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Configuration mixing calculation in the framework of the interacting boson model „2…
in even 1122118Sn isotopes
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~Received 23 July 1996!

In this paper, the normal and the intruder 2p-2h bands in even1122118Sn isotopes have been studied through
configuration mixing calculation in the framework of IBM-2. The states belonging to the normal and the
intruder bands have been calculated separately and then allowed to mix by using a simple band-mixing
Hamiltonian. Energy values,E2 transition probabilities, and quadrupole moments of the first 21 state have
been calculated and compared with the experimental values.
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The structure of even-even Sn nuclei has been inve
gated earlier using different models, e.g., in the BCS
proach using neutron two-quasiparticle excitation@1#,
broken-pair or generalized seniority schemes@2#, etc. Exis-
tence of a collective band starting from 01 level @3# is a
common feature in theZ550 region. These intruder state
have their origin in excitations across the proton shell clos
atZ550 @4#. Weneset al. @5# have investigated these colle
tive bands in even Sn isotopes through a model taking
account both the pure quadrupole vibrational excitations
doubly even nuclei as well as the proton 2p-2h configu
tions coupled with quadrupole vibrational excitations.

Ring and Schuck have described the lowest 21 state in
116,118,120Sn as vibrational states@6#. Coulomb excitation
study in even Sn isotopes has shown that the levels 22

1 ,
23

1 , and 41
1 show partly a vibrational character@7#. For

example, the value ofB~E2; 41
1→21

1) observed for
116,118Sn agrees with the value 2B(E2;21

1→01
1) expected

for a two phonon vibrational state. Also the crossover tr
sitions 22

1→01
1 and 23

1→01
1 are strongly retarded. Wene

et al.have also interpreted the low-lying structure of Sn is
topes as evidence of strong mixing between the vibratio
and the rotational structures. Recently we have tried to in
pret the low-lying levels of1152119Sn isotopes in terms o
UBF(5)^SUF~4! dynamical symmetry of U~6/20! super Lie
group @8#. The intruder bands in neighboring Cd@9# and Te
@10# nuclei have been well described in IBM-2 using a co
figuration mixing calculation. These studies indicate a stro
mixing between the normal and the intruder configuratio
In Sn isotopes the experimentalB(E2) values of some of the
transitions also indicate a strong mixing between the t
coexisting configurations.

The purpose of this work is to investigate the ground-st
band up to the two phonon triplets and the collective ba
in even-even1122118Sn nuclei in the framework of IBM-2
mixed configuration calculation in which the 2p-2h band
coupled with the anharmonic quadrupole vibration of t
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ground band. Investigation of the consequences in the
isotopes is also important in the context ofI spin @11#.

In the present calculation we follow the procedure
Duval and Barrett@12#. The IBM-2 Hamiltonian describing
both normal (Np50! and intruder (Np52! configurations is
given by

H5ed~dp
† d̃p1dn

†d̃n!1Vpp1Vnn1k~Qp•Qn!1Mpn , ~1!

where

Vrr5 (
L50,2,4

1

2
CLrA2L11@~dr

†dr
†!L~ d̃rd̃r!L#0 ~2!

represents the interaction between like bosons. Herer refers
to p ~proton! or n ~neutron! bosons.

The expressionQp•Qn , where

Qr5~sr
†d̃r1dr

†sr!21xr~dr
†d̃r!2, ~3!

stands for the quadrupole-quadrupole interaction between
neutron and proton bosons.

Mpn52 (
k51,3

2jk~dp
†dn

†!k•~ d̃pd̃n!k

1j2~dp
†sn

†2sp
†dn

†!2•~ d̃psn2spd̃n!2 ~4!

is the Majorana force operator. Both the normal and the
truder configurations are calculated separately in terms of
above Hamiltonian. The two configurations are then admix
using the mixing operator

Hmix5a~sp
†sp

†1spsp!01b~dp
†dp

†1d̃pd̃p!0, ~5!

where a and b are adjustable strength parameters for
interaction between the two configurations. In our calcu
tion, the basis consisting of the lowest four eigenstates
each configuration has been used to diagonalizeH1Hmix .
The energy gap parameterD between the two configuration
is calculated from the relation@12#,
968 © 1997 The American Physical Society
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D5BE~Z,N!2BE~Z22,N!2BE~Z12,N!

1BE~Z,N!14Vph. ~6!

Here BE refers to the binding energy of the ground state
Vph is the particle hole interaction energy.

The mixed wave functions are used to calculateB(E2)
values of observed transitions and quadrupole moments.
E2 transition operator is given by

T~E2!5e0~ep0Qp01en0Qn0!1e2~ep2Qp21en2Qn2!, ~7!

whereQr were defined in Eq.~3! andej ander j ( j50,2)
are adjustable parameters. The suffixes 0 and 2 refer to
normal and the intruder configurations respectively.

In Sn isotopes it is very difficult to identify the high
energy members of the normal ground-state band. Even
two phonon triplets in these isotopes mix strongly with t
2p-2h band and the neutron two quasiparticle levels. In
present calculation we have considered levels up to low
41 of the normal band and up to 121 state of the intruder
band. Since there are no proton bosons in the normal c
figuration of the Sn isotopes, terms in the Hamiltonian
volving only neutron bosons will contribute to the ener
value calculation. The three parameters used in the nor
band calculation areed , C0, andC2 and their adopted value
are given in Table I.

It is expected that the intruder configuration has a gam
soft structure. In this calculation the intruder band h
been chosen to haveE4 /E2 ratio around 2.6, which
is close to O~6! limit. The adopted values of the paramet
ed show a smooth variation with the neutron number a

TABLE I. IBM parameters used in the present calculation. A
the parameters are in MeV exceptxr ande2 /e0, which are dimen-
sionless ander , which are ine fm2.

Parameters A5112 A5114 A5116 A5118

Normal Configuration
ed 1.25 1.30 1.25 1.20
C0n 20.3 20.3 20.4 20.3
C2n 20.15 20.15 20.20 20.10
xn 0.74 0.63 1.92 0.89

Intruder Configuration
ed 0.60 0.57 0.55 0.59
k 20.167 20.140 20.147 20.158
xn 20.2 20.15 20.10 20.05
xp 0.4 0.4 0.4 0.4
C0n 0.0 0.0 20.15 20.05
C2n 20.06 20.10 20.05 20.15
C4n 20.03 0.0 0.03 0.015
j1 0.24 0.24 0.24 0.24
j2 0.04 0.04 0.04 0.04
j3 0.24 0.24 0.24 0.24

e2 /e0 1.2 1.2 1.2 1.2
a 0.2 0.2 0.2 0.2
en 9.0 8.5 7.0 7.5
ep 12 12 12 12
d
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becomes minimum at midshell. The value ofk increases
from N562 to N564 and then gradually decreas
with increasing neutron number. Similar type of neutr
number dependence has been observed for the paramek
in the calculation on Te isotopes. The value ofxp has
been kept constant in all the intruder bands in Sn isotop
The parameterxn for intruder configuration has been varie
The adopted values of this parameter are slightly less t
zero. The values of the Majorana force parameterj1, j2,
andj3 are taken from the calculation on the neighboring
isotopes@9#. The two configurations are calculated separat
and they are admixed by the mixing operator Hmix . Jolie
and Lehmann@13# have shown that for an U~5!-O~6! mixing
using Eq. ~5!, there is only one free parameter as t
matrix elements of the two terms involving the two types
bosons are not independent. Therefore, we have used
one parametera, which we have not varied with mass num
ber. The energy-gap parameterD between the two configu
rations has been calculated using Eq~6!. The value ofVph for
Z550 region has been found to be2540 KeV @14#. The
necessary experimental binding energy values have been
culated from@15#. All the other parameters are taken to b
zero.

The calculated energy spectra of116,118Sn isotopes have
been compared with experiment in Figs. 1 and 2. The exp
mental energy values are taken from Ref.@16# and @17#, re-
spectively. Similar agreement between calculated and exp
mental energy spectra of112Sn and 114Sn nuclei has also
been obtained.

FIG. 1. Comparison of experimental and calculated energy
els of 116Sn isotopes. The suffixes to the spin value refers to
relative position of the spin states occurring more than once in
level scheme.

FIG. 2. Comparison of experimental and calculated energy
els of 118Sn isotopes. See caption of Fig. 1 for details.
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The energy values are not very sensitive to the wave fu
tion. Therefore, it is necessary to calculate the transit
probabilities, which are very sensitive to the wave functi
of the system.B(E2) values have been calculated by eva
ating matrix elements of theT(E2) operator between th

TABLE II. Comparison of experimental and calculatedB(E2)
values of low-lying states in112,114,116,118Sn isotopes.

Transitions B(E2)(e2 fm4)
Mass I i→I f Eg~KeV! Expt. Calc.

112 21→01 1257 512~12!a 500
22→01 2151 1.3~4!a 0.003
02→21 933 < 290b 885
22→21 894 370~150!a 875
23→01 2476 ,1.9a 0.4
23→21 1219 ,14a 0.05
41→21 991 180~30!a 869

114 21→01 1300 500~100!a 524
02→21 653 700~300!b 710
22→01 2240 ,3a 0.003
03→21 856 ,160b 450
22→21 940 ,130a 555
41→21 887 210~60!a 895
42→21 1314 ,100a 73
42→22 374 ,2500a 1556

116 21→01 1294 417~13!c 408
02→21 463 605~101!c 756
03→21 733 17~2!c 220
22→03 85 1143~437!c 446
22→02 355 739~267!c 917
22→01 2112 2.0~8!c 0.001
22→21 818 131~50!c 398
23→01 2225 1.7~10!c 0.002
23→21 931 101~54!c 381
23→02 468 34~20!c 812
23→03 198 ,48a 37
41→21 1097 1277~706!c 705
41→22 279 3025~1680!c 607
42→21 1235 .0.005c 82
42→22 417 .403c 1600
42→23 304 .7.4c 260

118 21→01 1230 416~17!d 414
02→21 528 653~103!d 670
22→02 285 1341~241!d 1236
22→21 813 237~34!d 281
22→01 2043 2.6~4!d 0.02
03→21 827 .7.2d 313
41→21 1050 585~103!d 739
41→22 237 481~241!d 600
42→21 1259 ,96d 45
42→22 446 ,8600a 1757

aReference@7#.
bReference@18#.
cReference@16#.
dReference@17#.
c-
n

-

states. For the normal configuration of the Sn isotopes o
the neutron part of the first term of theT(E2) operator will
contribute. The parameters used in evaluating the matrix
ements of the first term ofT(E2) operator are onlyen and
xn . The adopted values of these parameters are give
Table I. Matrix elements of the second term of this opera
have been calculated in the space of two proton bosons
different number of neutron bosons for these Sn isotop
The parameterxn andxp are the same as used in the energ
value calculation. The adopted values of the effective n
tron bosonic charge show a smooth variation with the n
tron number, becoming minimum forN566. A similar type
of variation has also been observed in the calculation on
neighboring Te isotopes@10#. The effective bosonic charg
for neutron bosons has been kept unchanged for both
configurations. TheE2 matrix elements are very sensitive
the ratio of the parameterse2 /e0 which has been kept con
stant at 1.2 for all Sn isotopes. The parameters used
B(E2) calculation are given in Table I.

The experimental and calculatedB(E2) values for
112,114,116,118Sn isotopes have been compared in Table II. W
discuss some of the differences between the experime
observations and the theoretical predictions. In116Sn, the
E2 transition probabilities of 23

1→21
1 and 03

1→21
1 transi-

tions are overpredicted. This indicates that the present m
may have underestimated the contributions of the intru
band to the 23

1 and 03
1 states. The large experiment

B(E2) value of 22
1→03

1 transition supports this argumen
However, weaker transition probability for 23

1→02
1 transi-

tion cannot be explained with stronger mixing. Not ma
experimental data are available on112,114Sn isotopes. The
experimental value of the transition 41

1→21
1 is surprisingly

very small compared to the neighboring116,118Sn isotopes,
and cannot be explained on the basis of the present mo
One reason may be that in this 41

1 state there is a large
contribution from the neutron two quasiparticle structure
sulting in a weaker transition probability. The experimen
B(E2) value of the transition 02

1→21
1 in 112Sn nucleus is

nearly half the value in114,116,118Sn isotopes, a feature no
reproduced by this calculation. Except for these discrep
cies, almost all the other transitions are explained on
basis of this simple model. We believe that one of the ma
sources of error is traceable to neglect of the contribution
two quasiparticle states.

In addition to the transition probabilities, we have al
calculated the static quadrupole moment of the first 21 state.
The calculated values are compared with the experime
observations in Table III.

TABLE III. Comparison of experimental and calculated qua
rupole moments of 21

1 states in112,114,116,118Sn isotopes.

Quadrupole moment~eb!

Mass state Qexpt. Qcalc.

112 21
1 20.03~11! 20.11

114 21
1 20.14

116 21
1 20.17~4! 20.21

118 21
1 20.05~14! 20.10
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In this paper, we have studied both normal and
truder configurations in the framework of IBM-2 mixe
configuration calculation. Both normal (Np50), and
intruder (Np52! bands are well reproduced by this ca
culation. However, the differences between some of
experimental B(E2) values and theoretical prediction
indicate a much more complex structure for the lo
lying states, especially in the two phonon triplets in t
Sn isotopes. The neglect of the neutron two-qua
particle structure in this calculation may also ha
.
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influenced these results.

The calculations were done using the computer facilit
provided by the D.S.A. Programme of the Department
Physics. The authors are grateful to S. Bhattacharya of S
Institute of Nuclear Physics, Calcutta for supplying the co
puters codes used in the present calculation. They ackn
edge R. Bhattacharya for stimulating discussions and mak
helpful comments. One of the authors~A.K.S.! wishes to
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