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Symmetry character of bands in 72À84Kr in the proton-neutron interacting boson model
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The positive-parity bands observed in the even72284Kr isotopes have been studied in the framework of the
IBA-2 model. The analysis includes states of spin up to the maximum allowed by the finite boson number. The
symmetry character of these bands in the proton and neutron degrees of freedom has been investigated.
Excitation energies,B(E2)’s of intraband transitions andB(E2)’s, B(M1)’s, E2/M1 mixing ratios of inter-
band transitions have been considered. Three bands of different structure can be accounted for in the frame-
work of the model: the ground-state band, of predominant full-symmetry character; the band built on the 22

1

state, which is composed by states which show different symmetry character along the isotopic chain; and the
band built on the 31

1 state, of predominant mixed-symmetry character.

PACS number~s!: 21.60.Fw, 21.10.Re, 27.50.1e
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I. INTRODUCTION

In nuclear structure studies the concept of mixe
symmetry~MS! states, i.e., of states not completely symm
ric in the proton and neutron degrees of freedom, arises n
rally when distinction is made between the two types
nucleons. A 11 scissors mode was predicted in deform
nuclei by Lo Iudice and Palumbo@1# in the framework of the
two-rotor model and by Iachello@2# in the framework of the
IBA-2 model @3#. Clear experimental evidence for the pre
ence of MS states came in the early 1980s with the iden
cation of the 11 MS state in 156Gd via inelastic electron
scattering experiments@4#.

In the following years the 11 scissors modes have bee
studied systematically in different mass regions~see, e.g.,
@5,6#! whereas experimental information on low-lying M
states in vibrational nuclei~in which the lowest MS state ha
Jp521) is still rather fragmentary~see, e.g.,@7–11#!. Very
recently Pietrallaet al. @12# have observed, in addition to th
21 MS state, the 11 MS state in the gamma instable nucle
94Mo.

In an attempt to identify as many MS states as possibl
nuclei of vibrational type, we have performed in the last fe
years a systematic phenomenological study in theA5100
mass region. We have analyzed the isotopes110,112,114Cd
(Z548) @13,14#, 1002116Pd (Z546) @15,16#, and 982114Ru
(Z544) @16,17# in the framework of the IBA-2 model. In
this model the degree of symmetry of a state is related to
F-spin value. In the well-known limiting cases, where t
F-spin is a good quantum number, fully symmetric~FS!
states are characterized by the eigenvalueF5Fmax5N/2
~whereN is the total number of bosons! while MS states are
characterized byF5Fmax21,Fmax22, etc.

As a result of the analyses of the Cd, Pd, and Ru cha
~which consider energies, electromagnetic moments, and
cay properties! groups of positive-parity states of predom
nantF5Fmax21 character were identified and several in
cations for the presence ofF,Fmax21 states were pointed
out. Besides, a restricted range of viable values for the M
0556-2813/2000/62~4!/044302~13!/$15.00 62 0443
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jorana parametersj2 andj3, for which no indication is avail-
able from microscopic considerations, was determined
the A.100–120 mass region.

In this work we consider the even72284Kr isotopes (Z
536). They have been extensively studied both experim
tally and theoretically and it has been found that, in addit
to collective excitations, other degrees of freedom such
shape coexistence at low spins~see, e.g.,@18,19#!, two-quasi-
particle aligned configurations~see, e.g.,@20,21#!, etc., can
take part in determining excitation-energy patterns and de
properties.

Our aim was to investigate to what extent the IBA
model is able to describe positive-parity bands in these
topes when states up to the maximum spin allowed by
finite boson number are considered and, at the same tim
check whether the role played by states of MS characte
determining the properties of nuclei in theA.80 mass re-
gion is as important as in theA.100–120 mass region. Th
analysis we carried out some time ago@22# on low-lying
states in78,80,82Kr has been used as a starting point.

The first systematic analysis of even krypton isotopes
the framework of the IBA-2 model was performed a lon
time ago by Kaup and Gelberg@23# who considered the en
ergy spectra~up toJ56) and the decay properties of the 22

1

state in 74282Kr. Recently, another systematic study of low
lying states in72284Kr have been performed by Dejbakhs
et al. @24#. These authors, starting from the parameters
ported in@22#, analyzed the energy spectra up toJ58 and
B(E2) ratios of transitions connecting low-lying state
Studies based on the IBA-2 model, limited to specific kry
ton isotopes, have been reported in@25–27#.

II. PARAMETERS OF THE IBA-2 MODEL

For the present calculations we used the same Ha
tonian as in our previous works@15–17#, namely,

H5« ~ n̂dp
1n̂dn

!1k Q̂p
(xp)

•Q̂n
(xn)

1wpn L̂p•L̂n1M̂pn .
~1!
©2000 The American Physical Society02-1
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The four terms represent thed-boson energies~which for
simplicity has been taken equal for proton and neut
bosons!, the p-boson,n-boson quadrupole and dipole inte
actions and the Majorana operator, respectively. T
L̂p•L̂p operator, present in the Hamiltonian used in our p
vious work on78282Kr, was not included in Eq.~1! to reduce
as much as possible the number of model parameters.
used the generalized Majorana operator@28#, whose expres-
sion is given by

M̂pn5 1
2 j2@sn

†3dp
† 2sp

† 3dn
†# (2)

•@ s̃n3d̃p2 s̃p3d̃n# (2)

1j1@dn
†3dp

† # (1)
•@ d̃n3d̃p# (1)

1j3@dn
†3dp

† # (3)
•@ d̃n3d̃p# (3), ~2!

where the parametersj1 ,j2 ,j3 can take independent value
In the IBA-2 model theE2 and M1 operators are ex

pressed as@3#

T̂~E2![enT̂n~E2!1epT̂p~E2!5enQ̂n
(xn)

1epQ̂p
(xp) ,

~3!

T̂~M1![gnT̂n~M1!1gpT̂p~M1!

5A 3

4p
~gnL̂n1gpL̂p!, ~4!

where er and gr (r5p,n) are the effective quadrupol
charges and gyromagnetic ratios, respectively. The value
xr are the same as in the Hamiltonian~consistent-Q formal-
ism!. Altogether 12 parameters are present in express
~1!–~4!.

Calculations have been performed by using theNPBOS

code @29# which includes, as outputs, the decomposition
the wave function of each state in terms of the number
d-boson,nd , and of theF-spin components.

The procedure followed to fix the parameters«,k,wpn is
the same as described in@22#. The values ofxp andxn have
been kept fixed along the isotopic chain to the same va
(xp520.1, xn521.1) deduced for78282Kr in @22#.

As to the Majorana parameters, the value ofj2 has been
determined taking into account the possible influence of
parameter on the experimental energies as well as on
decay properties of all the states. TheE2/M1 mixing ratios
proved to be particularly useful in fixing its value. The val
of j3 has been adjusted, basically, so as to reproduce
energies of odd-spin states.

For the parameterj1 we chose a value sufficiently high t
move the lowest 11 MS state at an energy>2 MeV; this is
justified by the absence of anyJp511 level unambigously
established below this energy. We have also checked tha
calculated excitation energies of the levels relevant to
work are quite insensitive to the value ofj1.

As to the effective quadrupole charges we adopted
values derived in@22#, namely ep50.075, en50.090e b.
Their values are rather close to those we found in the ru
nium (ep50.080, en50.120e b! and palladium (ep

50.095,en50.115e b! chains. Also the values of the gyro
04430
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magnetic ratios (gp50.70, gn50.40mN) are the same as in
@22#. They are slightly higher than those adopted in the p
ladium and ruthenium chains (gp50.51, gn50.28mN) but
the differencegp2gn , which appears as a factor in the ex
pression of theM1 strength, is similar in the two cases.

The values of the parameters varied along the isoto
chain are reported in Table I. In72Kr the available

FIG. 1. The adopted values of the Hamiltonian paramete
which have been varied along the krypton chain are shown, a
function of the neutron number, on the left-hand side of the figu
The values of the same parameters for the palladium@15# and ru-
thenium@17# chains are also reported for comparison.

TABLE I. Adopted values for the Hamiltonian parameters use
for IBA-2 calculations. All parameters are given in MeV. The va
ues of the parameters kept fixed along the isotopic chain arexp5
20.1, xn521.1 ~dimensionless!, andj151.1 MeV. The values of
the j2 ,j3 in 72Kr are reported in italics since, their determinatio
not being possible on the basis of the available experimental d
they have been kept equal to those in74Kr.

A « k wp,n j2 j3

72 0.930 20.085 0.010 20.030 0.200
74 0.835 20.090 0.020 20.030 0.200
76 0.830 20.095 0.025 20.030 0.120
78 0.800 20.095 0.020 0.00 0.050
80 0.880 20.085 0.020 0.140 20.060
82 1.000 20.085 0.020 0.170 20.200
84 1.050 20.085 0.020 0.240 20.220
2-2
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experimental data do not allow us to estimate the value
j2 ,j3, which have thus been kept equal to those in74Kr.

As can be seen from the table, the parametersk andwp,n
have a very limited range of values so that there are es
tially only three parameters («,j2 ,j3) which exhibit a large
variation along the isotopic chain.

It is interesting to compare~see Fig. 1! the behavior of the
parameters reported in Table I with that of the correspond
ones in the Pd and Ru chains as a function of the neu
number. In both neutron major shells~28–50! and ~50–82!
the trend is similar for«,k,wp,n : « decreases in moving
towards the middle of the neutron shell while bothk and
wp,n stay approximately constant and have similar values
the three isotopic chains.

As to the Majorana parameters, we can observe that
value of j2 decreases monotonically in going from the b
ginning of the neutron shell towards the middle of the sh
in the Pd and Ru chains and that it increases monotonic
from the middle towards the end of the shell in the Kr cha
Such a trend suggests a similar behavior of this paramet
the two neutron major shells, i.e., large and positive val
04430
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near closed neutron shells and minimum value at the mid
of the shell. The values ofj2 become rather close in the tw
major shells when the neutron number approaches 50
this is also the case forj3. Until now no explanation based
on microscopic studies has been provided for the Major
term in its full generality so that we do not have an interp
tation for the trend determined phenomenologically forj2
andj3.

As a final remark, we note that for large values of t
ratio «/k and small values of the boson number, thed-boson
energy term in the Hamiltonian becomes predominant. T
is the case for the heavy krypton isotopes for which the c
culations predict a structure rather close to the U~5! limit of
the IBA-2 model.

III. RESULTS AND DISCUSSION

To investigate whether among the bands observed
72284Kr there are some of predominant FS or MS characte
has been useful to refer to the groups of states shown in
2, which are the eigenstates of the simple U~5! invariant
e
ce on the

tates
FIG. 2. Eigenstates of the U~5! HamiltonianH5« (n̂dp
1n̂dn

)1Mpn(j1 ,j2 ,j3) for the particular caseN57. Fully symmetric states are
displayed together withF5Fmax21 andF5Fmax22 states whose energy does not depend on the parameterj1. States are separated in thre
sections labeled by theF-spin quantum number. MS states are reported in separated columns according to their different dependen
Majorana parametersj2 andj3, given at the bottom. At the top of each column are shown the quantum numbers$n1 ,n2% of the relevant
Un1p~5! representation. On the left of each degenerate multiplet the number ofd-bosons is reported in square brackets. The subsets of s
of particular interest to the discussion have been enclosed in a frame and marked by a letter.
2-3
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Hamiltonian H5« (n̂dp
1n̂dn

)1Mpn . The figure summa-
rizes the results reported in@15,16,30#, concerning the exci-
tation energies of MS states whose Majorana operator ei
values depend only onj2 andj3. These states are reported
five separate columns according to the expressions ob
by their energy eigenvalues, which are given in the low
part of the figure. In the first column are reported the
states. States in each column belong to degenerate multi
characterized by the number ofd bosons; for a givennd only
the five FS and the three MS states of highest spin
shown. Mixed-symmetry states having$nd,0% quantum num-
bers are the counterpart of the FS states and theFmax
22, $nd21,1% states are the counterpart of theFmax21,
$nd21,1% states. Subsets of states enclosed in a frame
be referred to as ‘‘band’’ in the following. They correspon
to the bands present in the calculated spectrum when
degeneracy of levels of the same multiplet is lifted by us
a general U~5! Hamiltonian ~see, e.g., Fig. 2.1 in@3#!. To
help the reader in the following discussion they are mar
by letters whereas bands in krypton isotopes calculated
means of the realistic Hamiltonian~1! ~and the associate
experimental ones! are marked by numbers.

In the spectrum of a nucleus having a structure not too
from the U~5! limit one could expect to observe, in additio
to the ground-state~g.s.! band ~of FS character! two bands
built on a 21 state, corresponding to bands~b! and ~d!, and
two bands built on a 31 state, corresponding to bands~c! and
~e!. States of the same spin in bands~b!,~d! and ~c!,~e! have
04430
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different decay properties due to their differentF spin andnd

values. For example, states of band~d! can decay via anM1
transition~which obeys the selection ruleDnd50) to states
of the sameJ in band ~a! while, obviously, this is not the
case for states of band~b!. When a realistic Hamiltonian is
used, calculations can predict that states of the same sp
the two pairs of bands be rather close in energy and sh
therefore their properties.

Important hints for the identification of a band having M
character are provided by the following.

~i! Capability of the calculations to reproduce the exci
tion energy of states in the band by a suitable choice of
Majorana parameters.

~ii ! Large M1 components in transitions connecting M
candidates withF5Fmax21 to states having FS charact
@M1 transitions are forbidden betweenF5Fmax states and
in the U~5! limit, satisfy the DF50,61 selection rule
@31,7# #.

~iii ! HinderedE2 transitions connecting states of an M
band to states of an FS band. Small values of theE2/M1
mixing ratiod can provide therefore important signatures f
the identification of MS states.

~iv! LargeE2 transitions connecting states in a given M
band, comparable in magnitude with those connecting st
in a FS band.

The comparison of experimental and calculated data
72284Kr is shown in Figs. 3–10. Some predicted states
having the corresponding experimental ones are also sh
FIG. 3. Experimental excitation energies~horizontal lines! of states identified as belonging to bands~1! ~see text! in the krypton chain are
compared to the calculated values~dots!. The number reported above each line gives the percentual square amplitude of theFmax component
of the state.
2-4
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FIG. 4. Experimental energies of the levels belonging to g.s. band in72Kr and the only knownB(E2) value~of the 81→61 transition,
in units of 1023e2 b2) are compared to the calculated ones. Also shown is the predicted second excited 21 state, of full-symmetry character
which can possibly be associated to the experimental level at 1.316 MeV.
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in Figs. 4–8 and 10. Experimental data are taken from
following references:72Kr @32#, 74Kr @33–35#, 76Kr @36–38#,
78Kr @26,39,40#, 80Kr @21,41#, 82Kr @42,43#, and 84Kr @44#.

In the fitting procedure for the determination of the mod
parameters the 21

1 state in 72Kr ~whose ‘‘high’’ energy is
most likely related to shape coexistence! and the states o
spinJ>12 in 74Kr andJ>10 in 74,76,78Kr ~where an upbend
ing is apparent! have not been considered.

For the sake of clarity,B(M1) values are enclosed in
box while E2/M1 mixing ratios and predominant multipo
larity of the transitions are shown in the up-down directio
A dashed horizontal line has been used to indicate an exp
mental state not definitely identified or a predicted state
which the correspondence with the experimental one is
well established.

Bands having similar structure in the different isotop
04430
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are labeled by the same number which is reported in pa
theses for experimental bands and in square brackets fo
corresponding calculated bands. In Figs. 4–10 the percen
values ofa2(Fmax) anda2(Fmax21) are reported in paren
theses next to each level of band@2#.

For completeness, we also report the states~dotted lines!
of the band observed in74,76,80Kr, built on a 81 state at about
3.5 MeV, which in 74,80Kr has been interpreted as due
quasi-particle excitations~see, e.g.,@34,21#!.

A. Band „1…

Band ~1! is composed of the even-spin yrast states in
isotopes, except for the 102

1 ,122
1 ,142

1 states in 80Kr @21#.
The experimental energies~horizontal lines! of the states be-
longing to band~1! are shown together with the calculate
2-5
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FIG. 5. Comparison of experimental and calculated energies,B(E2) values~in units of 1023e2 b2) of intraband transitions andE2/M1
mixing ratios~vertical writing! of interbands transitions in74Kr. The band built on the 81 state, whose states are represented by dotted li
is outside the IBA-2 model space.
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ones~dots! in Fig. 3. Above each line is reported the pe
centage~amplitude square,a2) of theFmax component of the
state.

In 72280Kr the comparison is possible up to the state~in-
dicated by a thick horizontal line! having the maximum spin
allowed by the total boson number. In82,84Kr band ~1! is
recognizable only up to theJ56 state because at highe
energies the spectrum looks quite complicated due to ex
tions of noncollective degrees of freedom@43#.

The experimental excitation energies vary smoothly alo
the isotopic chain, as expected for collective states, and
reproduced, on the average, to an accuracy of a few perc
It is to be noted that the average accuracy of the high-s
states not utilized in the fitting procedure is about 2%
74,78,80Kr and about 4% for76Kr, respectively.

As to the decay properties, it turns out that theB(E2)
values of the transitions in band~1! are rather well repro-
duced along the isotopic chain~see Figs. 4–10!, including
the cases in which the comparison can be extended to
sitions connecting high-spin states in the band (74,78Kr).

In 82,84Kr the calculations largely overestimate th
B(E2;61→41) ~see Figs. 9 and 10! so that, in spite of the
good agreement between experimental and calculated e
gies, it seems difficult to identify the 61

1 state in these iso
topes as a member of band~1!. This conclusion is in agree
04430
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ment with what is found in@43#.
It is seen from Fig. 3 that states of band@1# have a quite

pure FS character, witha2(Fmax)>0.90 ~the few exceptions
will be discussed in Sec. III B!. In all isotopes the largestnd

component (ndm) of a state of givenJ is just that character-
izing the stateJ in column~a!. Its amplitude squarea2(ndm)
increases, in each isotope, from low- to high-spin states a
along the isotopic chain, in moving away from the neutr
midshell.

In the lighter isotopes severalnd components are presen
in the wave functions of the states of band@1# @which sug-
gests a structure close to the O~6! limit, where nd is no
longer a good quantum number#, the value ofa2(ndm) still
being higher than.0.6. In 82,84Kr, wherea2(ndm) is >0.93,
the structure of band@1# is quite close to that of band~a!, i.e.,
to that of the U~5! limit.

A change in the structure from O~6! to U~5! for increasing
atomic mass, already pointed out in@27#, is consistent with
the trend of the experimental ratiosB(E2;J→J
22)/B(E2;21

1→01
1). They are reported in Fig. 11 togethe

with those calculated in the limits of the model: in the light
isotopes the ratios match both the O~6! and the SU~3! limits
while they become compatible with those of the U~5! limit
moving towards the heavier ones.
2-6
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044302-7
omparison of experimental and calculated energies,B(M1) values~enclosed in a box, in units of 1023mN
2 ), B(E2) values~in units of 1023e2 b2), andE2/M1 mixing ratios

iting! in 76Kr. The numbers attached to the horizontal lines representing the states in band@2# give the calculated percentual intensity of theF5Fmax and Fmax21
s. The band built on the 81 state is outside the IBA-2 model space.
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FIG. 7. As in Fig. 6, for78Kr.
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B. Band „2…

Band ~2! is built on the 22
1 state. This state has bee

identified or proposed in all isotopes with the only except
of 72Kr where, however, it has probably to be identified~see
also Fig. 4! with the level at 1.316 MeV, which is very clos
in energy to the 41

1 , 1.321 MeV state. Levels of higher spi
belonging to this band have been observed in76282Kr. A
noticeable feature of this band is the presence of an im
tant M1 component in the transitions connecting the 21 and
41 states to the states of the same spin of band~1! ~see Figs.
6–10!.

The calculations predict in each isotope a band of
character having a structure rather close to that of band~b!
and a band of MS character having a structure rather clos
that of band~d! in Fig. 2. The values ofj2, whose choice
proved to be essential for a close matching of the spec
scopic experimental data, have only a minor effect on
energies of the states of the former band and a strong on
those of the latter.

On the whole the calculations predict reasonably well
ergies andB(E2)’s of intraband transitions as well asB(E2)
andB(M1) values of interband transitions and reproduce
sign of d ~the Krane and Steffen@45# phase convention ha
been used!.

BecauseM1 transitions are forbidden betweenF5Fmax
states, the possibility of reproducing the properties of
interband transitions rests on a correct evaluation of the
components in the wave functions of the relevant sta
04430
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From the values ofa2(Fmax) anda2(Fmax21) the follow-
ing is seen.

~i! In 76,78Kr states of band@2# have essentially FS char
acter; at the same time, the 21 and 41 states of the calcu-
lated bands of FS and MS character are predicted to be
ficiently close in energy to partially share their charact
Since the structure of band@2# is close to that of band~b! the
predominantnd component of a state of spinJ in band@2# is
the same as that of the state of spinJ12 of band@1#. The
corresponding states of spinJ12 andJ and in the experi-
mental bands~1! and~2! are rather close in energy, as can
clearly seen in the spectrum of78Kr where band~2! extends
high in energy. It seems therefore possible to consider th
pairs of states as members of the samend multiplet. In 76Kr
the calculations predict also an influence of the MS band
the properties of band@1# when levels of equalJ are close in
energy, such as the 101 level of the MS band and that of th
g.s. FS band. This gives rise to a low value~0.56! of
a2(Fmax) for the 101

1 state. A smaller mixing is predicted
for the 81 and for the 121 state of the two bands. Simila
considerations apply to the corresponding states in74Kr.

~ii ! In 80Kr the calculations predict the crossing of th
band of MS character and of FS character betweenJ54 and
J56 ~see Fig. 8!. The calculatedB(E2;61→41) is rather
large and compares well with the experimental one. For
21 and 41 states the same observations made for76,78Kr
apply.

~iii ! In 82Kr the crossing of the two bands happens a
lower spin value~ betweenJ52 andJ54) and also in this
2-8
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FIG. 8. As in Fig. 6, for80Kr. The experimental and calculatedB(E2) andB(M1) values of the 62
1→61

1 and 71
1→61

1 transitions are
those evaluated for a transition of pureE2 or M1 multipolarity.
th

g-

ra

ne-

y a
case the calculations reproduce correctly the value of
B(E2;41→21).

~iv! In 84Kr only the 22
1 state can be identified as belon

ing to band~2!. It has a predominant MS character~see Fig.
10! with a largend51 component~0.68 amplitude square!,
so that its structure is close to that of the 21 state in column
~d!. This finding is in agreement with the results of Aro
04430
eet al. @46# who observe a sizable fraction of the (p,p8) scat-
tering strength to this state to proceed through its o
phonon component.

Altogether, it turns out that states of band@2# have no
definite symmetry character along the isotopic chain.

Finally, we observe that, for each isotope, there is onl
limited range of values ofj2 which allows us to reproduce
FIG. 9. As in Fig. 6, for82Kr.
2-9
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FIG. 10. As in Fig. 6, for84Kr.
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FIG. 11. Experimental ratiosB(E2;J→J22)/B(E2;21
1→01

1)
in 74284Kr are compared to the predictions of the IBA-2 model fo
the U~5!, O~6!, and SU~3! limits.
04430
reasonably well the experimental data and it is mainly t
property that has been exploited to fix the value of this
rameter.

C. Band „3…

The lowest state of this band hasJp531. Band ~3! has
been identified in74282Kr. In 84Kr the association of the
calculated 51 state to the experimental 51 state at 3.259
MeV, based on the comparison of the experimental and
culated energy, can only be considered tentative since no1

state has been observed in this isotope.
The excitation energies of the states of band~3! in each

isotope can be successfully reproduced only through a s
able choice of thej2 andj3 values. As an example, in Fig
12 are reported the energies of band@3# in 76Kr as a function
of j3, having keptj2 at the value reported in Table I. For th
adopted value ofj3 ~indicated by the vertical dashed line!
the experimental excitation energies are reproduced to b
than 2%. A similar agreement is obtained for the other i
topes.

The excitation energies of the states of band~3! are re-
ported in Fig. 13, together with those of band~1!, as a func-
tion of the mass number. Their general trend does not fi
picture limited to FS states in nuclei having a structure
too far from the O~6! or U~5! limit of the model@3#. In fact,
this would imply rather close energies for the pairs of sta
represented by the same symbol in the figure, whereas th
observed only for the 61, 31 states in74,76Kr and the 81,
51 states in74Kr.

The B(E2) values of the intraband transitions are know
in 76280K, where their order of magnitude is the same as
band ~1!. Their values are well reproduced by the calcu
tions. At the same time, the observed transitions towa
states of bands~1! and ~2! have small E2 components
@B(E2) values up to two order of magnitude smaller th
2-10
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those observed in band~1!# and largeM1 components@see
the experimental values ofB(M1), d(E2/M1) or the pre-
dominant M1 multipolarity of the relevant transitions i
Figs. 5–9#.

The capability of the calculations to reproduce theB(E2)
values and the predominantM1 character of interband tran
sitions rests on the predictions of large MS components
the states of band@3# along the isotopic chain. The decom
position of the wave functions of these states in terms
F-spin andnd components is reported in Fig. 14 forJ up to
9. In each isotope, asJ increases, the percentage of the M
components increases and the structure of the states
proaches that of the corresponding states in band~e!; this is
particularly evident in the heavy krypton isotopes. In74,76Kr
the calculations predict two 31 states, at an energy close
that of the 61

1 state, having a structure similar to that of th
31 states of bands~c! and~e!, respectively. This gives rise t
a mixing of bothF-spin andnd components (F5Fmax being
the largest one for the@31# state!. Apart from these two
states, all states of band@3# have a predominant MS chara
ter.

We have already pointed out the existence in heavier
thenium isotopes of a MS band based on a 31 state@17# but
in that case the lack of definite spin-parity assignments

FIG. 12. Excitation energies of bands@3# and @5# in 76Kr as a
function of the Majorana parameterj3. The values of the remaining
Hamiltonian parameters are those reported in Table I. The co
sponding experimental data are reported on the right side of
figure. The vertical dashed line is drawn in correspondence of
adopted value ofj3. The predicted energies of the states belong
to band@3# are connected by a full line, those of states of band@5#
by a dashed line. The horizontal dotted lines are drawn to hel
the comparison between experimental and calculated energies
04430
r

f

ap-

-

d

of data on the electromagnetic~e.m.! properties of the state
of interest prevented us from performing an extended co
parison.

D. Bands „4… and „5… in 76Kr

A group of states strongly connected byDJ51, dipole
transitions has been recently observed by Do¨ring et al. @38#
in 76Kr. It has been interpreted by these authors as a sin
band built upon the 4(1) state at 2.844 MeV. The structure o
this state would be that of a two quasineutron configurat
strongly coupled to a large prolate deformation of the co

We would like to discuss a tentative interpretation of th
group of states as belonging to twoDJ 5 2 bands having a
structure close to that of bands~f! and~g!, built on the 4(1)

state at 2.844 MeV and on the 5(1) at 3.095 MeV state,
respectively.

In Fig. 6 the experimental states are reported in two se
rated groups, labeled by numbers~4! and~5!. The energies of
the states of bands@4# and@5# are very sensitive to the value
of j2 and j3. As an example, in Fig. 12 states of band@5#
~together with those of band@3# in the same isotope! are
reported as a function ofj3. They show an approximately
linear dependence onj3, with a slope which increase
slightly with J ~hence withnd) as expected for states of ban
~g! ~see the expression at the bottom of Fig. 2!. In our pro-
posed correspondence, states of band@5# would be the
Fmax22 counterpart of states of band@3# so that their ener-
gies should be reproduced for the value ofj3 adopted for
band@3#. This is indeed the case as appears from the figu
for the indicated value ofj3 the agreement between expe
mental and calculated excitation energies is within.1%.

As to the energies of states of bands@4#, they match those
of the experimental ones within.4%, on the average, fo

e-
e
e

g

in

FIG. 13. Energy of the states of band~1! and~3! as a function of
the mass number.
2-11
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FIG. 14. The three majorF-spin andnd components for the
levels of band@3# as a function of the mass number.
04430
the values of the Majorana parameters reported in Table
The calculations predictDJ51 transitions between state

of band @5# and @4# of a quite pureM1 character~see the
small values of the calculated mixing ratiosE2/M1). As to
the transitions to states of bands@1# and @3#, they also are
predicted to have anM1 component as experimentally ob
served. It is therefore tempting to associate bands@4# and@5#
to the group of states observed in@38#.

The F-spin andnd components of the wave functions o
the states of these bands are shown in Fig. 15. Apart from
41 state, which has a strongly mixed structure, the cor
spondence of bands@4# and @5# with bands~f! and ~g!, re-
spectively, is quite apparent.

IV. CONCLUSIONS

An analysis of positive-parity bands observed in the ev
72284Kr isotopes has been carried out in the framework
the IBA-2 model up to the maximum spin allowed by th
boson number. The aim was to investigate, on one hand
what extent their properties could be accounted for~in spite
of the significant role that degrees of freedom not included
the model could play! and, on the other hand, whether it wa
possible to identify bands of definite symmetry in the ne
tron and proton degrees of freedom, in particular bands
MS character. The U~5! limit of the model has been consid
ered as a starting point for the analysis.

To deduce phenomenologically the parameters of
Hamiltonian we took into account the excitation-energy p
terns of the isotopes as well as the e.m. properties of
states. In the analysis, only five out of the 12 parame
present in the Hamiltonian and in theM1 andE2 transition
operators have been varied along the isotopic chain.

The behavior of the Majorana parametersj2 ,j3 as a func-
tion of the neutron number in the Kr chain has been co
pared to that we found in the Pd and Ru chains.

In krypton isotopes three bands, denoted as bands~1!, ~2!,
and ~3!, have been identified as belonging to the IBA
FIG. 15. The three majorF-spin andnd components for the levels of bands@4# and @5# in 76Kr.
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model space. The calculations are able to reasonably re
duce the excitation energies, theB(E2) values of intraband
transitions, as well as theB(E2) andB(M1) values and the
E2/M1 mixing ratios of interband transitions.

It turns out that these bands have the following differe
symmetry characters:

~i! The g.s. band~1! has a predominant FS character.
properties are quite well reproduced along the isotopic ch
in 72280Kr the comparison is successful up to the maximu
spin allowed by the total boson number, which in76,78Kr
reaches the valueJ518.

~ii ! Band~2! is built on the 22
1 state. In our interpretation

the predominant symmetry character can vary among the
ferent members of the same band. This is due to the fact
the calculations predict the existence of two bands built o
s

hy

D

ys

nd

P

ys

ys

og

d

.
S

04430
ro-

t

n;

if-
at
a

J52 state of predominantFmax andFmax21 character, re-
spectively, in the same energy region.

~iii ! Band ~3!, which has a 31 state as the bandhead, h
been observed in74282Kr. It has been interpreted as bein
composed by states having large or predominantF5Fmax
21 components. This finding is particularly interesting b
cause a fully developed band of MS character is clearly id
tified.

Finally, a tentative interpretation of a group of stat
strongly connected byDJ51, dipole transitions in76Kr in
terms of two MS bands has been suggested.
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