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b decay of odd-A Cs isotopes in the interacting boson-fermion model
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The structure of odd-mass isotopes of Cs and Xe is described in the framework of the proton-neutron
interacting boson-fermion model. The model provides a consistent description ofb decay from Cs to Xe nuclei
of mass numberA5125, 127, and 129.
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I. INTRODUCTION

The interacting boson@1# and the interacting boson
fermion model@2# have been remarkably successful in t
description of a variety of nuclear structure phenomena.
one of the possible applications, we consider here the
scription ofb-decay rates in odd-mass nuclei.b-decay rates
are very sensitive to details of wave functions and theref
can provide a fine test of the nuclear model. The applica
of the proton-neutron interacting boson-fermion mod
~IBFM2! @2–4# to the b decay@5,6# was already propose
for nuclei in the region 52<Z<58 @7#, for Ru and Tc nuclei
@8,9# and for beta transitions from even-even to odd-odd
clei @10#. Forb transitions from spherical Rh to Pd odd-ma
nuclei this approach was very successful@5#. In that case
@near the SU~5! limit of the interacting boson model~IBM !#
the wave functions are dominated by few big compone
and the calculation ofb-decay rates tests those componen
In this paper we analyze theb-decay from Cs to Xe isotope
of mass numberA5125, 127, 129. These isotopes can
considered to be around the O~6! limit of the IBM. The wave
functions are very complex, some components can be m
important in theb-decay, but contributions from many sma
components can add or cancel, and therefore one can ha
more sensitive test of the model than in the spherical c
We first calculate the energy levels, then test the wave fu
tions on the basis of electromagnetic matrix elements~tran-
sitions and static moments!, and in the final step calculate th
b-decay rates. This final step is parameter free and prov
a unique test of wave functions.

II. THE IBFM2 MODEL

To describe an odd-A nucleus in the IBFM2, an odd
nucleon is coupled to an even-even core of proton-
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neutron-bosons. The Hamiltonian is written as

H5HB1HF1VBF, ~1!

whereHB is an IBM2 Hamiltonian@1#:

HB5ed~ndn
1ndp

!1k~Qn
B
•Qp

B!

1
1

2
j2@~dn

†sp
† 2dp

† sn
†!•~ d̃nsp2d̃psn!#

1 (
K51,3

jK~@dn
†dp

† # (K)
•@ d̃pd̃n# (K)!

1
1

2 (
L50,2,4

cL
n~@dn

†dn
†# (k)

•@ d̃nd̃n# (k)!, ~2!

where

Qn
B5dn

†sn1sn
†d̃n1xn@dn

†d̃n# (2), ~3!

Qp
B5dp

† sp1sp
† d̃p1xp@dp

† d̃p# (2) ~4!

are the boson quadrupole operators.HF is the Hamiltonian of
the odd fermion,

HF5(
i

e ini , ~5!

wheree i is the quasiparticle energy of thei th orbital whileni
is its number operator, andVBF is the interaction between th
bosons and the odd particle,

VBF5(
i , j

G i j ~@ai
†ã j #

(2)
•Qr8

B
!1A( nindr8

1(
i , j

Lki
j $:@@dr

†ã j #
(k)ai

†sr# (2):•@sr8
† d̃r8#

(2)1H.c.%.

~6!
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The modified annihilation operatord̃ is defined by d̃m
5(21)md2m . The symbolsr and r8 denotep (n) and n
(p) if the odd fermion is a proton~neutron!. The creation
operator of the odd particle is written asajm

† , while

the modified annihilation operator is defined asã jm
5(21) j 2maj 2m . The orbital dependence of the quadrupo
and the exchange interactions are@11#

G i , j5~uiuj2v iv j !Qi , jG, ~7!

Lk,i
j 52bk,ib j ,kS 10

Nr~2 j k11! D
1/2

L, ~8!

where

b i , j5~uiv j1v iuj !Qi , j , ~9!

Qi , j5 K l i ,
1

2
, j iUuY(2)uU l j ,

1

2
, j j L . ~10!

III. CALCULATIONS

A. Hamiltonian and energy levels

The Hamiltonian consists of the boson Hamiltonian, t
Hamiltonian of the odd fermion, and the interaction betwe
the bosons and the odd fermion. The IBM2 parameters
the even-even Xe isotopes are taken from Ref.@12#. To de-
scribe the odd-even isotopes of Cs~Xe!, we couple a proton
~neutron! to these cores.

In Table I we show the cores for the considered Cs and
isotopes and the IBM2 parameters taken from Ref.@12#.

1. Cs isotopes

The odd-mass Cs isotopes are described by coupling
odd proton to the even-even Xe cores. The proton sin
particle energies are taken from Ref.@13# ~only the energy of
d5/2 has been reduced from the original value of 0.20 MeV
0.05 MeV!. The BCS equations are solved with the orbita
g7/2, d5/2, s1/2, d3/2, h11/2, h9/2, and f 7/2 with D512/AA
MeV. In the IBFM2 calculation for positive-parity states w
include the first four orbitals. In the boson-fermion intera
tion, the quadrupole and the monopole interactions are
cluded between the odd proton and the neutron boson
addition to the exchange interaction of the quadrupole ty
We allow the interaction strengths to vary gradually depe
ing on the mass number.

TABLE I. IBM2 parameters taken from Ref.@12#. The unit is
MeV except for the dimensionlessxn . The parametersxp

520.80 andj15j250.24 MeV, j3520.18 MeV are fixed.

Odd nuclei Core nucleus ed k xn c0
n c2

n

125Cs 124Xe 0.70 20.145 0.00 0.05 20.10
125Xe, 127Cs 126Xe 0.70 20.155 0.20 0.10 20.10
127Xe, 129Cs 128Xe 0.70 20.170 0.33 0.30 0.00
129Xe 130Xe 0.76 20.190 0.50 0.30 0.10
03430
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The adopted single-particle energies are shown in Ta
II. The quasiparticle energies and theu, v factors calculated
with them have been used inHF andVBF.

In Table III we present the parameter values inVBF inter-
action potential.

The results of the calculation are shown in Fig. 1~the
experimental data are taken from Refs.@14–16#!. A generally
reasonable agreement is seen. To see more detail, the c
lated 3/21

1 systematically comes lower than the experimen
counterpart, while the calculated 5/21

1 lies higher. This dif-
ference may be explained by the Coriolis effect. The lo
tions of the yrast states withI>7/2 are reasonably well re
produced. Nevertheless, we notice that theDI 51 structure
consisting of 9/21, 13/21, 17/21, 21/21 yrast and 11/21,
15/21, 19/21 yrare states, was proposed as intruder pro
g9/2 configuration in 125Cs @17#, as well as some levels in
127Cs @18#. These levels are not presented in Fig. 1, but
notice that the excitation energies of these levels, calcula
in the valence shell space, are very close to theg9/2 experi-
mental ones. This could be the reason why they have
been observed.

2. Xe isotopes

The odd-mass Xe isotopes are described by coupling
odd neutron hole to the neighboring even-even Xe cores.
single-particle energies are taken from Ref.@19#, except
small modifications forg7/2 and h11/2. For g7/2 the values
0.3, 0.35, 0.4 MeV are taken forA5125, 127, 129, respec
tively, while the single-particle energy ofh11/2 is set to 1.30
MeV for all isotopes~see Table IV!.

The parameter values used inVBF are shown in Table V.
These values are almost identical to the approximate pro
tion from the IBFM1 values in Ref.@19#.

The results of the calculation are shown in Fig. 2. A re
sonable agreement is seen. In127Xe, there are two different
interpretations about the spin of the 510-keV level. Althou
Ref. @15# adoptsI 53/2, Refs.@19,20# insist on I 55/2 be-
cause of very weakb-decay fromI 51/2 in 127Cs and the
level systematics in neighboring nuclei. We have chosen
latter on the basis of level systematics. However, the spin
510 keV is still an open problem. The wave functions a
organization of levels into bands in the present IBFM2 c

TABLE II. Single-particle energies~MeV! of the proton orbitals
in Cs.

d5/2 g7/2 s1/2 d3/2 h11/2 h9/2 f 7/2

0.05 0.00 3.35 3.00 1.50 7.00 8.00

TABLE III. Parameters in the boson-fermion interaction~MeV!
for Cs.

Isotope G A L

125Cs 0.90 20.60 1.65
127Cs 0.76 20.66 2.30
129Cs 0.74 20.80 2.90
8-2
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FIG. 1. Comparison between the calculated~IBFM! and the experimental~exp! energy levels of positive parity in125,127,129Cs. The
experimental data are taken from Refs.@14–16#.
ys
in
s is
the

odd

-

e,
u-
e in
ome
s of
rties
ed

are

e-
fer
culation are in very good agreement with the recent anal
in IBFM1 @19#.

B. Electromagnetic properties

The electromagnetic transition operators are

T(E2)5ep
BQp

B1en
BQn

B1(
i , j

ei , j8 @ai
†ã j #

(2), ~11!

where

ei , j8 52
1

A5
~uiuj2v iv j !^ i uur 2Y(2)uu j &. ~12!

For M1,

T(M1)5A 3

4pS gp
BLp

B1gn
BLn

B1(
i , j

ei , j
(1)@ai

†ã j #
(1)D ,

~13!

where

ei , j
(1)52

1

A3
~uiuj1v iv j !^ i uugl l1gssuu j &. ~14!

TABLE IV. Single-particle energies~MeV! of the neutron orbit-
als in Xe, taken from Ref.@19#. The energy ofg7/2 has been
changed.

d5/2 g7/2 s1/2 d3/2 h11/2

125Xe 0.00 0.30 1.55 2.00 1.30
127Xe 0.00 0.35 1.55 2.00 1.30
129Xe 0.00 0.40 1.60 2.00 1.30
03430
isWe use the boson effective chargeeB50.150e b in order to
explain theB(E2) values and the quadrupole moments
these odd-mass nuclei. The value used in our calculation
larger for some isotopes than the one determined from
corresponding even-even cores ('0.108e b) @21#. This dif-
ference may be due to a polarization effect caused by the
fermion. For the odd proton in Csep

F51.5e, while for the
odd neutron in Xeen

F50.5e. For the magnetic dipole opera
tor, the bosong factors for all the isotopes aregn

B50, gp
B

50.8mN . For the odd proton in Cs, the sping factor is re-
duced by the factor of 0.85, while for the odd neutron in X
the sping-factor is reduced by the factor of 0.5. The calc
lated electromagnetic transitions and static moments ar
reasonable agreement with experimental data. In Fig. 3 s
of the results of the calculations are shown. On the basi
calculated excitation energies and electromagnetic prope
we may conclude that the IBFM2 description of the analyz
Cs and Xe isotopes is realistic. However, theb-decay rates,
where both the parent and the daughter wave functions
involved, can give a more conclusive answer.

C. b decay

The Fermi(kt
6(k) and the Gamow-Teller(kt

6(k)s(k)
transition operators@22# can be expressed in the fram
work of IBFM2. They can be constructed by the trans
operators@2,7,11,22#

TABLE V. Parameters in the boson-fermion interaction~MeV!
for Xe.

Isotope G A L

125Xe 0.39 20.42 0.40
127Xe 0.44 20.42 0.40
129Xe 0.50 20.42 0.40
8-3
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FIG. 2. Comparison between
the calculated~IBFM! and the ex-
perimental~exp! energy levels of
positive parity in125,127,129Xe. The
experimental data are taken from
Refs.@20,14–16#.
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rease
Am
†( j )5z jajm

† 1(
j 8

z j j 8s
†@ d̃aj 8

†
#m

( j ) ~Dnj51,DN50!,

~15!

Bm
†( j )5u j s

†ã jm1(
j 8

u j j 8@d†ã j 8#m
( j ) ~Dnj521,DN51!.

~16!

The former creates a fermion, while the latter annihilate
fermion simultaneously creating a boson. Either operator
creases the quantitynj12N by one unit. The conjugate op
erators are

Ãm
( j )5~21! j 2m$A2m

†( j )%†5z j* ã jm1(
j 8

z j j 8
* s@d†ã j 8#m

( j )

~Dnj521, DN50!, ~17!

FIG. 3. B(E2) values and magnetic moments. The symbold

with the error bar denotes the experimental data, while3 shows the
calculated values.
03430
a
-

B̃m
( j )5~21! j 2m$B2m

†( j )%†52u j* sajm
† 2(

j 8
u j j 8
* @ d̃aj 8

†
#m

( j )

~Dnj51,DN521!, ~18!

where the asterisks mean complex conjugate. These dec
the quantitynj12N by one unit.

The IBFM image of the Fermi(kt
6(k) and the Gamow-

Teller transition operator(kt
6(k)s(k) are written as

OF5(
j

2A2 j 11@Pn
( j )Pp

( j )# (0), ~19!

OGT5(
j 8 j

h j 8 j@Pn
( j 8)Pp

( j )# (1), ~20!

where

h j 8 j52
1

A3
K l 8

1

2
; j 8UusuU l 1

2
; j L

52d l 8 lA2~2 j 811!~2 j 11!WS l j 8
1

2
1;

1

2
j D . ~21!

The transfer operatorsPr
( j ) are chosen from Eqs.~15!–~18!

depending on the nuclei. In the present case,

Pp
( j )5Ãp

( j ) , ~22!

Pn
( j )5B̃n

( j ) . ~23!

The squares of theb-decay matrix elements are

^MF&
25

1

2I i11
u^I f uuOFuuI i&u2, ~24!
8-4
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^MGT&
25

1

2I i11
u^I f uuOGTuuI i&u2 ~25!

from which thef t value is calculated by

f t5
6163

^MF&
21~GA /GV!2^MGT&

2
~26!

in units of second where (GA /GV)251.59.
Now we estimate the coefficientsh j , h j j 8 , u j , u j j 8

appearing in Eqs.~15!–~18!, following the formulation
of Ref. @2#:

z j5uj

1

K j8
, ~27!

z j j 852v jb j 8 j S 10

N~2 j 11! D
1/2 1

KK j8
, ~28!

u j5
v j

AN

1

K j9
, ~29!

u j j 85ujb j 8 j S 10

2 j 11D 1/2 1

KK j9
, ~30!

whereN is Np or Nn , depending on the transfer operato
andK, K j8 , K j9 are determined by

K5S (
j j 8

b j j 8
2 D 1/2

, ~31!

and the conditions

(
aJ

^odd;aJuuA† j uueven;01
1&25~2 j 11!uj

2 , ~32!

(
aJ

^even;01
1uuB† j uuodd;aJ&25~2 j 11!v j

2 . ~33!

Formulas ~27!–~33! are valid when the odd nucleon is
particle. If the latter half of a major shell is partly occupie
~e.g., N573), we consider the fully closed shell as th
vacuum~e.g.,N582 core to deal with 66,N,82), accord-
ing to the convention of IBM and IBFM. In this case, th
microscopic derivations are done for the holes in the sh
For example, Eq.~15! is an IBFM image of a hole creatio
operator. Then the formulas corresponding to Eqs.~27!–~33!
can be obtained by interchanginguj andv j .

The scheme is essentially the same as in Ref.@7#. Namely,
the IBFM images of the real particle creation and annih
tion operators are constructed@11,22#, and then they are
coupled to form the Fermi and the Gamow-Teller operato
Although some previous works introduced overall norm
ization factors to account for the absolute values of the b
transition rates@7#, we did not introduce any adjustable p
rameters in theb-decay operators.
03430
ll.

-

s.
-
a-

For Xe, because the odd neutron is a hole in respect to
boson core,uj andv j are interchanged in Eqs.~27!–~33!.

Figure 4 showsb-decay rates to the yrast and the yra
1/21 and 3/21 levels in terms of log10f t values. The experi-
mental values have been derived by electron capture andb1

experiments in Refs.@14–16#. By taking the wave functions
from our calculations, the decay rates from the ground sta
(1/21

1) to the ground states (1/21
1) are reproduced. In addi

tion, we obtain reasonable agreement in decays to 1/2
1 ,

3/21
1 , and 3/22

1 , except for the decay to 3/21
1 in 127Xe.

Decay rates to higher excited levels are very sensitive
details in wave functions. In that sense, we notice a reas
able agreement in log10f t values for decays to the 3/23

1 lev-
els inA5125, 127, and 129: theoretical values 6.402, 6.8
and 7.147, compared to the experimental data 6.360~70!,
6.308~12!, and 6.400~50!, respectively.

We notice that once the wave functions are determined
IBFM2 calculations of energy levels, the log10f t values are
obtained in a parameter free calculation. In fact, in contr
to shell model calculations of log10f t values, we do not use
any additional normalization.

Looking at the wave functions, the ground states
125,127,129Cs are dominated by two orbitalsg7/2 andd3/2 ~30–
40% each!. The orbitald5/2 has comparable amount of mix
ture, too. The mixture of the components1/2 ~10–15%! is
small. In the daughter nuclei125,127,129Xe, the dominant com-
ponent of the ground state iss1/2 ~80–90%!. The main con-
tribution to the Gamow-Teller matrix elements comes fro
the term@@ d̃nns1/2#

(3/2)pd3/2#
(1). For the first excited state

with I 53/2, the main component in the wave functions
d3/2. The main contributions to the Gamow-Teller matr
elements come from the terms:@@ d̃nnd3/2#

(3/2)pd3/2#
(1) and

@@ d̃nnd3/2#
(5/2)pd3/2#

(1), but cancellation occurs in these tw
contributions. That is one reason why logft values to the
3/21

1 states are larger~i.e., the matrix elements are smalle!
than logft values to the ground states (1/21

1).

FIG. 4. Theb-decay rates fromACs to AXe shown in terms of
log10f t values. The symbold with the error bar denotes experimen
tal data, while3 presents the calculated value.
8-5
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On the basis of calculatedb-decay rates, the present ca
culation strongly supports the IBFM description of positi
parity states in odd Xe isotopes, reported in Ref.@19#. On the
other side, it does not confirm the structure of low-lyin
positive parity states in odd Cs isotopes, as described in
first calculation for these nuclei@4#. In fact, the main differ-
ence between that calculation and the present work is tha
Ref. @4#, due to a weak, almost negligible exchange inter
tion, the wave functions are not very mixed, while in t
present calculation characterized by a strong exchange i
action, they show a strong configuration mixing. In the ca
of a weak exchange interaction for Cs isotopes, the w
functions of the parent nuclei giveb-decay rates that are on
to two order of magnitude wrong, even for the decays to
daughter ground states. Recent calculations for odd-m
@13# and odd-odd@23# Cs isotopes, with strong exchang
interaction, in the light of the present calculation seem to
far more realistic.
tt.

lla

l
99

on
94
.

l
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IV. CONCLUSIONS

In a systematic calculation, we have performed an IBFM
analysis ofA5125, 127, and 129 isotopes of Cs and Xe. T
calculated energy level spectra and electromagnetic tra
tion properties suggest that the choice of interaction par
eters is realistic. In order to test how realistic the wave fu
tions are, in the final step of our work we have calculated
b-decay rates from Cs to Xe nuclei. In our approach t
type of calculation is a very sensitive test of wave functio
because it is parameter free, without any normalization
theoretical results. In addition to transition rates to grou
states, it also gives transition rates to excited levels of dau
ter nuclei. The results ofb-decay calculations are in ver
good agreement with observed data. The present analys
b-decay in O~6! like nuclei, together with recent calculation
for spherical nuclei, shows that the proton-neutron intera
ing boson-fermion model is appropriate for calculation
b-decay properties in odd nuclei.
on,
.

, J.

ka,

A.

ys.

er,
v.

nd

P.
.

@1# F. Iachello and A. Arima,The Interacting Boson Model~Cam-
bridge University Press, Cambridge, 1987!.

@2# F. Iachello and P. Van Isacker,The Interacting Boson-Fermion
Model ~Cambridge University Press, Cambridge, 1991!.

@3# C.E. Alonso, J.M. Arias, R. Bijker, and F. Iachello, Phys. Le
144B, 141 ~1984!.

@4# J.M. Arias, C.E. Alonso, and R. Bijker, Nucl. Phys.A445, 333
~1985!.

@5# N. Yoshida, L. Zuffi, and S. Brant, Phys. Rev. C66, 014306
~2002!.

@6# N. Yoshida, L. Zuffi, and A. Arima, Czech. J. Phys.52, C615
~2002!.

@7# F. Dellagiacoma, Ph.D. thesis, Yale University, 1988; F. De
giacoma and F. Iachello, Phys. Lett. B218, 299 ~1989!.

@8# G. Maino and L. Zuffi, inProceedings of the 7th Internationa
Conference on Nuclear Reaction Mechanisms, Varenna, 1,
edited by E. Gadioli~University of Milan, Milan, 1994!,
p. 765.

@9# G. Maino, in Proceeding of the International Symposium
Perspectives for the Interacting Boson Model, Padova, 19,
edited by R. F. Casten, A. Vitturi, A. B. Balantekin, B. R
Barrett, J. N. Ginocchio, G. Maino, and T. Otsuka~World Sci-
entific, Singapore, 1995!, p. 617.

@10# G. Maino and L. Zuffi, inProceedings of the 5th Internationa
Spring Seminar on Nuclear Physics, Ravello, 1996, edited by
A. Covello ~World Scientific, Singapore, 1996!, p. 611.
-

4

@11# O. Scholten, Ph.D. thesis, University of Groningen, 1980.
@12# G. Puddu, O. Scholten, and T. Otsuka, Nucl. Phys.A348, 109

~1980!.
@13# A. Gizon, B. Weiss, P. Paris, C.F. Liang, J. Genevey, J. Giz

V. Barch, Gh. Cata-Danil, J.S. Dionisio, J.M. Lagrange, M
Pautrat, J. Vanhorenbeeck, Ch. Vieu, L. Zolnai, J.M. Arias
Barea, and Ch. Droste, Eur. Phys. J. A8, 41 ~2000!.

@14# J. Katakura, Nucl. Data Sheets86, 955 ~1999!.
@15# K. Kitao and M. Oshima, Nucl. Data Sheets77, 1 ~1996!.
@16# Y. Tendow, Nucl. Data Sheets77, 631 ~1996!.
@17# J.R. Hughes, D.B. Fossan, D.R. LaFosse, Y. Liang, P. Vas

and M.P. Waring, Phys. Rev. C44, 2390~1991!.
@18# Y. Liang, R. Ma, E.S. Paul, N. Xu, D.B. Fossan, and R.

Wyss, Phys. Rev. C42, 890 ~1990!.
@19# Gh. Cata-Danil, D. Bucurescu, A. Gizon, and J. Gizon, J. Ph

G 20, 1051~1994!.
@20# P.F. Mantica, Jr., B.E. Zimmerman, W.B. Walters, H.K. Cart

D. Rupnik, E.F. Zganjar, W.L. Croft, and Y.-S. Xu, Phys. Re
C 42, 902 ~1990!.

@21# S. Raman, C.H. Malarkey, W.T. Milner, C.W. Nestor, Jr., a
P.H. Stelson, At. Data Nucl. Data Tables36, 1 ~1987!.

@22# R. Bijker, Ph.D. thesis, University of Groningen, 1984.
@23# A. Gizon, J. Tima´r, J. Gizon, B. Weiss, D. Barne´oud, C. Foin,

J. Genevey, F. Hannachi, C.F. Liang, A. Lopez-Martens,
Paris, B.M. Nyako´, L. Zolnai, J.C. Merdinger, S. Brant, and V
Paar, Nucl. Phys.A694, 63 ~2001!.
8-6


