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The half-life of the 83,, decay of *%Gd is estimated by including the pairing interaction within the
pseudo-SB) model. This process was previously reported as theoretically forbidden in the context of that
model, however, the pairing interaction is able to mix different occupations and opens new channels for the
decay. Explicit expressions are presented for the mixing induced by the pairing force. Matrix elements for the
BB, and BBy, decays are now calculated by assuming both a dominant component in the wave function of
the ground state of%Gd and a more general model space. The results, of the calcydgtéalf-lives, suggest
that the planned experiments would succeed in detecting8fhe, decay of *¥9Gd and, eventually, would
improve the limits for the zero-neutrino mode.
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[. INTRODUCTION calculation of the energy spectra, electromagnetic transitions,
and particle transfer observables in the neighborhood of the
The flux of solar and atmospheric neutrinos has beeflouble-beta emitters.

measured with increasing precision, and the data offer direct Many experimental groups have reported measurements
evidence on neutrino oscillatiof,2]. These findings imply Of B8 processeg7,9]. In direct-counting experiments the
that, at least, neutrinos of some flavor should be massivénalysis of the sum-energy spectrum of the emitted electrons
The difference between the square of the masses of neutringntifies the differenf3 g-decay mode$10]. .
belonging to different families can be extracted from the ex- The pseu_do—Su%) Qpproach has been used to describe
perimental data, relying on theoretical models of mass hierMany 'QW"Y'F‘Q rqtatlonal bands, aS.VYe" EB;(E.Z) and .
archies and texturek3]. On the other hand, their absolute B(M1) intensities in rare earth and actinide nuclei, both with
scale cannot be obtained from these experiments. even-even and odd-mass numbgtd-1§. The 58 half-

The neutrinoless double-beta decag,), if detected, lives of some of these parent nuclei to the ground and excited

Id ide th I tary inf t ded to d states of the daughter were evaluated for the two- and zero-
would provide the complementary information needed 10 A€y, \ing emitting mode§17—21 using the pseudo-SB)

termine neutrino masses, and would also offer definitive Vigcheme. The predictions were found to be in good agreement

dence that the neutrino is a Majorana particle, i.e., that it i$yith the available experimental data foPNd and 2.
its own antiparticlef4—6]. Based on the selection rules of the simplest pseud@SU
Theoretical nuclear matrix elements are needed to transnodel, the theory predicts the complete suppression of the
late experimental half-life limits, which are available for BB decay for the following five nuclei:'>*Sm, 6%Gd,
many 83-unstable isotopel, 8], into constraints for the ef- 176y 232rh and 244py [17]. It was expected that these
fective Majorana mass of the neutrino and, eventually, foforbidden decays would have, in the best case, matrix ele-
the contribution of right-handed currents to the weak interments that would be no greater than 20% of the allowed
actions. Thus, the evaluation of these matrix elements is esnes, resulting in the increase, by at least one order of mag-
sential to understand the underlying physics. nitude, of the predicted half-lifE21]. Experimental limits for
The two-neutrino mode of the double-beta decgyy,) the BB decay of'%%Gd have been reportd@2,23. Recently
is allowed as a second order process in the standard model.iftwas argued that the strong cancellation of ther@ode in
has been detected in ten nudl&j8] and has served as a test the B8 decay of *9%Gd would suppress the background for
of a variety of nuclear modelg5]. The calculation of the the detection of the ©® mode[24].
BB, and BBy, matrix elements requires the use of different  In the present contribution we extend the previous re-
theoretical methods. Therefore a successful prediction of theearch[17—21 and evaluate thg half-lives of *%%Gd us-
former cannot be considered a rigorous test of the I§ier  ing the pseudo-S(3) model. While the 2 mode is forbid-
However, in most cases it is the best available proof we caden when the most probable occupations are considered,
impose to a nuclear model used to predict B)8,, matrix  states with different occupation numbers can be activated by
elements. When possible, the test should also include thghe pairing interaction. The amount of this mixing is evalu-
ated, and the possibility of observing tB@ decay in®%Gd
is discussed for both thei2and Ov modes. The analysis is

*Electronic address: hirsch@nuclecu.unam.mx performed for two casesi) we consider a single active con-
TElectronic address: ocasta@nuclecu.unam.mx figuration in the initial nucleus, and)iive take into account
*Electronic address: hess@nuclecu.unam.mx four additional configurations for the parent and daughter
$Electronic address: civitare@venus.fisica.unlp.edu.ar nuclei.
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The paper is organized as follows. In Sec. Il the pseudoeal particles occupying a singjerbital of abnormal parity, a
SU(3) formalism and the model Hamiltonian are briefly re- simple characterization of states is made by means of the
viewed. In Sec. Il the'®Gd and **®Dy ground state wave seniority coupling scheme.
functions are built. Sections IV and V contain the explicit  The first step in the pseudo-82) description of a given
formulas needed to evaluate, using the pseud®BU nucleus consists in finding the occupation numbers for pro-

scheme, thgg,, andBB,, matrix elements, respectively. In tons and neutrons in the normal and abnormal parity states

are presented. Conclusions are drawn in the last section. the Nilsson levels, as discussed[iV].

For even-even heavy nuclei it has been shown that if the
residual neutron-proton interaction is of the quadrupole type,
In order to obtain a microscopic description of the groundrégardless of the interaction in the proton and neutron
states of1%Gd and 1Dy we will use the pseudo-SB) spaces, the most important normal parity ﬁonflguratlons are
model, which successfully describes collective excitations irthose with highest spatial symmetff,} ={2"/2} [25]. This
rare earth and actinide nuclgl1-16,23. This model has statement is valid for yrast states below the backbending re-
been used to evaluate the half-lives of §8,, decay to the  gjon. It implies thatS,=S,=0, i.e., only pseudospin zero
ground and the excited states afi;, decay of six heavy configurations are taken into account.
deformed nucle{17-21, and also of the double electron  additionally, in the abnormal parity space only seniority
capture decays in other three nudi26]. zero configurations are taken into account. This simplifica-
In the pseudo-S(3) shell model coupling schem@7]  tion implies thatJA=J"=0. Although it is a very strong
normal parity orbitals with quantum numbers;,(,j) are  assumption, it is quite useful in order to simplify the calcu-
mapped to orbitals of another harmonic oscillator with ( Ilations.
=7»—1]1,]). This set of orbitals, withj=j=1+s, pseu- Many-particle states af active nucleons in a given nor-
dospins=1/2, and pseudo-orbital-angular-momentlnte-  mal parity shell;,, a=v or m, can be classified by the
fine the so-called pseudospace. For configurations of identfollowing chain of groups:

Il. THE PSEUDO-SU(3) FORMALISM

(1 ()l v Qs 3, KL, NN
uMou@l2yxu@2)o>  sSuB3) X SU2)DSA3) X SUR2)DSUy2), (1)

where above each group the quantum numbers that charapart, we consider the rotorlike terms used to fine tune the
terize its irreps are given angl, and K, are multiplicity = moment of inertia and the position of the differdftbands.
labels of the indicated reductions. The most important conThis part has been studied in detail in previous papers where
figurations are those with the highest spatial symmetrithe pseudo-S(8) symmetry was used as a dynamical sym-

[25,28, namely, those with pseudospin zero. metry [25]. In recent worksa, b, andA,s,, were the only
The model Hamiltonian contains spherical Nilsson singleparameters used to fit the speditis,15,16,31,3R
particle terms for protonsHs, ) and neutronsHs, ), the The spherical single-particle Nilsson Hamiltonian is
quadrupole-quadrupoleQ: Q) and pairing ¥ ,4;;) interac- o
tions, as well as three “rotorlike” terms which are diagonal Hsp=tiwo( 7+ 3) — ktiw{ 21 - s+ pui?}
in the SU3) basis:
=2 elmliiala (3)
H:Hsp,w+Hsp,v+Vpair [ B
1 _ ~ .
_ EXQ' Q+aK§+bJ2+AasymC2- ) with parameter$29]

hwo=41A"1% (MeV), «,=0.0637, «,=0.0637,
where Q denotes the quadrupole operator in the pseudo-
SU(3) space. This Hamiltonian can be separated into two u,=0.60, u,=0.42. 4
parts: the first includes Nilsson single-particle energies, the
pairing interaction, and the quadrupole-quadrupole interac- The pairing interaction is
tion in the pseudospace. They are the basic components of
any realistic Hamiltoniah29,30 and have been widely stud- 1
ied in the nuclear physics literature, allowing their respective Vpair=— _GE ajTa.iajﬁ aj, (5)
strengths to be fixed by systemati@9,30. In the second 457 )
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where j denotes the time reversal partner of the singlecomponent and that the corresponding wave function for
particle statd, andG is the strength of the pairing force. In **®Dy has two components connected by the pairing interac-
principle, we can start with an isospin invariant pairing force,tion. This assumption allow us to perform a simple estima-
which contains proton-proton, neutron-neutron, and protontion of the double-beta decay, as shown in Secs. IV and V. In
neutron terms with equal strengths. However, in the limitedSec. (11IB) we shall include other configurations in the
Hilbert space employed there are no protons and neutrons model space, to asses the quality of the simplified descrip-
the same orbitals, and the proton-neutron pairing term is intion.
effective. In recent work§13,15,16,31,3R the pairing coef-
ficientsG, , were fixed following[29,30, with values

A. The one-component model

21 17
:K=0.132 MeV, GV:K=0.106 MeV. (6) Following [17], for a deformation ofe=0.26 [33], the
most probable occupations for the 1#Gd valence protons
The SU3) irreps can be mixed, only, by the single-particle are.eight particles in normal and six particles !n uniqug parit_y
and pairing terms in the Hamiltonian. They had to be ex-orbitals, and for the 14 valence neutrons, eight particles in
pressed as one- and two-body pseudddlensors in the normal and six particles in unique parity orbitals.

H 156,158,16! H
normal parity sector, coupled with the seniority expansion of After the detailed study of &d isotopes per-
its abnormal parity parts. formed in[16,32), it becomes clear that the pseudo{SU

model is a powerful tool in the description of heavy de-

formed nuclei. Up to four rotational bands, with their intra-

band and interban®(E2) transition strengths, as well as
In this section we shall present the relevant results of th&(M 1) transitions, were reproduced, with a very good gen-

pseudo-SIB) model for the wave functions of the partici- eral agreement with the experiment.

pant nuclei. We shall assume, in Sec. Il A, that the wave The dominant component of th€%Gd ground state wave

function describing the ground state 8%d has only one function[16] is

G

m

IIl. THE GROUND STATE OF 16%Gd AND Dy

129%Gd, 0"y =|(h119%, J5=0; (i132)5, I5=0)a

[{2%) (10,9 ,;{2%},(18,4,;1(28,8K=1J=0)y.. (7)

In a series of papeld7-21], we have reported on the calculation®B matrix elements by taking into account only the
leading SUW3) coupled proton-neutron irrep. In recent publications it was shown that the leading irrep repre66fitsof the
wave function in even-even Dy and Er isotofj&§,31].

Assuming a slightly larger deformation f6fDy, the most probable occupations for 16 valence protons are ten particles in
normal and six particles in unique parity orbitals, and for the 12 valence neutrons, six particles in normal and six particles in
unique parity orbitals. A detailed study 816216y isotopes has been performed[Bg].

The dominant component of the wave function is

"Dy, 0% (a))=(h11)5 . I2=0; (i130);,

T

ﬁ:0>A

{2%} (10,4 ,;{2%,(18,0,;1(28,4K=13=0)y.

The two-neutrino double-beta operator annihilates two neubetween different occupations. In the deformed single-

trons and creates two protons witte sameguantum num-  particle Nilsson scheme it takes an enelgy to promote a

bers 7,1. It cannot connect the stated®Gd,0") and  pair of protons from the last occupied normal parity orbital

|*Dy,0" (a)) and the transition becomes absolutely forbid-to the next intruder orbital. This excited state has eight pro-

den. This is the selection rule found [ih7]. tons in normal and another eight protons in unique parity
However, the pairing interaction allows for the mixing orbitals, and its wave function has the form

16Dy, 0" (b)) =|(h11)%, I5=0; (1325, I0=0)a

[{24,(10,9 . :{2%,(18,0,; 1(28,4K=1J=0)y.
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The two-neutrino double-beta decay ¥PGd can proceed to unique parity sectors is the pairing interaction. In the present
this state. case, the Hamiltonian matrix has the simple form

As a first approximation, we shall describe th&Dy
ground state as a linear combination of these two states:

|160Dy’0+>:a|160Dy,0+(a)>+bllGODy’0+(b)>, (8) H :( 0 hpalr) (9)
hpair AE
with |a|2+]|b|?=1
The only term in the Hamiltoniaf2) which can connect
states with different occupation numbers in the normal andvith

hpair:<lGODy 0+(b)|vpair|160Dy’O+(a)>

1 i
LJ(n +2)(2jh+1— nA>E V2(21 ,+1) 2 (07,11, (0717 [l (Nope0)10)y

0/—"0

(A2,u2) (Nomo) (N2.u2) p,

(A2.ud) (0,00 (\ou) 1

A1) (No.mo) (Nu®) p
1 1 1

X2 (A u®1 OAoro)l Of(N°uP),10),>
p P

X((\G ,M?r)|||[5(0,7;,7),1/25(0,777,),1/2]%'M°)|||()\ET ,M?T)>pﬁ- (10

In the above formula(---,---|,,) denotes the S(3) B. The enlarged model space
Clebsch-Gordan coefficien{84], the symbol[ - - -] repre-
sents a 9-(\u) recoupling coefficienf35], and (- - -|[|- -
“|l|- - -) denotes triple reduced matrix elemepts].

The lowest eigenstate has an energy

In addition to the pseudo-SB) irreps described in the
preceding section, one has, in an enlarged model space, other
potential components to the ground state wave functions of
160Gd and 1*Dy. In Tables | and Il we are listing the four
configurations included in the description ¥%Gd and those

AE -TRE: for %Dy, respectively.
E= 7[ 1—\/1+ A‘E‘”) } (12) The wave function of the ground state ¥AGd is written
as
and the components of tH€°Dy ground state wave function |*%%Gd) = EK cli), (13
are
h E and that of1®®Dy is given by
a=—24 _ p (12

JEZ+ thaw JEZ+ thalr

TABLE I. The four configurations included in the description of
169Gd. The number of protons and neutrons, in normal and in in-
It is a limitation of the present model thAtE has to be truder orbits, and the corresponding p;euddSQreps are listed.
estimated from the deformed Nilsson single-particle mear] "€ 12st column _S‘howfsg the corresponding amplitudes of the ground

field, instead of the evaluation of the diagonal matrix ele-State wave function of*Gd.
ment of the Hamiltoniari2). The use of seniority zero states N A N A
o 27 ) Stat Nooen) (Nyamn) (N, C(\,
for the description of nucleons in intruder orbits rules out a ae ny M N M () Qo) (ow) COGw)

direct comparison of states with different occupation num-, 8 6 8 6 (10,49 (18,4 (28,9 0.7253
bers. A formalism capable of describing nucleons in both, 8 6 10 4 (10,4 (20,4 (30,8 0.4848
normal and unique parity orbitals on the same footing has, 10 4 8 6 (10,4 (18,4 (28,89 0.4066
recently been develope[B6]. The effect AE has on the iy 10 4 10 4 (10,4 (20,4 (30,9 0.2713

double-beta-decay half-lives is studied in Sec. VI.
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TABLE II. The four configurations included in the description
of 1Dy. The configurations and amplitudes are listed following the | R
notation given in the caption to Table 1.

z Omds

state V¥ n® N oA (aes) (Nams) (M) COuw) E% a(mv)a) | 125 ®2,, 15 In

fq 10 6 8 4 (10,9 (18,9 (28,8 0.7639

f, 10 6 6 6 (10,4 (180 (284 05446 m=1,0-1. (17)
fs 8 8 8 4 (10,49 (184 (28,9 0.2690 ) _ ) )
f, 8 8 6 6 (10 4 (18,0 (28,4 0.2181 The energy denominator jgy=E;+ Ey— E; and it contains

the intermediate ), initial (E;), and final €;) energies.
The kets|1,) denote intermediate states.

The mathematical expressions needed to evaluate the
16 _ (f) nuclear matrix elements of the allowed g-93.s. (g.s. de-
*Dy) % Ci'lf. a4 notes ground state8B decay in the pseudo-$8) model
were developed irfl17]. Using the summation method de-
scribed in[17,3§, exploiting the fact that the two-body

where the amplitudes(’ andC{ are listed in the last col- terms of the SU(3Hamiltonian commute with the Gamow-

umn of Tables | and Il, respectively. Teller operator(17) [18], resumming the infinite series, and
For the configurations of Tables | and I, we have a 4recoupling the Gamow-Teller operators, the following ex-

X4 mixing matrix (9), with nondiagonal matrix elements pression was found:

hpair Of the form(10). The diagonal matrix elements are the

energies needed to promote a pair of protons, neutrons, or

o(mv)o(m',v")

both from a normal to an intruder parity orbital or vice versa. M(ZBVT: V3 2 , (Eogte—e)
They are estimated from the deformed single-particle Nils- YTV orFm By
; 16 ~ ~ _
son diagrams. The values afE for the case of'®%Gd are ><<0f+|[[a;‘r®av]1®[a1,®a,,,]1]3*°|0i+), (18)

0.54 MeV, 0.81 MeV, and 1.35 MeV. The corresponding
quantities for*®Dy are of the order of 0.54 MeV, 1.71 MeV,

and 2.25 MeV. The diagonalization of the mixing matrix
yields the amplitude€, shown in the last column of Tables

| and Il. As one can see from these tables, although th(ﬁ1
mixing induced by the pairing interaction is significant, the
domi_nant co_mponent O.f each wave function is still the irrep(17) annihilates a proton and creates a neutron in the same
considered in the restricted model space. oscillator shell and with the same orbital angular momentum.

Naturally, and in order to estimate the effect of this mix- n the case of the3s decay of *%Gd it means that the

ing upon the double-beta-decay process, we should compu](e o .
explicitly the corresponding matrix elements, which are theoperator annihilates two neutrons in the pseudoshg 5

sum of the products of amplitudes and individual matrix eI-and creates two protons in the abnormal ofbji,. As a
ements. It will be done in the following sections. consequence, the only orbitals which in the model space can

be connected by thgB decay are those satisfying,.= 7,

= 5, which implies| ,=1,=17, j,=»7—3, andj .= 5+ 1/2.
Under these restrictions, th&8,, decay is allowed only

if the occupation numbers obey the following relationships:

wheren=(7,,l,,j;) andv=(n,,l,,],), andEy=Qg4/2
+mec? .

Next we shall analyze the nuclear matrix elemg@ for
e B3,, decay of the ground state 8f%Gd, Eq.(7), to the
ground state of™Dy, Eq. (8). Each Gamow-Teller operator

IV. THE Bp,, HALF-LIFE

The inverse half-life of the two-neutrino mode of tfg

decay,38,,, can be cast in the forif87] nﬁ,f=nﬁ,i+2, nﬁ,f= nﬁ,i ,
/ Ny e=Nyi, M=n,;—2. (19
[73007—=0)] =Gy, [My, %, (15
When the restricted configuration space is considered in Eq.
_ _ _ _ (18), it follows that only one term in the sum survives and,
whereG,, is a kinematical factor which depends @)z,  thus, the nuclear matrix elemekit,,, Eq.(18), can be writ-
the total kinetic energy released in the decay. ten as
The nuclear matrix element is written as
o(m,v)? ~ ~ _
o F Lo M5 =———(0f|[[a}®a,]'s[a]®a,]'T~%l0)),
0 10 (1 0
M 207 M g;l': E ! N N I ’ (16) (20)
N MN
where the energy denominatéis determined by demanding
that the energy of the isobaric analog state equals the differ-
with the Gamow-Teller operatdr expressed as ence in Coulomb energies:. It is given by[17]
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E=Eot+e(n, ) piir=ivt1)—€(n,,1,.i.) initial and final ground states are strongly correlated with a
_ very rich structure in terms of their shell model components.
=Eo—fiwk, 2], +Ac, The calculation of the matrix elements, Eg0), can be
obtained by using S(3) Racah calculus in the normal parity
0.70 art and the quasispin formalism for the abnormal parit
Ac:m[22+ 1-0.76(Z+1)*3- 7431 MeV. Eector_ a P panty
(21) For the one component model case, the Gamow-Teller

operators can reach only the second component of the wave
As it was discussed ifil7], Eq. (20) has no free param- function of the ground state ot®Dy, Eq. (8), and for
eters, the denominatd21) being a well defined quantity. this reason it is proportional to the amplitudeThe expres-
The reduction to only one term is a consequence of the resion for the matrix elements of th8B,, channel is given
stricted Hilbert proton and neutron spaces of the model. Théy

2j.—1[(n?+2)(2j,+1-n%)]"? e

0+40)

MST(180Gd 160Dy) = b

x% ((28,81 0(\g,uo)l 0](28,410),

(10,4 (0,00 (1049 1
XE (18!4) ()\OMO) (1810) p,
> | (288 (Nomo) (28,9

1 1 1

For the enlarged model space, theexpression for the matrix element giBthedecay mode is the generalization of the
previous one:

M ST (160G d— 16%Dy) = ; chc®

((18,01[I[a(07) 12807 121 * 9] [(18,4),, . (22

2j k= 1[ (N2 +2)(2) pi+1-10 )2 e
a1 (e 2) - Sl et S (OO0 IT[(Nopo)10)
2]7T,k [ lw,k 1 (Mo ae0)

X% (M)l O(Ng,mo)L Of(N),4)10),

MNmkota) (0,00 (Ngppugy) 1
XE ()\V,kYILLV,k) ()\O/*LO) ()\V,I vluv,l) p,

o' M) (Nomo) (N, )
1 1 1

(O ) T35 1205y, 22] 0“0 [ (N 121) ) -

(23

V. THE BBy, HALF-LIFE neutrino case this closure approximation is well justified
[39]. The final formula, restricted to the term proportional to

For massive Majorana neutrinos one can perform integras . .
J P 9%he neutrino mass, is,37)

tion over the four-momentum of the exchanged particle an
obtain a neutrino potential that for a light neutrinen,( vo a1 [{m)\? 5
<10 MeV) has the form 2 Go,Mg,, (29

) where G, is the phase space integral associated with the
= _2R °°d sin(qr) emission of the two electrons. The nuclear matrix elements

B = ) 9 e @9 Mo, arel37.4041

g2

GT_ IV 1 F

MOV __2MOV
9a

MOV

, (26)

whereE is the average excitation energy of the intermediate
odd-odd nucleus, and the nuclear radiisas been added to
make the neutrino potential dimensionless. In the zerowith
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Mg, =07 [00"), (27) O%=ON N, *ON,A, TOAN,TOR A, 29

where the ketd0,") and|0;) are denoting the initial and
final nuclear states. The quantitigg andg, are the dimen- where the subscript indicg$N, NA, ... indicate the nor-
sionless coupling constants of the vector and axial vectomal N or abnormalA spaces of the nucleon creation and
nuclear currents, respectively. In the present work we use thannihilation operators. Given that we use the Nilsson scheme
effective value §a/gy)?>=1.0 [42]. The operatorD® are to obtain the occupation numbers, we are considering only
given by nucleon pairs. For this reason only the four types of transi-
tions listed above give a nonvanishing contribution to the
GT_ GT_ Tl B BB,, matrix elements.
© =m2,n Om“_mzn Fintm- Onty H(|Tm=ral.E), In a previous work we have restricted our analysis to six
potential double-beta emitters, which, within the approxima-
[ — tions of the simplest pseudo-&8) scheme, are also decay-
OFE% Oﬁn:% toty H(Irm =10l . E), (289 ing via the 20 8B mode. They include the observeédNd
’ ’ —15%Sm and#*%U—2%%Pu BB,, decays. In these cases two

where the superscript GT denotes the Gamow-Teller operaeutrons belonging to a normal parity orbital decay into two
tor, while F indicates the Fermi operator. In expressig@§)  protons belonging to an abnormal parity orbital. The transi-

o is the Pauli spin operator and the isospin lowering tion is mediated by the operatm,‘{w,\,y. Under the seniority

operator, which satisfiets |n)=|p). zero assumption for nucleons in abnormal parity orbitals,
Transforming the transition operators to the pseud@¢3sU only proton pairs coupled td=0 are allowed in the ground
space, we have the formal expression state. The matrix element is

MgV(A’JTN EE MOV(A Nv!J )

2j,+1 \/(n n+2)(2],+1-n)

2 +1 ((i7im)3=M=0[0°|(j,j,)I=M=0)

-3

T 2(21,+1)

XKEL > (N DKL O KL, wH 10y (O )KL (N )KL (N 1) 20)
7 K K]

v

X 2 (N KL, (N, o) 1O (N, )KL, ((0.7,)1T,,(0,7,) 1T (N, 0) 10)

(Ao, #0)Po

X\, )|||[a(on a7, 1/23(077 ), ] Mookl s O[N], )>p0 (30

We have implicitly defined J,(j,) as the contribution of each normal parity neutron sjate the nuclear matrix element
in the transition [,)2— (j2)2.

The transitions that are forbidden for tj3@,, decay are instead allowed for the zero-neutrino mode, due to presence of the
neutrino potential. In the simplest model space, #1&,, of °9Gd has finite contributions for the two components with
different occupation numbers in tHé%y final state. There are two terms in t8g,, decay: one for the basis state that has
allowed 883,, decay, and one for the state with forbiddép,, decay. In the first case the above equation must be used. The
second case involves the annihilation of two neutrons in normal parity orbitals, and the creation of two protons in normal
parity orbitals. This transition is mediated by the oper@QLNv. The 8By, matrix element has the form

M&,(N,N,)=> ME,(N.N,,J)
J

> N2IADRI+1)(2),+1)(2],+1)

" L

x; V23+ (1} )30 (i ) YW

4J

Tosi Toio WIT,050, T
7T EJW” a'la v EJV” vy
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X 2 A(.,017 (7, 01T LN w)KF X (07,)1T,,(07,)1T /(g mg)KI)

(g mIKE (g 10)Kg

XD (OF KGRI 00, #0)10),, 2 (N 1)10(%0 120 10](N',12)10),

(Mo 10)Po
Louh) Nmd) Nuh) ps
«S (\L,uh)  (NGud) (Nl p,

ff 1 T AT .uT)iS=0 i
s ()\i /‘Li) (No» o) ()\fo) <()\7ryﬂw)|||[a(:7ﬂ’o),1/2a(;,w'0)’1/2]( 0+#0) |||()\I'n'!lu’|77)>pﬂ_

1 Po 1
X(U\L,ML)|||[5(0,77V)TV;1/25(0,7,V)TV;1/ﬂ(hs'“8);S=OH|(7\L,Miy)>p,,- (31
In the above expression the( . .., ...) areRacah coefficientp43]. The two-body matrix element can be expanded in its
L,S components,
l, | L [, I, L
<(jijr)J|O“I(jVer)J>=LES {3 7 Stxy: i S{UJILIHEE()L) (GHSIT-T()](3D)S),
j T J ! J J v J v’ J
(32)
|
where thex{- - -} are Jahn-Hope coefficienf43] and tional terms are similar to those of the above equations and
. they are omitted for the sake of brevity. The matrix element
I rGmn=o,-0,, I''I'(F)=1, a=GT or F. of the BBy, mode is thus given by
(33
a _ i)~ (pg @
In order to evaluate the spatial matrix elements, we have Mo, %‘ Ci’ G Mg, (K1), (36)
\lljvsh(iagh tgi(\a/esBessel-Founer expansion of the poterjud], where the indice& andl denote the set of quantum numbers
needed to specify the occupations and irreps included in the
(11 )LMIH()| (131 )L M) wave functions.
=> (= 1)1 L 21+ 1) (14 Clll ) VI. THE BB DECAY OF '*%d
|

In this section we study the two-neutrino and zero-
X (I [ClIa)W( 15l 3l 4 LDR (141 5,1514), (34 neutrino modes of the double-beta decay 8fGd to the
ground state of®Dy.
where (;[|C/[|I;) are the reduced matrix elements of the un-" | the restricted configuration space of Sec. IllA, the

normalized spherical harmonics ground state of*Dy, defined in Eq(8), is a linear combi-
nation of two states having different occupation numbers.
Cir( Q)= VAT 21+ DY, (Q) 9 P

The energy difference between these states, estimated from

andR!(1,1,,151,) are the radial integrals described in Appen- the difference in their deformed Nilsson single-particle ener-

dix A of Ref. [18]. They include the effects of the finite gies, isAE=1.71 MeV. The pairing mixing between them,

nucleon size and the short range correlations, as explained H;ing the interaption strengtlﬁ'EW:leA MeV, i? Npair .
Appendix C of Ref[18] 9 P =0.865 MeV. With these matrix elements, the diagonaliza-
The zero-neutringd matrix element has, as mentioned 10N of EQ. (9) yields the amplitudea=0.923,b=0.385 of

above, contributions from the two components of iy the wave functlon.of the groupd state BDy.
wave function: The BB, matrix element is suppressed by a fachyr

compared with thalloweddecays. It implies that thgg,,
Mg, =aMg,(N,N,)+bMZ,(A.N,). (35  half-life is an order of magnitude (49 larger than in other
nuclei with similar Qg4 values. The energy denominator
As said before, these expressions are to be supplementéakes the valu€=12.19 MeV. The two-neutrin@@ 8 matrix
by other contributionsM&,(N,A,) andMg,(A,A,), when element is MS[(1%%Gd— 16Dy)=0.0455 MeV'l. The
the large model spad@f Sec. 1 B) is used to construct the phase space integral i§g7=8.028<10%° MeV? yr 1,
initial and final wave functions. The expressions of the addi-usingg,/gy=1.0. The estimate@®3,, half-life is
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TABLE Ill. M&,(N,N,,,J) for the BB,, of 15%Gd. TABLE V. The mixing parameteb, the double-beta-decay ma-
trix elements and half-lives are listed as functions of the parameter
J F GT AE.
0 —0.117 46 0.255 88 AE b M <23VT T%qu Mo, T(l)/VZ
2 0.037 92 —0.050 16 (MeV) (Mev~1 (102t yr) (107 yr)
3 —0.001 31 —0.000 11
4 0.020 90 0.004 54 1.10 0.481  0.0568 3.86 1.072 1.53
6 0.003 12 0.005 01 1.20 0.464  0.0547 4.16 1.044 1.62
Sum —0.056 83 0.215 16 1.30 0.447  0.0527 4.48 1.017 1.70
Mo,(N_N,)=0.27199 1.40 0.431 0.0508 4.82 0.992 1.79
1.50 0.415 0.0490 5.18 0.967 1.89
s 1.60 0.401 0.0473 5.57 0.943 1.98
72, *%Gd—"*Dy)=6.02x 10" yr. @7 170 0.387  0.0456 598 0921  2.08
The contributions of the different angular momentato ~ 1.71 0.385 0.0455 6.02 0.919 2.09
. « . .
t_ltl;blrgaﬁlnx elementMg, (NN, ,J), in Eq.(35), are shown in 1.80 0374 0.0441 6.41 0.900 218
) 1.90 0.361 0.0426 6.86 0.879 2.28

It is remarkable that thd=0 channel largely dominates
both the FermiF) and Gamow-TellefGT) transitions. The
J=2 channel tends to reduce the transition matrix elementg'10 0.338 0.0399 /.83 0.841 2.49
by about 20—-30%. For the Fermi matrix elements, fhe 220 0.327 0.0386 8.36 0.824 2.60
=4 channel also contributes significantly. Fermi and2-30 0.317 0.0374 8.90 0.807 271
Gamow-Teller matrix elements add up coherently due to thé-40 0.307 0.0363 9.47 0.791 2.82
sign inversion in Eq(26). 2.50 0.298 0.0352 10.06 0.776 2.93

The transition matrix elements from the different neutron
single-particle angular momentujy in the matrix elements
M§ (AN, ,j,), are presented in Table IV. In this case two 70,(**%Gd— 1*Dy)(m,)?=2.00x 10 yr.  (39)
neutrons are annihilated in the normal parity orbitals - .
P1/2,Pas2, Fs/, f72, Mg @nd two protons are created in the This hglf—hfe is gfactqr 20 larger than t_hat reported 40)].
intruder orbithyy,. The difference is easily understood, given the fact that the

As seen in Table IV, both for the Fermi and Gamow- Present model takes explicitly into account the nuclear defor-
Teller matrix elements the terms add up coherently. While ifmation, while in[40] the spherical quasiparticle random-
the Gamow-Teller case th@gy,—hyy, transition clearly —Phase approximatioiQRPA was used to obtain a crude
dominates, in the Fermi case all transition amplitudes aré&Stimation of the half-lives of all potenti#i3 emitters.
comparable. As in Table Ill, Fermi and Gamow-Teller final AS mentioned above, the parameteE, which strongly
matrix elements add up coherently. In absolute value, théfluences the pairing mixing, is taken from the deformed
allowed 83,, transition matrix elemeril,,(A_N,) is a fac- Nilsson smgle-_partl.cle energies. To estimate up'to which ex-
tor 6 larger than thdorbiddenone My,(N_N,). The final  tent changes in this parameter affect the predicted double-

2.00 0.349 0.0412 7.34 0.860 2.38

BB, matrix element is beta-decay half-lives, we have allowed it to vary from 1.1
16 16 MeV to 2.5 MeV, covering most of the physically reasonable

Mo, (**%Gd— **Dy)=a Mg,(NN,)+b Mo,(A,N,) range. The results are listed in Table V.
—0.251+0.668=0.919. (39) The mixing parametds and the double-beta-decay matrix

elements and half-lives are very smooth functionsAdf.
The zero-neutrino phase space integral forii, of **Gd  The two-neutrino double-beta-decay half-life varies between
is Gg,=1.480x 10" yr~*. Expressing the Majorana mass 4x 107! yr and 10< 1G?* yr, around the predicted value of
of the neutrino(m,) in units of eV, the calculated zero neu- 6x 10?! yr. The calculated half-life of the neutrinoless
trino BB half-life is double-beta decay is less dependent upon the mixing induced

- ; ine i 5
TABLE IV. M2 (AN i) for th f 16054, by pairing a_md it varies in the r_ange_(l.S—Z.é?):)O2 yr.
8.(A:N,.].) for the o, of **Gd Concerning the results obtained in the enlarged space of

i F GT Sec. llIB, we are presenting them in Table VI. The partial

’ contributions to theBpB,, and BBy, decay processes, for

P12 0.015 52 —0.067 92 transitions between the components of the initial and final

P32 0.021 05 —0.053 59 wave functions, are listed in this table. We are indicating,

f5p0 0.021 68 —0.161 33 also, the character of each of the transitions, with regard to

o 0.063 41 —-0.118 47 the type of orbital, abnormdl) or normal (\), of the neu-

hos 0.04310 —1.165 98 trons and protons involved in the decay.

Sum 0.164 77 —1.567 29 For the case of th@B,, decay mode, there are four ac-
Mo, (A,N,)=—1.73206 tive configurations and each of them add up up coherently to

the final matrix element. They are partially suppressed by
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TABLE VI. Matrix elements for thegs,, and BBy, decay nuclear structure effects, and the predicted half-life is of the
modes. Each arrow shows the participant configurations, of the iniorder of 16?2 yr, depending upon the model space. The
tial and final wave functions, which are listed in Tables | and Il. The zerg-neutrino double-beta-decay half-life is at least three to
transitions not included in the table are trivially forbidden because&qyr orders of magnitude larger. In view of these predicted
they imply the change of the states of more than two nucleons. Th@alues, we are confident that the planned experiments using
BB,, transitions listed as “not allowed,” are those which are for- cerium-doped gadolinium silicat& SO crystals[24] would
bidden by the selection rules discussed in Sec. IV. The matrix eledefinitely be able to detect thes,, decay of 1605d, and
ments, of theBB,, mode are given in units of MeV-. could establish competitive limits to th@B,, decay. The
background suppression due to a lag,, half-life would

Transition Channel 2pp mode e be effective, although not as noticeably as was optimistically
ip—f, N,A, Not allowed -0.231 envisioned in24].

i,—f, N_N, Not allowed 0.272 Results regarding selection rules in other deformed
i;—fs AA, Not allowed -2.122 double-beta-decay emitters are reporte@4il.

i,—f, AN, 0.118 1.732

i,—f, NN, Not allowed 0.315 VII. CONCLUSIONS

i,—fs AN, 0.122 1.787

ig—f, ALA, Not allowed -2.122 In the present paper we have studied g@,, and 88,
i3ty AN, 0.118 1.732 decay modes of®%Gd to the ground states df®Dy. The
i,—fy AN, 0.122 1.787 transitions have been analyzed in the context of the pseudo-

SU(3) model.

The energy spectrum and electromagnetic transitions in
their amplitudes and the final matrix element is of the order!®®Gd and *®Dy have been studied in detail, in previous
of 0.086 MeV 1. This value is about twice that obtained by works, using the pseudo-$8 model and a realistic Hamil-
using the small configuration space of Sec. IllA. Conse-tonian. Ground state wave functions were built as linear
quently, the calculated half-life, which is of the order of combinations of the pseudo-&) irreps associated with the
1.68< 10?! yr, is shorter than that obtained in the small larger quadrupole deformations, in a model space with fixed
space. Concerning thég,, decay mode, the results shown occupation numbers in normal and unique parity orbitals.
in Table VI indicate that there is an interference betweerNucleons occupying intruder orbits were frozen. The pseudo-
configurations where both nucleons are in intruder orbits an®U(3) leading irrep typically carries 60% of the total wave
those where the proton occupies an intruder orbit. For thigunction.
channel the resulting matrix element is of the order of 0.293, In the present contribution the mixing of different occu-
a value which is about a factor of 3 smaller than that ob-pation numbers in thé®®Dy ground state wave function was
tained in the small configuration space. The predicted halfstudied. Only leading irreps, for each occupation, were con-
life sidered in the calculations. The mixing induced by the pair-

Té/yz(leoGd_> 160Dy)(m,)2=2.05x 107° yr (40) ing interallgtion ma_kes_ possi_ble the two-neutrino double-beta
decay of'®%Gd, which is forbidden when only the most prob-
is an order of magnitude larger than that obtained in thétble occupation numbers are used. . o
small configuration space. Explicit expressions are presented fo_r the pairing mixing,

The above presented results can be summarized by noti@nd for theg;, and 83,, nuclear matrix elements in the
ing that the effect of including occupations other than thePresent pseudo-S8) approach. The estimatgg)3 half-lives
most probable one is less crucial for the two-neutrino modére larger than those obtained using a spherical QRPA model,
than for the case of the neutrinoless double-beta decay. Ne@nd the results suggest that the planned experiments would
ertheless, the predicted two-neutrino double-beta decay @tucceed in detecting theg,, decay in**Gd, and in setting
160Gd is still suppressed, as compared to other double-bet&0ompetitive limits for the zero-neutrino mode.
decay emitters. In this respect, the results of the present cal-
cul_ations are an improve_ment over earlier of!b's], where ACKNOWLEDGMENTS
claims about a suppression of the two-neutrino mode have
been made. Here, we have used a larger configuration space, This work was supported in part by CONACyYT and by a
as explained before, instead of a single configuration. Th€ ONACYT-CONICET agreement under the project “Alge-
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