclei in the mass
most of the potential nuclei fall within it. 838 decay half- A=100-130 region witiP+ QQ interactions.
life measurements for many of these nuclei have been done A theoretical study of the electromagnetic properties for a
for ground stat€g.s) to g.s. transitions with a high level of large number of nuclei, and their comparison with experi-
confidence, and attempts are being made for others. In th@ental results, provides a broader base for testing the inter-
case of nuclei like'®Mo and ®Cd, the transition rates to action and the model. Detailed studies@ decay nuclear
excited states of the daughter nuclei have also been measuretatrix elements have also been taken up by us and prelimi-
experimentally{7,9]. Theoretical result§2—6,18,19 for the  nary investigations are showing encouraging results. To have
BB decay nuclear matrix elements and half-lives for transi-an idea about thei283 decay half-lives that we get with this
tions from the g.s. of the initial nucleus to the g.s. and 2 interaction, their values fof"™o and'*®Cd nuclei are given
state of the final nucleus have also been reported in differerdt the end of this paper. Now we provide a brief outline of
versions of the quasirandom phase approximat@QRPA).  the theoretical framework used in the present calculations
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and then compare our results with available experimental In the present calculations we treat the doubly closed shell
data. nucleus "%Sr as an inert core and the valence space is
The ground and excited states of the even-even nuclapanned by f1,, 009, 1fsp, 2512, 1ds;,, 09y, and
involved in the BB decay transition are generated within Ohy4,, proton and neutron orbits. The set of single particle
Hartree-Fock-Bogoliubov theory in conjunction with the energies used here, givein MeV) by e(1py,) = —0.8,
variation after angular momentum projection techniquee(0gg,)=0.0, e(1ds) =5.4, €(2S,,,) =6.4, e(1d3,)=7.9,
(hereafter denoted by VAP-HBBThe procedure adopted to ¢(0g;/,) =8.4, ande(0Oh,;,) =8.8, has been employed in a
calculate the axially symmetric wave function for the intrin- number of successful shell model as well as variational

sic state is the same as used in R&6]. The expression for

model calculations of nuclear properties in the 100 mass

the matrix elements of the quadrupole operator between thegion[25-29.

different intrinsic states is

(X (B)]Q3ITX(B))

= JEHn(B)nY (B)] V% (2+1)
/2 J 2 J,
<3

M
x| b? EB e(alQ%B)p(B B, 0)

T3¢

d%o(O)N(B’,B.6)

singde,

where

n’(B)= fow{de(1+ F(B,0)T(B)1}Y2d3( 0)sine d,

n(B.B',0)={def1+F(B,0)f (B )]}*2

The density matrices are given by

M(B.B’,0) }
1+M(B,8'.0)|

pos(B.B )=
Here

M(B.B",0)=F(B,0)f1(B').

The pairing part of theP+QQ effective interaction can
be defined by the equation

G
;
Ve=—7 > SuSwatalanam -

m,m’

m’ corresponds to the time reversed statengf G is the
pairing interaction strength, an&, is the phase factor
(—1)'"1. The strength of pairing forces is fixed through the
approximate relationG=—18 MeV/A. The quadrupole-
quadrupole part of the effective interaction is given by

Voo=—(x/2) X (mldi|n)(m’|gZIn")

mm’,nn’

N
X (= 1)“aLam,anan/ .

Here qi is the quadrupole operator and is the Q-Q
strength parameter.

We know that the spin-isospin correlations are very im-
portant in weak interaction studies and here these correla-
tions are reflected through The strength of thge has been
fixed [16,17,23 through very sensitive electromagnetic
probes(transition densitigsfor many of the systems under
study. Its values for the proton-proton and neutron-neutron
componentgboth corresponding to the triplet isospin chan-
nel) are taken asy,,=(x,,)=—0.0105 MeVb~* for all
nuclei involved inBB decay processes. The magnitude of the

Reduced electric quadrupole transition rates and electrigtrength parameter for the proton-neutron compofehtch

guadrupole moments are computed from

B(E2:0"—2%)= I<‘l’o||Q w5 and

Q(2")=(¥3]Q3¥3)

with

QL= NZm(r2b?)YL(Q),

whereb is the oscillator length parameter.

The matrices‘(,[;’,a) andF (B, 0) are built from the coef-
ficients C™™, the expansion coefficients computed from the

Jal’

Hartree-Fock solutions, arld;"* andV.", the pairing prob-

corresponds to the singlet isospin channeltaken asy, ,
=-0.0265 MeW % for Mo and Ru nuclei, x,,
=—0.023 MeVb~*for Pd, x,,,= —0.020 MeVb~* for Cd,

and y, ,=—0.0300 MeVb™ 4 for Sn and Te nuclei. Herb

is the oscillator parameter. These values for the strengths of
the Q- Q interaction parameters are comparable to those sug-
gested by Arimg 26].

The results for the energy spectra are given in Fig. 1 and
the reduced electric quadrupole transition raB(&E2;0;
—27) along with the electric quadrupole momei@$2;)
are presented in Table I.

Yrast spectraThe energy spectra 6fMo, °Ru, %d,
110'114'11@d, 114’1165n, 128,13G|—e, and'2813%e nuclei in Fig. 1
show that the theoretical results compare well with experi-
mental ones forMo, 1°Ru, %d, and'!°Cd nuclei. The
calculation is seen to reproduce the observed energy levels

abilities computed from BCS equations. These matrices carrwith J”<67. In the case of*!%Pd and'%Cd nuclei, J™
the information about two-body and pairing interactions=8" and 6", respectively, are also reproduced with good
among the proton-proton, neutron-neutron, and protonaccuracy. The results fol'%Cd have also been compared

neutron pairs.

with a recently observed energy level scheme of tHed

024310-2



PHYSICAL REVIEW C 64 024310

SYSTEMATICS OFgp DECAY SENSITIVE MEDIUM MASS . ..

—M.. — ﬁo .— +4. ! .
e R H i <
+ * + _ i o+ +
S - -5 H N s
] ‘ —
+ + —
- -] RN + N +
S s — o 5 <
. —. ., —. +
RGN £ £ 4\ =
] — ) — ) ﬁ ) —
i [ n
-+ o

(AW

AS19U7y

(AS)AB10uy

(AN 4S10uy

¥ v T T
| 1 1] 1
_ = — _ ;
=
..... to et . y LT o=
o E, 2 ¢ o e wm . . = e
- SVl -, s : "y 2 RS L + i
- .= ® et i N o R
b= et .~
% b3
) =
NS or-rr=r—-rr~rrrryr P Ty YT TP CTY I T A
hl 3
== -]
ol . > . = o
% 4 X A (2] * —_ L e +
(V-] : < .l " .
= ® =" *e R " e m
a. ; .
el 2
&= =
[<3]
h )
_ o =
= A Q
tv-ll:: kY + ... + J . + +
1o Yo - o +0,..L s o *5 - (S T IS mv,A
o 4l..l
e )
M= x
=
- .
=
o . E oo
= te Ll Tl ol e to T - =
— - X
o =9
» c.
k2 =
=
I3 ] 1 J
1 ] 1 1 J
- () [ - ~ o ~ =

FIG. 1. Comparison of observed and calculated yrast spectra'®fdto, 1°Ru, 0pd, H0H4llfpq 411G 128130rg  gnd

128138 @ nuclei.
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TABLE I. Comparison of computed and observed transition probabiB{&2;0* —2*) and quadrupole
momentsQ(2) for some even-even nuclei in the mass 100—-130 region. Effective charges=dte-e, and

e,,: eeff .
B(E2;0"—2%)x 10 ®e?cmt Q(2%)x 10 %*cn?
Expt? Theory Expt®? Theory
Ceff Ceff
Nucleus 0.2 0.3 0.4 0.1 0.2 0.3

100\0 51.6£0.10 4253 49.72 5821 —0.42+0.09 -0.34 -0.39 -0.42
100Ry 50.:-0.10 43.09 51.20 57.75 -0.43+0.07 -0.36 -0.42 -0.47
109Ru 84.1-0.16 7295 83.39  90.62 -0.29 -035 -0.38
104pg 53.5:0.35 45.00 55.78 68.3 —0.47£0.10 -045 -0.48 -0.52
1oy 87.0:0.40 75.72 8810 9457 —0.55-0.08 -051 -0.59 —0.65
Hocd 45.0-0.20 4423 4736 51.06 —0.40:-0.04 -0.29 -0.34 -0.41
Hicd 55.0-0.20 53.07 59.00 6254 -0.35+0.12 -0.32 -0.35 —0.39
145 23.5:0.50 18.42 20.49 24.58 —-0.36 -0.33 -0.37 -0.38
Hécd 56.000.20 44.63 5576 61.08 —0.42+0.08 -0.35 -042 —0.44
Hégn 20.9-0.60 19.29 21.05 25.09 -0.17£0.04 -0.12 -0.13 —0.16
12450 16.6:0.40 10.47 1453 17.40 -0.01+0.17 -024 -0.26 —0.29
1241e 61.0-0.20 62.05 6481 67.57 —0.45+0.06 -0.34 -037 -0.42
128Te 38.3-0.06 30.67 3456 38.92 -0.14+0.12 -020 -0.23 -0.25

1285 e 75.000.40 69.12 7442  78.45 -0.12 -0.15 -0.25
1301e 29.5£0.07 21.05 2581 29.10 -0.15£0.10 -0.19 -0.23 -0.25
130x e 65.0:0.05 64.47 6872 72.02 -0.17 -0.18 -0.23
%Referencd 32].
bReferencd33].

nucleus obtained from th&'9n™ g decay[31]. The yrast computedB(E2) andQ(2) estimates are in good agreement
spectra for the nuclei®®™o and °°Ru are almost rotational with the experiments forey; variation within 0.20 to
with (E,—Eg)=~0.5 MeV and the VAP-HFB results fa}”  0.40. Mo, Ru, Pd, and Cd nuclei are in excellent agreement
=0" and 2" are in excellent agreement with experiments.and have a consistent value aroug=0.30. Exceptions are
But for J7=6" and beyond the levels in Mo and Ru nuclei for Q(2) values in the case df®sn and?*Te nuclei. Ex-
show some discrepancy, possibly because of some dynamigaérimental errors are too large f5713%e to make any com-
changes at high spin. However, we are presently concerngshrison.B(E2) values are not reproduced in the case of Te
with low J value states. nuclei within the chosen range efy.

It is difficult to reproduce the energy spectrum for Sn 2vBB decay half-lives fort®Mo and *éCd. Experimental
isotopes. Figure 1 shows that'Sn and*®Sn are not rota- and theoretical results fori2883 decay half-lives of-°Mo
tional nuclei and hence there is discrepancy for these isoand 1%Cd nuclei are presented in Table Il. We observe that
topes with the observed yrast spectra. In the cast“@fd  the second QRPASRPA description, obtained by removing
and "'°Cd, the VAP-HFB theory works well in reproducing the discrepancies of the empirical QRERQRPA), provides
observed yrast levels, especially fofCd. The comparisons results closer to experimental values. There has been an at-
for 128130re and?®13%e nuclei show that the calculations tempt in the case of®Mo within the pseudo-S(3) scheme,
are able to reproduce the observed levels Witk 47" within for both axially deformeddef) and spherically limiting'sph
a fair amount of accuracy. In the case'9fCd, Sn, and Te cases, where the decay rates are found to be strongly depen-
nuclei the calculated™=2" levels matched the observed dent on proton and neutron occupation numbers. In the case
values. of the %Cd nucleus, SRPA with Woods-SaxdW/sS) and

Reduced electric quadrupole transition rates and electricQRPA with adjusted Woods-Saxd@WS) results are also
guadrupole momentdVe next consider the reduced transi- shown.
tion probabilities B(E2;01+—>21+) and electric quadrupole We note that our results are better than most versions of
momentsQ(2) in the case ofi®Mo, °010Ry, 19411Pq  the QRPA. The SRPA result, which is closer to the experi-
10114116y 114116126 124,12813Fa  and12813%e nuclei. mental value in the case 6¥™Mo, fails for **Cd. The HFB
In Table | we present the experimental results along with ouresults show more consistency. Of considerable interest is the
computedB(E2) values. It is seen that the present micro-case of*®™Mo where our result is closer to the successful one
scopic description permits an adequate interpretation of dateoming from the SIB) deformed model. This clearly indi-
for the available electromagnetic properties in terms of ecates that the role of deformations is important in this region.
reasonable variation of the isoscalar effective charges. Th€he finer details of the quantitative aspects of the role of
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TABLE II. Half-lives for 2v 88 decay in the case df®™Mo and'*%Cd. Experimental values along with
available theoretical valugsaken from[30]) are also presented for comparison.

Experimental

half-lives Theoretical values of half-lives in different models
Nucleus (10'%yr) (10%°yr)
10\Mo 0.95 EQRPA SRPA SU(3) sph SU(3) def Present
0.29 3.2 0.49 0.96 1.14
ecd 3.75 QRPA-AWS SRPA+WS Present
5.1 10.0 1.2

deformation are under study. Once a proper understanding afiotivation for such studies has been provided by the recent
the role of deformation is obtained in more detail and theobservation of the closeness of the- QQ interaction to the
effects are studied om0BB decay matrix elements, we ex- realistic interaction if then-p component is taken into ac-
pect to bring out results with good predictive power in thecount carefully. The self-consistent HFB solutions provide
case of otheBB decay nuclei in this region that have yet to encouraging results for the first few excited states with ex-
be brought to a good confidence level. The nuclear matrixellent matching for Mo, Ru, Cd, and Pd nuclei. The HFB
element evaluation has to be brought onto a better footingesults for the half-lives 0f°™o and**¢Cd, the best known
before we compute weak interaction parameters and the efv 88 decay cases in the medium mass region, are also en-
fective neutrino mass. couraging. The role of deformations appears to be important

The present work makes use of the pairing plusand the HFB method is the best choice to handle this effect.
quadrupole-quadrupole effective interaction for the calculain particular,’®Mo can be used as a base candidate for ex-
tions of spectra, quadrupole transition probabilities, andloring the finer effects of deformation on nuclear matrix
static moments foBB sensitive medium mass nuclei. Differ- elements. Once the effect of deformations on nuclear matrix
entn-p interaction strength parameters, fixed through studieglements is clearly identified, calculations for other cases as
of sensitive electromagnetic properties like transition chargavell as the @ mode will be more reliable and hence have
densities, have been used for different sets of nuclei. Theetter predictive power.
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