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The two neutrino double beta decay B®Mo for the 0" —0™" transition is studied in the Hartree-Fock-
Bogoliubov (HFB) framework. Prior to the calculation of the double Gamow-Teller matrix elemt:é’qr, the
reliability of the intrinsic wave functions has been established by obtaining an overall agreement between a
number of theoretically calculated spectroscopic properties and the available experimental d&dand
100Ru. It has been further noticed that there is a necessity of an appropriate amount of deformation in the HFB
intrinsic state to obtain a realistid 2% .
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[. INTRODUCTION ployed to calculate the 138 decay transition matrix ele-

The nuclear double beta decay is expected to proceeghents in a two-nucleon (® mechanism. ThéM,, is calcu-
through two different modes, namely, the two neutrinolated mainly in three types of models. One is the shell model
double beta2vBB) decay and the neutrinoless double betaand its variants. The second is the quasiparticle random
(0vBP) decay. Historically the former was studied by Mayer phase approximatioiQRPA) and extensions thereof. The
in 1935[1] to account for the stability of some ev&reven  third type of model is classified as alternative models. The
N nuclei which are otherwise candidates for beta decay andetails about these models—their advantages as well as
the latter was conjectured by Fufg] assuming the electron shortcomings—have been discussed excellently by Suhonen
neutrino to be a Majorana partic|8]. The implications of and Civitaresg14] and Faessler and Simkovjd5] in the
present studies about nucledB decay are far reaching in recent past. For the sake of completeness, we briefly discuss
nature. The nuclegBB decay in general anduBg decay in  below the relative applicability, success, and failure of vari-
particular is a convenient tool to test the physics beyond theus models used so far to study tB8 decay process.

standard modelSM) [4]. These aspects of nucle@B decay The shell model, which attempts to solve the nuclear
have been excellently reviewed in detail over the past yearmany-body problem as exactly as possible, is the best choice
[5-16]. for the calculation of theM,,. Beyond thepf shell, the

The 2vBB decay, which is a second order process of weaknumber of basis states increases so drastically that a few
interaction and conserves the lepton number exactly, is alyears back it was not possible to perform a conventional
lowed in the SM. The half-life of 288 decay is a product of shell model calculation without imposing a certain truncation
an accurately known phase space factor and an appropriaseheme. On the other hand, most of 5@ decay emitters
nuclear transition matrix elemei,,. As the half-lives of are medium or heavy mass nuclei. As a reliable shell model
2vBB decay have been already measured for about ten nwalculation was difficult to perform, Haxton and Stephenson
clei, the values of théV,, matrix element can be extracted [7] and Vergadog9] have studied the3g decay of "®Ge,
directly. Consequently, the validity of different models em- 82Se, and*?®13%e nuclei in the weak coupling limit. Recent
ployed for nuclear structure calculations can be tested bjarge scale shell model calculations are more promising in
calculating theM,,. The QBB decay is not observed so far. nature[17—20. The calculations by Cauriest al. [19] are
Hence the models predict the half-lives assuming a certaimore realistic in nature; thél ,, of 8Se is calculated exactly
value for the neutrino mass or conversely extract variousnd those of *Ge and!*®Xe are dealt with in a nearly exact
parameters from the observed limits of the half-livesg88  manner. The conventional shell model and Monte Carlo shell
decay. The reliability of predictions can be judgadriori model (MCSM) [21,22] have been tested against each other
only from the success of a nuclear model in explaining varifor the case of®Ca and’®Ge and the agreement is interest-
ous observed physical properties of nuclei. The commoiingly good. Hence the MCSM could be a good alternative to
practice is to calculate th#l,, to start with and compare conventional shell model calculations in the near future.
with the experimentally observed value as the two decay \ogel and Zirnbauer were the first to provide an under-
modes involve the same set of initial and final nuclear wavestanding of the observed suppressionMj, in the QRPA
functions. model[23]. In BB decay, the initial nucleus decays into the

It is observed that in all cases the/@3 decay matrix final nucleus through the virtual excitation of all possible
elementsM,, are sufficiently quenched. The main motive states of the intermediate odd-odd nucleus. The proton-
for all theoretical calculations is to understand the physicaheutron particle-hole g-h) or proton-neutron particle-
mechanism responsible for the suppression oMbe. Over  particle (p-p) interaction matrix elements are required to
the past few years, several nuclear models have been eralculate the excited states of the intermediate nucleus. The
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p-h andp-p interactions are responsible for the concentra-Gamow-Teller(DGT) matrix elementVi é”T has to be calcu-
tion of the Gamow-TellefGT) strength in the giant GT reso- lated using the closure approximation. The closure approxi-
nance and the reduction of total" strength, respectively. mation, which is used to simplify the numerical calculation
The p-p interaction has negligible effect on the strength ofavoiding the explicit construction of intermediate states, es-
the giant GT resonance and was usually neglected. It wal§mates some average excitation ene(@,) for the inter-
observed that the quenching bf,, can be achieved by a mediate states. The validity of this approximation foBB

. . . decay is ambiguous while for decay it is quite good.
proper inclusion of ground state correlations throughghe This );pproxim%tion has beenquﬁown t)o/ worl? badlg/ in the
interaction in theS=1, T=0 channel and the calculated

i . ) : case where th#2" are predominantly of one sign for some
half-lives are in close agreement with all the expenmenta‘ower (En) and of opposite sign for a largeEy). It is

data [23] Th? QRPA frequently oyereshmaﬁtes the grounOItl?erefore better to avoid the closure approximation whenever
state correlations as a result of an increase in the strength bssible[40,41. Hence there is na priori justification
attractive prot(_)n-neutron inte_raction Ieading_to the C_O”aps‘ggainst the (,:Ios:ure approximation. The validity of the closure
of QRPA solutlons._ The physmal value of thls_force is us“'approximation is to be decidedposterioriby comparing the
ally close to the point at which the QRPA solutions Couapsetheoretically calculated and experimentally extradés), .
To cure the strong suppressionMf, , several extensions of  gyer the past 15 years, extensive studies of shape transi-
the QRPA have been proposed. The most important propospn vis-avis electromagnetic properties of Zr and Mo iso-
als are inclusion of proton-neutron pairing, higher QRPA topes[42-44 have been successfully carried out in the
particle number projection, the multiple commutator methodPHFB  framework using the pairing plus quadrupole-
(MCM), and renormalized QRPA. However none of the quadrupole(PPQQ interaction. The success of the PHFB
above methods is free from ambiguit{d$]. Similarly under  model in explaining the observed experimental trends in the
alternative models, the operator expansion mett@EM),  mass regionA=100 has motivated us to apply the PHFB
the broken S(#) symmetry, the pseudo-$8), and the wave functions to study the nucle#@B decay transition
single state dominance model have their own problgidé 10915, 100Ry |t js well known that the pairing part of the

A large number of theoretical as well as experimentakyo-body interaction is responsible for the reduction of col-
studies of the 238 decay have been already done f8Mo  |ectivity whereas the quadrupole-quadrupé@Q) interac-
over the past few years. In Table Ill below, we have preion enhances the collectivity in the nuclear intrinsic wave
sented a summary of all the available experime[2430  functions. In other words the pairing interaction is respon-
and theoretical14,31-3§ results. Experimental studies in- sjple for the sphericity of the nucleus whereas the QQ inter-
volving in-beam y-ray spectroscopy have yielded a vastaction makes the nucleus deformed. Hence to examine the
amount of data concerning the level energies as well as elegxplicit role of deformation degrees of freedom visia the
tromagnetic properties over the past years. Thus@Bele-  syppression oM?2;, the PPQQ interaction will be the most
cay is not an isolated nuclear process. Although the ava“ab"appropriate choice.
ity of data permits a rigorous and detailed critique of the ' 1o summarize, our aim is to study the/28 decay not
ingredients of the microscopic framework that seeks to projsp|atedly but together with other observed nuclear phenom-
vide a description of these isotopes, most of the calculationgngz. This is in accordance with the basic philosophy of
of BB decay matrix elements performed so far do not satisfyyyclear many-body theory, which is to explain all the ob-
this criterion. _ _ served properties of nuclei in a coherent manner. Hence as a

The structure of nuclei in the mass regidrr 100 involv-  test of the reliability of the wave functions, we have calcu-
ing Mo and Ru isotopes is quite complex. With the discoveryjateq the yrast spectra, reducB@E2) transition probabili-
of a new region of deformation aroure=100 by Cheifetz  jes static quadrupole moments, agéactors of 2°Mo and
et al.[39], a well developed rotational spectra was observedioog, nuclei and compared these with the available experi-
in several neutron-rich Mo and Ru isotopes during a study of,ental data. Subsequently the HFB wave function&d¥lo
fission tl;ragmednts ngSZCf- Tr:‘e B(dEZ' Q+_)h2+) valuesh and *°°Ru are employed to calculate th&Z;. We have also
were observed to be as enhanced as in the rare-earth apg . - 2 -
actinide regions. This mass region offered a nice example ofﬂjdled th? rolg of deformation oM g thro_ugh varying

e , ' ingle particle field and strength of the QQ interaction. This

shape transition that is the sudden onset of deformation Ebtaper is organized as follows. In Sec. Il, we present the

heutron ntl)Jm’l\JIeN=60.Jhe nu.cIe| arefsaft \g(t))ra_lt_?lrs for Tgu— theoretical formalism briefly. The results are presented and
tron numberN<60 and quasirotors foN>>60. The nuclei discussed in Sec. lll. The conclusions are finally given in

with neutron numbeN=60 are transitional nuclei. All the g, |y
nuclei undergoingsB decay are even-even type, in which the T
pairing degrees of freedom play an important role. Moreover,

it has been already conjectured that the deformation can play

a crucial role in the case ¢88 decay of 1Mo and **Nd

[35,36. Hence it is desirable to have a model which incor- The theoretical formalism to calculate the half-life of the
porates the pairing and deformation degrees of freedom oBygg decay mode has been given by Haxton and Stephenson
equal footing in its formalism. For this purpose, the projected 7], Doi et al. [8], and Tomodd11]. Hence in Sec. Il A, we
Hartree-Fock-BogoliuboyPHFB) model is one of the most briefly outline steps of the above derivations for clarity in
natural choices. However in the PHFB model, the doublenotations used in the present paper. We have given

II. CALCULATIONAL FRAMEWORK
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expressions to calculate the nuclear spectroscopic propertieghereQ,=P,—P/,. gy, da, gp, andgy are vector, axial
namely, yrast spectra, reduc&(E2) transition probabili- vector, pseudoscalar, and weak magnetism termg?At0,

ties, static quadrupole momer{#4], andg factors[45] in  g,(0)=1, g,(0)=1.254, andgp/gA=2Mp/me, whereMp

Sec. I B. Further, in Sec. Il C, we have presented formulas tgnd m,. are the proton and pion masses. By the conserved
calculate the nuclear transition matrix elements of B8  vector current hypothesigiy(0)=xz/2M and «z=3.70,

decay in the PHFB mod¢H6]. whereM and« ,; are the mass and isovector anomalous mag-
netic moment of nucleons, respectively. In the casegf@
A. The 07 —0% transition of the 2vB8 decay mode decay, the recoil terms are usually neglected.

The 2v8p decay is a second order process in the effective
weak interaction and takes place within the standard model
of electroweak unification. Therefore the processes, which
involve left handed currents only, give the dominant contri-

The effective weak interaction Hamiltonian density for
beta decay due t@/-boson exchange is assumed to be

G ; ) . . L
HW:_(J.L,U.‘]I}_LT—’_ K] LM\]g’fJr 7i R,LJ’L‘TJF?\J'RMJ’F?TH H.c. bution. The following assumptions are made in deriving the
V2 2vBpB decay rate formula.
2.1 (i) Only light neutrino species are considered. Hence the

_ s 5 ) normalization condition for the left handed neutrinos given
We useG=1.166 3% 10 > GeV <. The coupling constants by Eq.(2.4) can be rewritten as

k, m, and\ are small parameters<l). The left and right
fhanded weak leptonic charged currents are givernV/hyA 2;, |UeiUej|2~1- 2.9
orms, ,

h_u T , Again we assume that masses of these light neutrinos are
jit=er"(1=ys)ver, JrR=€Y"(1T¥s)ver, (22 mych smaller thaiQ s, where

where Q,3,3=M|—M,:—2me (29)
on on (i) The Swave state of the electron and the neutrino
_ UoN;, | ' =S VN, 23 wave functions are retained. The total angular momentum of
Vel .21 eitiL+  Ver ;1 eliR @3 four Swave leptons can be 0, 1, or 2 and is equal to the total

angular momentum transferred from the nucleus. However,
HereN; is a Majorana neutrino field with mass;. In Eq.  we restrict ourselves to the '0-07 transition only and
(2.3), a Dirac neutrino is expressed as a superposition of &ence retain the dominant terrhisand o in the nuclear cur-
pair of mass degenerate Majorana neutrinos in the most gements.
eral form. Further the mixing parameters are constrained by (iii) The final nucleus and the initial nucleus differ by two
the following orthonormality conditions: units of isospin for anyBB decay of practical interest. The

contributions of the successive Fermi transitions can be

safely neglected as they come from isospin mixing effects.
; |Uei|2:; [Veil*=1, 2 UeVej=0. (24 The nalf-life of the 288 decay for the 0—0" transition is

given by
In the nonrelat|V|st|c_ impulse approximation, the left qnd [TiH0"—=0")]"1=G,,|My,/?, (2.10
right handed hadronic currents for nuclear beta decay in
+A forms are given by where
) s (Ol IO @llor 0
T — .
I ()= 2 7y 8(x—1)[(9y—9gaCr)g*° N En— (M +Mg)/2
‘ Kk and the integrated kinematical fact@r,, can be calculated
+(9a0n—9vDp)9g*], (258 with good accuracy8].
(iv) If the Ey of Eq. (2.1)) is replaced by an average
i A N o (En), the summation over intermediate states can be com-
Jk (X)=n§l 7 O(X— ) [(9y+9aC)g* pleted using the closure approximation and one obtains
2v 2v
+(—gack—gyDF)G*]. (2.5b) Mo - Mer Mt 0,
2 (Ey)— (M +Mp)/2 Eq ' ‘

The nuclear recoil term€,, andD,, are defined as follows:
where the DGT matrix elememt 2% is defined as follows:
Cn:[(Pn"'Pr,])'Un_(gp/gA)(En_Erq)a'n'Qn]/ZM, 1
2.6 Y
8 'vl(z.‘-;T:§<0+|%1 Opn: O'mTrT 7-r-*::1|0+> (2.13
Dy =[(Py+Pp)—i[1-2M(gw/gv) 1o X Q,1/12M,
(27 and
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1 1
Eq=(En)— (M +Mg)/2= S Wo+(En)— M. hNO=2 e o] *+7 2 (aBIVI¥d)
@ aa apByé
(2.14
e M ( M
Here W, is the total released energy and is given \ig 1+M) \1+MT g,
=M|—MF=QB[3+2me
> o rt| fusf. (220
1+M N1em) A

B. Spectroscopic properties of yrast states

The procedure for obtaining the HFB intrinsic states has — Jdef1+M(0)]
been discussed by Goodma#47]. The axially symmetric n(0)=vdef1+M(0)], (223

HFB intrinsic state withK=0 can be written as "
M(6)=F 5(0)f1 5, (2.22

| @) =1Tn(Uim+ Vimbibi-)[0), (2.15

JB
Fap(0)= 2 div (O (0T
where the creation operatoog, andb— are given by momy e mg e BT
(2.23

a

T i
I:)I-rmZE Cia.malm’ birﬁzz (_1)I+J mCia,maZ,—m
(2.16

B

(2.24)

faB: EI Cij N ,macijﬁ ,mﬁ(vima/uima) 5ma —mp

Using the standard projection technig#8], a state with
good angular momentum is obtained from the HFB intrinsic
state through the following relation:

2. Transition probabilities BE2) and static quadrupole
moments @J7)

Employing the angular momentum projected wave func-
tion | ¥},), one obtains the following expression for reduced
transition probabilityB(E2):

(2J+1)
I\IfﬁAK>=PiAK|®K>={W J Dk (QR(Q)|dy)dQ,

(2.17 5

B(E2:Ji—31)=| 15| (e(Qd) - +e(Q5).)%
whereR(Q2) andDj,«(Q) are the rotation operator and the (2.29
rotation matrix, respectively. Expressions used to calculate
(1) yrast spectra(2) reduced transition probabilitieBE(2) ~ Where
and static quadrupole momer@¢J™) [44], and(3) g factors

[45] are given in the following subsections. (Q3), = (¥, 1Q3| Wy
1. Yrast spectra :[nJian]*l/ZIWE ( o2 Jf) Ji (0)n(6)
_ —u0
The energ)E; of a state with angular momentuhtan be 0 » mow 0 :
written as
N b22 e.(a|Q2B)p%(0) sinode, (226
30/
h()n(6)d3y( 0)sinedo
(®o|HPgPo) jo * s 3
3= o |PJ D) = - , n =f n(@)dyy 0)sin6de, (2.27
{PolPool Po f n(6)d3y 6)sinade 0
0
(218 B0 ={M(O)/[1+M()]}73,, (2.29
where the two-body HamiltoniaH is given by and
1 16712
_ t Tt
H—% €albBnt 7 QBZW (ap|V]ys)alalasa, 2= _Eyi(g b). (2.29
(2.19
Similarly the static quadrupole momer@¢J™) are evalu-
and ated using the expression
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QUIM)=(W|QFIWy)

xd2 ,o(0)n(6)

X singdé.

b2 e (alQiB)p(0)

T3a8
(2.30

3. g factors

The expression for obtaining factors of yrast states is
given by

~ <\I’30|Mz|q’€)o>
9= g ——
- J 13
_ J -1
=(n%J) fon(a)g(_m . 0)

xd? o(6) TSEQB (aluml B)p7(0)sin6do,
(2.3
where in general
=0/ 1+gis+g,( YA x S@2)D), (2.32

Hereg, ,(g¢) are the effective orbitalspin) g factors andy,

PHYSICAL REVIEW C 65 034311

njsz[de(1+ F(w)f(w)T)]l/z
0
X[det1+FOfW) gy )sin()de (2.35

and

+

1/2
22+2)]

N(N,2),(N-22+2)(0) =[de(1+ Ff\,”’zf ¢

w m T
X[de(1+F{3f 7,2, 20142

(2.36

The 7(v) represents the protameutron of nuclei involved

in the double beta decay process. The matrices for
[Fnz(0)]ap and[fy 2(6)].5 are given by Egs(2.23 and
(2.24) The required nuclear transition matrix elements are
calculated in the following manner. We use the results of
PHFB calculations which are summarized by the amplitudes
(Uim,Vim) and the expansion coefficient; ,. In the first
step matrices=(™*) and f(™*) are set up for the nuclei in-
volved in the double beta decay making use of 20 Gaussian
quadrature points in the ran¢@ ). Finally using Eq(2.34),

the required nuclear transition matrix elements can be calcu-
lated in a straightforward manner.

Il. RESULTS AND DISCUSSIONS
A. The one- and two-body parts of the Hamiltonian

In the present calculations we have treated the doubly

provides a measure of the spin-polarization effects. In th&ven shell nucleus®Sr (Z=N=38) as an inert core, with
present calculation we have neglected the contributions dhe valence space spanned by the orbfigl 2s,/,, 1d3,,

spin-polarization effects.

C. Nuclear transition matrix elements in the PHFB
framework

In the closure approximation, the relevant transition OP-¢(1p,)=—0.8

erators responsible for th@3 decay are two-body operators
and in general are given by

1
Ouprs=7 QBZWS (aB|V]yd)alalasa,. (2.33

Employing the HFB wave functions, one obtains the follow-

ing expression for the double beta decay nuclear transitio

matrix element$46]:

™

N(N,z),(N-22Z+2)

<O>:[an=0nJi=0]fl/2J’

0
1 _
X(0)7 2 (Oupys) 2 [(L+FTHONT 7. 0]
aByd €n

X (524 2) egl (L+FL(O) T

X (F{Y) 5 sinodo,

2,z+2)];7}
(2.39

where

1ds/,, 092, 0gg, and thqqj, for protons and neutrons. The
orbit 1p4,, has been included in the valence space to examine
the role of theZ=40 proton core vis-ais the onset of de-
formation in the highly neutron-rich isotopes. The set of
single particle energie$SPE'9 used here ardin MeV)
E(Ogg/z):0.0, 6(1d5/2):5.4, 6(231/2)
=6.4, €(1d;,)=7.9, €(0g7,)=8.4, and e(0Oh;4,)=8.6.
This set of SPE’s, but for the&(Ohy15) which is slightly
lowered, has been employed in a number of successful shell
model[49,50 as well as variational modg#2—44 calcula-
tions for nuclear properties in the mass regin 100.

The effective two-body interaction that has been used in
he present calculation is the PPQQ typé]. Explicitly the

amiltonian can be written as
H=Hg,+V(P)+ xqqV(QQ). (3.1

The xqq is an arbitrary parameter and it has been introduced
to study the role of deformation by varying the strength of
QQ interaction. The final results are obtained by setting the
Xqq=1 in the Hamiltonian given by Eq3.1). The pairing
part of the effective interaction is written as

G
V(P)=— (Z) > S.Spalalaza,, (3.2
apB
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TABLE |. Variation in excitation energie§n MeV) of J7=2", 4% and 6" yrast states of°Mo and
%%Ru nuclei with change iny,,, keeping fixedGp=—-0.30 MeV, G,=—0.20 MeV, ande(0h,;,)

=8.6 MeV.
Xpn
Nucleus —0.0178 —0.0182 —0.0186 —0.0190 —0.0194 Experimefit
100mo (Q3) 43.28 45.08 46.78 48.92 50.34
E,+ 0.8406 0.6967 0.5904 0.5434 0.4565 0.5355
E4+ 1.9356 1.7104 1.5416 1.4843 1.3175 1.1359
Eg+ 3.2101 2.9355 2.7314 2.6876 2.4645
100Ru (Q3) 44.76 45.40 46.00 46.69 47.39
E,+ 0.6152 0.5628 0.5138 0.4823 0.3172 0.5396
Eu+ 1.7223 1.6087 1.5006 1.4306 1.0167 1.2265
Eg+ 3.1337 2.9654 2.8049 2.7015 2.0398 2.0777
3Referencd56].

wherea denotes the quantum numbers jm). The statex
is same asy but with the sign ofm reversed and; is the
phase factor £ 1)'i"™. The QQ part of the effective inter-

values ofG, andG,, have been used by Heestagidal. [52]

to successfully explain the experimenggl ™) data of some
even-even Ge, Se, Mo, Ru, Pd, Cd, and Te isotopes in Grein-

er’s collective mode[53]. The strengths of the like-particle
components of the QQ interaction are takem@s= xnn=
—0.0105 MeWb~ 4. The strength of the proton-neutron
(pn) component of the QQ interactioy,, has been fixed to
be —0.0190 and—0.0186 MeWb~* for 1°Mo and °Ru,

action is given by

V(QQ)=—(§)QBEW§ (—1)%alay)

x(Blo2 |o)alafasa,, (3.3  respectively, wherd is an oscillator parameter. These values
for the strength of the QQ interaction are comparable to
where those suggested by Arima on the basis of an empirical analy-
167 12 sis of the effective two-body interactiofiS4].
9= <?) r2YZ(0,4). (3.9

B. The yrast spectra and electromagnetic properties

The strength of the pairing interaction was fixed through the The x,, is varied so as to obtain the spectra’8fo and
relation G,= —30/A MeV and G,=—20/A MeV. These '“Ru in optimum agreement with the experimental results.

TABLE Il. Comparison of the calculated and experimentally observed reduced transition probabilities
B(E2:0"—2"), static quadrupole moment®(2"), and g factorsg(2*). Here B(E2) and Q(2") are
calculated in units of 10°° e* cm and e fm?, respectively, for effective charge,=1+e.¢s and e,
=eqtt- Theg(2™) has been calculated in units of nanometersgipe 1.0, g/'=0.0, andgZ=g=0.60.

Nucleus B(E2:0"—27") Q(2Y) g(2™)
Theory Experiment Theory ExperiméntTheory Experiment
Ceff Ceff
0.55 0.60 0.65 0.55 0.60 0.65

100m0 457 50.9 56.5 47824 -0.61 —0.65 —0.68 —0.42+0.09 0.471 0.340.1&

51.1+0.9 —0.39+0.08
34.¢

51.6-1.C°F

100Ry 447 49.7 549 5391 —-061 —0.64 —0.67 —0.43:0.07 0.357 0.420.03
50.1+1.0° —0.40+0.12 0.47-0.06
48.2+2.6° —0.54+0.07
49.3+0.3

3Referencd 63]. ®Referencd 60].

bReferencg57]. Referencd 64].

‘Referencd58]. YReferencq 61].

dReferencd59]. PReferencd62].
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TABLE lll. Experimental half-lives and corresponding matrix eleméfy, along with the theoretically calculated,, in different
models. The numbers corresponding(@ and (b) are calculated fog,=1.25 and 1.0, respectively.

Experiment Theory
Reference Projects Half-life [M,,)| Reference Models [My,| Half-life
T1(10° yr) T1(10° yr)

[24] UC Irvine (6.82°58+0.68) (@) 0.125 3352 PHFB 0.143 (a) 5.18
(b) 0.195" 393 (b) 12.7

[25] LBL +MHC+ (76729 (1) 0.118 5513 [31] SSDH (@) (8.97-7.15
UNM+INEL (b) 0.185 3355 [14] MCM 19.0
[26] NEMO (9.5£0.4+0.9)  (a) 0.106"39%% [32] SRPAWS)  0.059 (a) 30.4
(b) 0.165 9033 (b) 74.3
[27] LBL (9.7+4.9) (a) 0.105 3533 [33] SUB)(SPH  0.152 (a) 4.59
(b) 0.163" 335 (b) 11.2
[28] ELEGANTS V (11.5"39 (a) 0.096°3019 [33] SUQ)(DEF  0.108 (&) 9.09
(b) 0.150" 9032 (b) 22.2
[29] UC Irvine (11.6'39 (a) 0.096' 5.5% [34] OEM 0.054 (a) 36.4
(b) 0.149" 3% (b) 88.8
[30] INS Baksan (3.32) () 0.179°353% [35] QRPAEMP)  0.197 (a) 2.73
(b) 0.280° 9023 (b) 6.67
[36] QRPAEMP)  0.256 (a) 1.62
(b) 3.95

[37] QRPA 1.10
[38] QRPA 0211 (a) 2.38
(b) 5.81

To be more specific while comparing with the experimentalG,, G, and x,,, we have fixedy,, through the experi-
results, we have taken the theoretical spectra to be the optinentally available energy spectra.

mum if the excitation energy of the*2stateE,+ is repro- In Table I, we have presented the calculated as well as
duced as closely as possible. In Table |, we have presentafe experimentally observed values of the reduced transition
the theoretically calculated intrinsic quadrupole momentsprobabilities B(E2:0"—2") [57-63, static quadrupole
(Qj) and yrast energies for th,+ to Eq- levels of ™Mo momentsQ(2+) [63], and the gyromagnetic factogg2™)

and °Ru for different values ofypn @s experimental data [63,64. We have giverB(E2) results for effective charges
are available only for these levdls6]. It is clearly observed e, ;=0.55, 0.60, and 0.65 in columns 2 to 4, respectively.
that as they,, is varied from—0.0178 to—0.0194 MeV  The experimentally observed values are displayed in column
b~4, the intrinsic quadrupole mome(’@%) increases by 7.06 5. It is noticed that the calculated values are in excellent
units in the case of'®Mo and 2.63 units in the case of agreement with the observeB(E2) for e.;;=0.60. The
100Ru. At the same time thE,- decreases by 0.384 MeV in theoretically calculate@(2") are tabulated in columns 6 to
the case of'*®Mo and 0.298 MeV in the case of’Ru, 8 for the same effective charges as given above. The experi-
respectively. This observed inverse correlation betvs(@%) mentalQ(2™") results are given in column 9. It can be seen
and E,+, well known from Grodzins’ rulg55], is under- that for the same effective charge 0.60, the agreement be-
standable as there is an enhancement in the collectivity of thigveen the calculated and experimental values is slightly off

intrinsic state with the increase pf,,|, hence theE,+ de-
creases. Further, it is also noticed that the same increase by 6%

To be more specific, the excitation energy of thé étate
Ee+ is lowered from 3.2101 to 2.4645 MeV in the case ofand g7=g2=0.60. The calculateg)(2") is 0.471 nm for
100Mo and 0.357 nm fort®Ru. The theoretically calculated

10910 and from 3.1337 to 2.0398 MeV in the case’8fRu
as the|xp,| is increased from 0.0178 to 0.0194 M&V*.
The theoretically calculateB,+ is 0.5434 MeV in compari-

1Mo corresponding toxp,= —0.0190 MeVb~*. In the
case of'%Ru, the observed and theoretically calculafed
are 0.5396 and 0.5138 MeV, respectively, far,,=

for 190 while in case of!%Ru the calculated values differ

only
(Q3) is responsible for the compression of the yrast spectra0.07 fm?,

from

the experimental

limit —0.54

The g(2™") values are calculated witg"=1.0, g/=0.0,

and observed(2™") values are in good agreement ft%fMo

and in case of'®Ru they are off by about 0.03 nm only in
son to the experimentally observed value 0.5355 MeV foithe case when we consider the lower limit given by Ragha-
van[63]. From the overall agreement between the calculated
and observed electromagnetic properties, it is clear that the
PHFB wave functions of®Mo and °°Ru generated by fix-
—0.0186 MeWb 4. Thus for a given model space, SPE’s ing Xpn to reproduce the yrast spectra are quite reliable.
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TABLE IV. Effect of variation in SPE of the By, orbit on E,+, (Q3), andM2.

SPE’s
€(0hy1p)

100\10 1005, M2r
Exr  (Q). (Qb),  (Qb) Exr  (Q). (QB), (Qb)

8.5
8.6
8.7
8.8
8.9

0.5268 17.11 32.48 49.59 0.6100 17.53 28.28 45.82 1.7498
0.5434 16.87 32.05 48.92 0.5138 17.59 28.41 46.00 15721
0.5238 16.46 31.30 47.76 0.4189 17.68 28.60 46.29 1.2923
0.5191 16.20 30.74 46.94 0.3463 17.82 28.91 46.73 0.9343
0.5359 15.98 30.29 46.27 0.3240 17.90 29.08 46.98 0.7365

Hence we proceed to calculate tihv,, for the 0" —0* ment with the experimental half-lives of UC Irving4],
transition which will provide a conclusive test regarding theLBL [27], the LBL Collaboratio 25], and the NEMO Col-
reliability of the 1°Mo intrinsic wave function in relation to laboration[26].

that of 1°Ru.

It is clear from the above discussion that the validity
of nuclear models presently employed to calculate Nhg

C. Results of the 2288 decay mode cannot be uniquely established due to large error bars in

The double beta decay of°™Mo—1%Ru for the 0
—07 transition has been investigated by many experiment
groups[24-30 as well as theoreticians by employing differ-
ent theoretical framewor44,31—-38. In Table I, we have
compiled all the available experimental and theoretical re-
sults along with our calculatell ,, and corresponding half-
life T%,”z. We have used a phase space factgr,=9.434
x 1018 yr~1 given by Doiet al.[8] and an energy denomi-
nator Eq=11.2 MeV using the relatiofEy)=1.12x A2
—W,/2 given by Haxton and Stephensfofi. In column 4 of
Table lll, we have presented thd,, extracted from the
experimentally observec'ff,”2 using the phase space factor 13
given above. The phase space integral has been evaluated {or
ga=1.25 by Doiet al. [8]. However, in heavy nuclei it is
more justified to use the nuclear matter valueggfaround
1.0. Hence, the experimenttl,, as well as the theoretical
Tf,”z are calculated fog,=1.0 and 1.25. We have presented
only the theoretical 2}, for those models for which no direct
or indirect information abouM ,,, is available to us.

In comparison to the experimentsl,, , the theoretically
calculated values given by Stoica using SRRS) [32] and
Hirsh et al. in OEM [34] are too small. ThéV,, calculated

experimental results as well as uncertaintygin. Further

ork is necessary both in the experimental as well as the
heoretical front to judge the relative applicability, success,
and failure of various models used so far for the study of
double beta decay processes.
To understand the role of deformation on the DEIE,,
we have investigated the variation of the latter with respect
to the change in SPE and strength of the QQ interaction
|Xqql- In Table IV, we have presented the quadrupole mo-
ment of the intrinsic statéQ3) and the DGTMZ for dif-
ferent SPE’s of @11,. It is observed that théQ3) decreases
by 3.32 units and increases by 1.16 units ™o and
‘Ru, respectively, with the increase ef0h,,,,) from 8.5
0 8.9 MeV. Further, the value &l ; decreases from 1.7498
to 0.7365 for the same variation in SPE df,Q,,. It is quite
clear from the above discussions that an increase in the SPE
of Ohy4,, orbit produces corresponding changes in the defor-
mation of HFB intrinsic states which results in the suppres-
sion of Mé”T by a factor of 2.5, approximately.

The variation of Q3) andM 24 with respect to the change

in xqq iS presented in Table V. TH&3) of 1*Mo and **Ru
remain almost constant as the strength of the QQ interaction

. . : 2v
by Griffiths and Voge[36] using the QRPA model favors the 'S varied from 5% to 60% while thégy increases from

results of LBL[27] and INS Baksaf30] for go=1.0 due to
the large error bar in the experimentgf/,. On the other
hand theM,,, predicted by Suhonen and Civitard$s] and

TABLE V. Effect of the variation inyq, on(Q3) andM 2.

10 10 2
aq Mo Ru Mgr

Engel et al. [38] are in agreement with the results of LBL X (@3, (Q3), (Q3 (Q3, (Q3), (Qd

[27], the LBL Collaboration25], and INS Baksan30] for

g,o=1.0. The present calculation and that of Hirsehal. = 0.05 0.002 0.005 0.007 0.008 0.016 0.024 1.7022
using SU3SPH [33] give nearly identicaM ,,, values. They 0.20 0.011 0.023 0.035 0.068 0.128 0.196 1.7931
are close to the experimental result given by De Séval. 0.40 0.040 0.086 0.126 0.037 0.083 0.119 1.8156
[24] for go=1.25 while forg,=1.0, the above twd,, are  0.60 0.113 0.241 0.354 0.436 0.777 1213 1.8949
in agreement with the results of NEMO, LBL, ELEGANTS, 0.80 1.219 2546 3.785 5.495 8980 14.475 2.1318
and UC Irvine. Further, the value &fl,, given by Hirsch  0.90 9.327 20.207 29.534 14.649 24.645 39.294 2.2815
et al. using SU3DEF) [33] favors the results of the NEMO 0.95 13.786 27.885 41.671 16.414 27.109 43.523 2.1214
Collaboration[26], LBL [27], ELEGANT V [28], and UC  1.00 16.875 32.047 48.922 17.594 28.409 46.003 1.5720
Irvine (the results of Elliotet al. [29]) for go=1.0. The 105 18.812 34.299 53.109 18.756 29.553 48.309 1.0863
2vBpB decay rate of'®Mo calculated by Staudtt al.[37] 110 19.488 35585 55.072 19.073 30.407 50.110 1.4215
and Suhonen and Civitare¢g4] are slightly off from the 150 20438 37.392 57.830 21.419 31.802 53.221 2.4203

experimentalT4,,. The results of SSDH?31] are in agree-
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FIG. 1. The dependence o#,, on the strength of the
quadrupole-quadrupole interactigg .

1.7022 to 1.8949. With a further rise jp,q up to 90% the
(Q3) as well as thavi 27 increase largely. Th€Q3) increases
both in *®Mo and *®Ru and theM 2’ decreases to 1.0863
while the x4 is changed to 1.05. However, both th@j)
and M2* increase monotonically as theyq is further in-
creased to 1.20. Thus a changexgf, triggers deformation in
the HFB intrinsic states of°Mo and 1°°Ru which is respon-
sible for the variation oM2% by a factor of 1.5, approxi-
mately. In Fig. 1, we have displayed the dependendgl gf
on thexqq. The My, is increased as thg,q is varied from

PHYSICAL REVIEW C 65 034311

states play an important role in reproducing a realim@r.

IV. CONCLUSIONS

In the first step, we have tested the quality of HFB wave
functions by comparing the theoretically calculated results
for a number of spectroscopic properties’8tMo and *°Ru
nuclei with the available experimental data. To be more spe-
cific we have computed the yrast spectra, reduBég2)
transition probabilities, quadrupole moments, anthctors.
Further, reliability of the intrinsic wave functions have been
tested by calculating th®l,,. The values oM, calculated
in the PHFB model and SUSPH model [33] are quite
close and the calculatedv@B decay rateTf,”2 is in close
agreement with the experimentally observed value of De
Silva et al.[24] for ga=1.25. Forg,=1.0 they are in agree-
ment with the results of the NEMO Collaboratif®6], LBL
[27], ELEGANT V [28], and UC Irvine(the results of Elliot
et al.[29]). Further, we have shown that the deformations of
the intrinsic ground states d?®™o and °Ru play a crucial
role in reproducing a realistic DGT matrix element. A rea-
sonable agreement between the calculated and observed
spectroscopic properties 3o and 1°°Ru as well as the
2vBB decay rate of®Mo makes us confident to employ the
same PHFB wave functions to study thegB decay of
1090 which will be communicated soon.
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