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The systematics of the first 2+ stateg factors in the mass 80 region are investigated in terms of an IBM-II
analysis, a pairing-corrected geometrical model, and a shell-model approach. Subshell closure effects atN
=38 and overall trends were examined using IBM-II. A large-space shell-model calculation was successful in
describing the behavior forN=48 andN=50 nuclei, where single-particle features are prominent. A schematic
truncated-space calculation was applied to the lighter isotopes. The variations of the effective bosong factors
are discussed in connection with the role ofF-spin breaking, and comparisons are made between the mass 80
and mass 180 regions.
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I. INTRODUCTION

In the past few years the application of the transient-field
technique[1] and Coulomb excitation in inverse and normal
kinematics has yielded extensive excited-stateg-factor data
with a precision of the order of a few percent. In theA
,80 mass region, low-lying energy states in several isotopes
have been measured for the first time or re-measured with
higher precision[2–4]. A plethora of interesting effects oc-
curs in this mass region, many of which have been associated
with the features of theg-factor data[1–5].

Gyromagnetic ratios provide insights into many nuclear
structure questions since they are sensitive to contributions
from both collective and single-particle degrees of freedom.
The main purpose of the present paper is to investigate the
g-factor systematics inA,80 nuclei. Starting from an ap-
proximate IBM-II formula for theg factors of the 21

+ states,
the systematics in the particular mass region are examined in
Sec. II. This initial survey extends and updates that of Wolf
et al. [6,7] who had fewer and less precise data available at
the time. Further insight into theg-factor systematics is then
sought in Sec. III by applying the pairing-corrected geo-
metrical model(Migdal approximation) to nuclei with more
than a few nucleons away fromN=50. Finally, in Sec. IV,
large basis shell-model calculations are performed for nuclei
nearN=50, along with more schematic restricted-basis cal-
culations for the Kr and Se isotopes, in an attempt to provide
a global picture of the systematics. Since theg-factor sys-
tematics should have similar features in theA=80 andA
=180 regions, according to the lowest-order IBM-II formu-
lation, the Discussion places an emphasis on comparisons
with—and contrasts between—these two regions.

II. IBM-II AND EFFECTIVE g FACTORS

In IBM-II [8], the version of the interacting boson model
[9] where protons and neutrons are distinct, theg factors of

the 21
+ states in even-even nuclei are given by a simple rela-

tion, provided that the low-excitation states have maximal
proton-neutron(F-spin) symmetry. Morrison[10] expressed
gs21

+d in terms of the scalar,gs, and the vector,gv, bosong
factors:

gs21
+d = gs + gv

MF

F
, s1d

where gs,v=sgp±gnd/2, F=Fmax=
1
2sNp+Nnd is the F-spin,

and MF= 1
2sNp−Nnd is its projection. The proton and neu-

tron boson numbersNp and Nn, respectively, are counted
from the nearest closed shell, andgp and gn are theg
factors of the proton and neutron bosons, respectively.
Sambataroet al. [11] expressed theg factor in an equivalent
form

gs21
+d = gp

Np

Np + Nn

+ gn

Nn

Np + Nn

. s2d

Equations s1d and s2d are exact forF-spin symmetric
states, as is usually expected for low-excitation states in
collective nucleif12,13g. Thus, if the low-spin states have
F-spin symmetry,F=Fmax, their g factors are given by Eq.
s2d independent of the parameters of the Hamiltonian.

If orbital contributions only are considered, the bosong
factors aregp=1 andgn=0, thus giving

gs21
+d =

Np

Np + Nn

. s3d

This expression is analogous to the hydrodynamical model
prediction for the g factor, g<Z/A, but Np/sNp+Nnd
<Z/A only if the number of valence nucleons is large.
Furthermore,Z/A and Np/sNp+Nnd have the opposite de-
pendence on neutron number in the upper half of a shell
where the boson number is determined by the number of
valenceholes. This effect is supported by theg-factor data in
the nuclei belowN=126, especially in the W and Os iso-
topes, where thegs21

+d values increase with neutron number.
A similar difference between the two models occurs in the

*Permanent address: Department of Nuclear Physics, Australian
National University, Canberra ACT 0200, Australia.

†Present address: School of Engineering, University of Brighton,
Brighton BN2 4GJ, UK

PHYSICAL REVIEW C 68, 054304(2003)

0556-2813/2003/68(5)/054304(9)/$20.00 ©2003 The American Physical Society68 054304-1



A=80 region as the neutron number approachesN=50.
For heavier massessA,150–190d, both IBM-II and col-

lective model predictions have been tested experimentally
[14,15] showing that, in the majority of the cases, IBM-II
better describes theg factors in the upper half of the shell
nearA=180. Wolfet al. [6,7] investigated effectiveg factors
in a broad range of masses by treatinggp and gn as free
parameters and fitting experimental data. In the mass 180
region they obtainedgp=0.63s4d andgn=0.05s5d [6,7].

To survey theg-factor data in the mass 80 region, Eq.(2)
can be rearranged into a form which is linear to the ratio
Np/Nn:

gs21
+dSNtot

Nn
D = gpSNp

Nn
D + gn, s4d

whereNtot=Np+Nn. The parametergp now represents the
slope of a straight line andgn is the corresponding inter-
cept. As will be seen below, Eq.s4d is very useful for
displaying global systematics in the data. However, be-
cause theg factor is multiplied bysNtot/Nnd in the plots,
the details of the variations in theg factors as a function
of proton and neutron numbers tend to be hidden.

In the light of the new, precise measurements that have
been performed recently in theA,80 mass region, the
IBM-II fit was revisited focusing particularly on the system-
atics of the even-even isotopes with 28,Z,40. The present
analysis includes a complete set of measuredg factors of the
21

+ states in stable isotopes in the 28–40 proton shell. Recent
measurements exist for30Zn [2], 34Se [3], and36Kr [4] iso-
topes. Weighted averages were used in case older data ex-
isted [5,16–18]. The data are summarized in Table I.

Discontinuities ing-factor systematics may occur for pro-
ton and/or neutron subshell closures. Thus, along with boson
counting from the usual shell gaps for protons and neutrons
at 28 and 50, separate evaluations were performed which
considered the rather well-established closed proton subshell
at Z=40 and the neutron subshell closure atN=38, as sug-
gested in an IBM-II study of theg factors in the Se isotopes
[3]. In all, there are four alternative ways of counting the
bosons. A corresponding set ofgp and gn values was ob-
tained for each case. The fits are illustrated in Figs. 1 and 2,
and the results are summarized in Table II. Data points cor-
responding to isotopes at closed(sub) shells and the data of
theN=48 isotones were excluded from the fits because these
nuclei show clear departures from the collective values ob-
served forNø46.

The introduction of a proton subshell closure atZ=40 has
no significant effect on either the quality of the fit or the
bosong factor values, as is evident in both figures and Table
II. On the other hand, the introduction of theN=38 neutron
subshell closure results in a change of the deduced effective
values, bringing them closer to the bare values and improv-
ing x2 significantly. Specifically, when the neutron shell clo-
sure is turned on, the proton effectiveg factor increases by
<8%, while the neutrong factor becomes smaller by
<16%. For the following discussion the fit with protons in
the 28,Z,50 shell and the neutrons in 38,N,50 is used.
The effective bosong factors for this case aregp=0.435s8d

and gn=0.356s7d, corresponding to the fit in Fig. 2(a). The
marked deviation of these effective values ofgp andgn from
1 and 0, respectively, is difficult to reconcile with micro-
scopic expectations. This problem will be discussed below.

It was noted above that plots ofgs21
+dNtot/Nn versusNp/Nn

can sometimes visually suppress the differences between the
global fit and the experimental data. For this reason, the pre-
dicted g factors from the adopted “best” fit are compared
with the experiment in Fig. 3 along with “benchmark”
IBM-II predictions forgp=1 andgn=0 and the results of the
pairing-corrected hydrodynamical model to be described in
the following section.

III. THE MIGDAL APPROXIMATION

The IBM-II fits presented in the preceding section, for
nuclei in the mass 80 region withNø46, yieldedgp<gn

<0.4. This condition implies thatgs2+d<0.4<Z/A for all
nuclei included in the fit and stimulates an examination of
the systematics in terms of the hydrodynamical collective
model.

In this model theg factor of a collective state isg,Z/A
whether the state is considered vibrational, rotational, or in-
termediate between these limits. The most important correc-
tion to theZ/A estimate originates from differences in pairing
correlations for the moment of inertia of the proton and neu-
tron “fluids” sJp,nd:

TABLE I. Experimentalg factors for 28,Z,50. The data cor-
respond to weighted averages of recent and older data. Closed pro-
ton shell nuclei are not displayeds28Ni, 40Zrd.

Isotope Z N gs21
+d

32 0.371(99)
Zn 30 34 0.445(46)

36 0.399(41)
38 0.436(47)
40 0.378(42)
38 0.459(23)

Ge 32 40 0.386(27)
42 0.400(15)
44 0.383(20)
40 0.428(27)

Se 34 42 0.403(23)
44 0.384(25)
46 0.435(27)
48 0.496(29)
42 0.432(27)

Kr 36 44 0.378(47)
46 0.402(15)
48 0.267(13)
50 1.12(14)
46 0.419(47)

Sr 38 48 0.273(50)
50 1.15(17)
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g =
Jp

Jp + Jn
. s5d

A simple and successful method of estimating these cor-
rections for nuclei in theA,150–180 f14g and the A
,100 regionsf19g is provided by the Migdal approxima-
tion f20g. The collectiveg factor is given by

g =
ZJsA, d, Dpd

ZJsA, d, Dpd + NJsA, d, Dnd
, s6d

whered is the deformation andDp andDn are the pair gaps
for protons and neutrons, respectively.JsA, d, Dd is the
moment of inertia evaluated in the Migdal approximation
as described in Ref.f14g, and references therein. The mo-
ment of inertia is expressed as the sum of two termsJ1
and J2. The former is dominant and originates from the
DN=0 Coriolis coupling, while the latter makes a small
correction for Y21 quadrupole pairing and Coriolis cou-
pling between oscillator shells withDN=2 ssee Ref.f14g
for detailsd. The present calculations included bothJ1 and
J2 terms in the evaluation ofg factors. Deformations were
taken from intrinsic quadrupole momentsQ0 determined
from experimentalBsE2d data f21g and pair gaps were
evaluated as 80% of the relevant odd-even mass differ-
encesf22g. In these near-spherical nuclei the deformations
determined fromBsE2d data may not be very accurate.
However, the sensitivity of theg factor to Dp,n and d has
been examined in Ref.f14g. Generally, theg factor is not
very sensitive to the deformation, but depends sensitively

on the magnitudes—especially the relative magnitudes—
of the pair gaps. Uncertainties in the assumed deforma-
tions are therefore not expected to have a large impact on
the calculatedg-factor systematics. The parameters of the
analysis appear in Table III and the results are compared
with the experimental data in Fig. 3.

There is an overestimation of theg factors for the case of
Zn and Ge isotopes, by a factor of 10–20%. Apart from this
tendency, the agreement between theory and experiment is
good. As with the IBM-II fit, theg factors of theN=48
isotones show strong departures from collective behavior and
these are discussed in the following section.

IV. SHELL-MODEL CALCULATIONS

A. Previous work

A number of shell-model calculations have been reported
for the mass region above and below90Zr. Calculations of
the theoretical magnetic moments in the Zr and Mo isotopes

TABLE II. Effective values ofgp and gn for different ways of
counting proton and neutron bosons, 28,Z,40.

Mass Z N gp gn x2

A,80 28–50 28–50 0.404(4) 0.414(2) 172.02
28–50 38–50 0.435(8) 0.356(7) 8.83
28–40 28–50 0.400(4) 0.417(2) 177.8
28–40 38–50 0.432(10) 0.364(9) 11.02

FIG. 1. Fit of the experimental data for the case when no neu-
tron subshell closure atN=38 was considered and neutron bosons
are counted within the 28–50 shell. Left: proton bosons are counted
within the 28–50 shell. Right: proton boson counting is altered due
to the proton subshell closure atZ=40. Data for theN=48 isotones
are not included in the fits.

FIG. 2. Fit of the experimental data for the case when a neutron
subshell closure atN=38 was considered. Left: no proton subshell
closure. Right: proton subshell closure atZ=40 was included in the
analysis. Data for theN=48 isotones are not included in the fits.
The quality of the fit in both panels is better than for the corre-
sponding fits in Fig. 1.
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with N.50 have been presented recently in Refs.[19,23–25]
(these papers include references to earlier related work).
High-spin states have been studied extensively for nuclei
with Z,40–44 andN,46–50 through shell-model calcula-
tions which included the evaluation ofg factors (see Refs.

[26,27], and references therein). Nuclei belowZ=40 andN
=50 have been studied less thoroughly, particularly in rela-
tion to theg factors of low-excitation states. Reference[28]
contains information on calculations of binding energies and
other properties of nuclei in the lowerfp shell. Results of
calculations in the upperfp shell, mainly focused on energy
levels andBsE2ds, are reported in Ref.[29], and references
therein. Ji and Wildenthal[30] have determined effective in-
teractions in theZ=32–46,N=50 nuclei; Warburtonet al.
[31] have investigated the role of the two neutron holes in
the g9/2 shell in 86Sr; and earlier, Fieldset al. [32] have
suggested a configuration for the 21

+ state in the same
nucleus. There also exist shell-model calculations[33] in the
lower fp shell, which focus on the lighter isotopes around
Z, N=28.

B. Details of the calculations

Full-space calculations in thefp and g shells nearA=80
are limited by the large model space required for a complete
analysis. In the present study large-basis calculations for the
N=48, 50 isotones were performed first. Then, forN
=40–46, a set of calculations with very truncated basis
spaces was carried out to study the qualitative differences in
the g-factor behavior for the Se and Kr isotopes.

Calculations were performed using the codeOXBASH [34]
and the “GWB” basis with the “GWBXG” interactions.
The core is 56Ni and the full basis space available
is ps1f5/2, 2p3/2, 2p1/2, 1g9/2d and ns1g9/2, 2p1/2, 2d5/2, 3s1/2,
2d3/2, 1g7/2d. Since Nø50 nuclei are considered here, only
the n1g9/2 and n2p1/2 orbits are active in the neutron space.
For practical calculations there must be further restrictions
on the allowed configurations. In the calculations performed
for N=48, 50 the proton excitations were constrained by the
requirements that(i) no more than two protons can be ex-
cited across theZ=40 subshell gap intop1g9/2 and (ii ) the
occupation of thep1f5/2 cannot be less than two. For the

FIG. 3. Experimental (diamonds), IBM-II
(solid and dot-dashed lines), and pairing-
corrected(dashed lines) g factors of the 21

+ states.

TABLE III. Parameters and results of the pairing-corrected hy-
drodynamical model calculations.d is the deformation andDp/n is
the pair gap of protons/neutrons. The right column shows the pre-
dictedg factors of the Migdal approximation,gMA.

Nucleus Z A d Dp Dn gMA

(keV) (keV)

62 0.181 1069 1291 0.527
Zn 30 64 0.199 1072 1326 0.510

66 0.182 1026 1418 0.524
68 0.171 962 1372 0.516
70 0.189 957 1223 0.464
70 0.186 1166 1493 0.510

Ge 32 72 0.199 1188 1460 0.479
74 0.227 1251 1422 0.441
76 0.213 1181 1256 0.411
74 0.241 1445 1549 0.463

Se 34 76 0.245 1369 1373 0.432
78 0.220 1297 1323 0.420
80 0.192 1252 1232 0.395
82 0.163 1136 1205 0.399
78 0.273 1416 1258 0.428

Kr 36 80 0.215 1409 1364 0.425
82 0.170 1317 1319 0.415
84 0.129 1140 1291 0.438
86 0.126 1064 1416 0.479
84 0.179 1524 1305 0.389

Sr 38 86 0.122 1295 1206 0.391
88 0.103 1107 1487 0.508
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schematic study of nuclei withN,48 no proton excitations
were allowed across theZ=40 subshell gap(i.e., thep1g9/2
was not occupied) and it was required that the occupation of
the p1f5/2 orbit not be less than two. ForN=44, 46 full oc-
cupation of then2p1/2 orbit was enforced, but this restriction
was not imposed forN=40, 42. The configuration spaces are
summarized in Table IV.

The GWBXG residual interaction combines effective in-
teractions from the bareG matrix of the H7B potential[35]
with empirically adjusted matrix elements and single-particle
energies. Further details are provided in Refs.[36,37] and
with the OXBASH distribution [34]. Of particular relevance,
the interaction includes the proton-proton interaction deter-
mined by Ji and Wildenthal for the 1f5/2, 2p3/2, 2p1/2, and
1g9/2 orbits in N=50 nuclei. The single-particle energies are
optimized forA,90, near the upper end of the mass range of
present interest, but no attempt was made to fine tune them
for this initial survey of the low-spin magnetic moments.

The excitation energyEs21
+d and the reduced transition

rateBsE2;21
+→01

+d have also been calculated, along with the
g factor of the 21

+ state. Together with theg factors, these
observables give an indication of the relative contributions of
single-particle and collective components in the 21

+ state
wave function. However, the shell-model calculations tend to
underestimate the collective components, especially where
the basis space is severely truncated.

As in the previous work on the Zr and Mo isotopes
[19,25], the effective charges of the proton and neutron were
taken to beep

eff=1.77 anden
eff=1.19 and the intrinsic sping

factors were quenched to 0.75 times the bare nucleon values,
i.e., gsspd= +4.19, gssnd=−2.87, while the orbitalg factors
weregl=1s0d for protons(neutrons). Theg factors of the rel-
evant single-particle orbits are summarized in Table V.

C. Shell-model results

Results of the calculations are presented in Table VI. Gen-
erally the energies of the 21

+ states are well reproduced, as are
the BsE2;21

+→01
+d values. Clear discrepancies in these ob-

servables begin to show only for the Sr and Kr isotones with
Nø44. The following sections discuss theg-factor trends
which are displayed in Figs. 4 and 5.

1. N550

The gs21
+d values in theN=50 isotones are very well re-

produced. As can be seen from the wave functions in Table
VII and the tabulated single-particleg factors(Table V), the
gradual increase ing factor between Se and Sr is associated
with the rise in the Fermi surface which gives increasing
emphasis to configurations involving thepp3/2 orbit.

2. N546, 48

In the N=48 isotones the calculatedgs21
+d values follow

the experimental trend, but are all shifted by about −0.2. The
underestimation of theg factors in theN=46 isotones is even
greater, a point discussed further in Sec. V. It has been noted
previously that the experimentalg factors of 2+ states near
closed neutron shells are displaced somewhat from the shell-
model values in the direction of the collective estimateZ/A
[19,23,38–40]. The present results for theNø48 isotones
also show this trend. Theory and experiment could be
brought into better agreement forN=48 by increasing the
strength of the proton-neutron interactions, but it is beyond
the scope of the present work to attempt such tuning. There
may also be contributions from proton excitations deeper in
the core as collectivity sets in. For the present purposes it is
sufficient to note that the 21

+ states in theN=48 isotones have
strong neutron contributions and that these are most pro-
nounced when there are only a few valence proton holes. As
the number of proton holes increases the states become more
symmetric with respect to proton and neutron excitations as
is seen by the increase ings21

+d in both theory and experiment
between, say,84Kr and 82Se. The implications of this infer-
ence for the systematics and IBM fit will be discussed in
Sec. V.

3. g-factor trends in the Kr and Se isotopes with NÏ46

The experimental and theoreticalg factors for the Se and
Kr isotopes are compared in Fig. 5. For this presentation 0.2
has been added to the theoretical values. The purpose of this
diagram is to compare the mass-dependent trends in the ex-
perimental and theoreticalg factors of the Kr and Se iso-
topes, particularly forNø46. It is interesting to note that,
while the magnitudes of theg values are very much under-
estimated, the predicted mass variation for the isotopes with
N=42, 44, 46 is different for Se and Kr, and the qualitative
trend is in agreement with the experiment. Furthermore, the
shell-model calculations for the Se isotopes show the trend
predicted by the IBM and observed in experiment, namely,
the smallestgs2+d value occurs for theN=44 nucleus78Se,
where the valence neutron shells2p1/2^ 1g9/2d is half filled.
In contrast, but again in agreement with experimental trends,

TABLE IV. Configuration spaces used in shell-model calcula-
tions. The allowed occupations of the single-particle orbits are in-
dicated.

N Protons Neutrons

1f5/2 2p3/2 2p1/2 1g9/2 2p1/2 1g9/2

50 2–6 0–4 0–2 0–2 2 8
48 2–6 0–4 0–2 0–2 0–2 6–8
46 2–6 0–4 0–2 0 2 6
44 2–6 0–4 0–2 0 2 4
42 2–6 0–4 0–2 0 0–2 0–4
40 2–6 0–4 0–2 0 0–2 0–2

TABLE V. Single-nucleong factors nearZ=40 andN=50 with
gef f=0.75gs

bare.

Protons Neutrons

p1f5/2 +0.544 n2p1/2 +0.956
p2p3/2 +2.063 n1g9/2 −0.319
p2p1/2 −0.063
p1g9/2 +1.354
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the shell-model calculations predict that theN=44 andN
=46 isotopes of Kr have nearly equalg factors, with no clear
“midshell minimum.”

V. DISCUSSION

There are three features of theg-factor data in the mass 80
region to address:(i) The clear departures of thegs2+d values
in nuclei with N=48 from the collective values observed for
Nø46. (ii ) The departures of the effective bosong factors
from their “bare” values.(iii ) Similarities and differences
between the mass 80 region, wheregp<gn<0.4, and the
mass 190 region, wheregp<1 andgn<0.

(i) Theg-factor calculations and comparisons with experi-
ment in the previous sections have shown that the nuclei in
the mass 80 region have strong single-particle characteristics
for N=48 andN=50 and then show a transition to collective
values forNø46. In particular, theg factors show a rapid

TABLE VI. Shell-model calculations ofg factors,BsE2ds, and
excitation energies of 21

+ states in theN=50 andN=48 isotones. The
energies are in keV and theBsE2ds are ine2 fm4. Data are from
Refs.[21,24,41,42].

Nuclide Quantity Theory Experiment

N=50 34
84Se50 Ex 1685 1455

g +0.824
BsE2;21

+→01
+d 245

36
86Kr50 Ex 1504 1565

g +0.988 +1.12s14d
BsE2;21

+→01
+d 180 244(20)

38
88Sr50 Ex 1981 1836

g +1.141 +1.15s17d
BsE2;21

+→01
+d 133 184(1)

N=48 34
82Se48 Ex 738 655

g +0.296 +0.496s29d
BsE2;21

+→01
+d 496 364(10)

36
84Kr48 Ex 896 882

g +0.054 +0.267s13d
BsE2;21

+→01
+d 380 250(12)

38
86Sr48 Ex 1009 1077

g −0.117 +0.273s50d
BsE2;21

+→01
+d 279 256(28)

N=46 34
80Se46 Ex 426 666

g +0.114 +0.435s27d
BsE2;21

+→01
+d 655 506(12)

36
82Kr46 Ex 608 776

g −0.057 +0.402s15d
BsE2;21

+→01
+d 497 446(20)

38
84Sr46 Ex 662 793

g −0.084 +0.419s47d
BsE2;21

+→01
+d 408 578(88)

N=44 34
78Se44 Ex 507 614

g +0.070 +0.384s25d
BsE2;21

+→01
+d 589 670(18)a

36
80Kr44 Ex 595 617

g −0.056 +0.378s47d
BsE2;21

+→01
+d 516 740(42)

38
82Sr44 Ex 531 574

g −0.094
BsE2;21

+→01
+d 419 1026(40)

N=42 34
76Se42 Ex 737 559

g +0.125 +0.403s23d
BsE2;21

+→01
+d 534 840(20)

36
78Kr42 Ex 905 455

g +0.066 +0.378s47d
BsE2;21

+→01
+d 467 1266(78)

38
80Sr42 Ex 906 386

g −0.013
BsE2;21

+→01
+d 467 1918(72)

N=40 34
74Se40 Ex 718 634

g +0.239 +0.428s27d
BsE2;21

+→01
+d 430 774(16)

aA recent measurement[43] has yielded a value of 650(90) e2 fm4.

FIG. 4. Experimentalgs21
+d values (diamonds) vs shell-model

predictions(dashed lines) for N=44, 46, 48, and 50.

40 42 44 46 48 50
neutron number, N

0.0

0.5

1.0

1.5

g 
fa

ct
or

Kr (experiment)
Se (experiment)
Kr (theory +0.2)
Se (theory +0.2)

FIG. 5. Experimentalgs21
+d values vs shell-model predictions for

the Kr and Se isotopes. For this presentation 0.2 has been added to
all of the theoreticalg factors.
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change from values that are clearly associated with single-
particle structures to values that would nominally be associ-
ated with collectivity. The present shell-model calculations
are able to track the qualitative behavior of theg factors
betweenN=50, where the first 2+ states are dominated by
fp-shell proton excitations, andN=48, where the valence
neutron configuration becomes dominant, but cannot de-
scribe the onset of collectiveg factor values atN=46. Nev-
ertheless, a vestige of the shell-model structure appears to
persist in the apparently collective excitations in the isotopes
of Se and Kr havingN=42–46, and theEs21

+d and BsE2d
values remain reasonably well described atN=46 despite the
poor description of theg factors.

(ii ) Since bosong factors that depart significantly from
the “bare” values,gp=1, gn=0, cannot be justified in realistic
IBM calculations,F-spin breaking must be invoked to ex-
plain the mass 80g-factor data. Indeed empirical IBM-II fits
to theg-factor data can be obtained, without greatly disturb-
ing the fits to other observables, by allowing the single-
particle energies of the proton and neutron bosons(ep anden)
to differ [3,4,44]. The shell-model calculations suggest that
there might be a microscopic justification for this procedure.

In nuclei with only a few valence nucleons the proton and
neutron configurations tend to be weakly coupled, with a
dominance of neutron excitations in the lowest 2+ state. This
behavior, which is evident from both shell-model calcula-
tions and comparisons of experimental data, has been dis-
cussed in several recent publications[19,23,37–40]. Unfor-
tunately, when more than a few valence nucleons are added it
is impossible to track the coupling of the proton and neutron
spaces via conventional shell-model calculations. Neverthe-
less the experimental data, especially theg-factor data, and
schematic calculations, such as those for the Se and Kr iso-
topes presented above, imply that the proton and neutron
spaces become more strongly coupled as the number of va-
lence nucleons increases and collectivity sets in.

From the perspective of the IBM, these observations sug-
gest that the proton-neutron(or F-spin) symmetry is broken
rather strongly in nuclei with few valence proton bosons, and
the symmetry breaking increases in those isotopes that ap-
proach the neutron shell closure. Furthermore, the shell-
model calculations seem to be consistent with a mechanism
whereby the neutron boson energyen becomes significantly
smaller than the proton boson energyep as the closed neu-
tron shell is approached. These conclusions are consistent
with recent studies in nuclei withN=52 where the lowest

mixed-symmetry states(havingF=Fmax−1) have been iden-
tified and investigated through shell-model calculations. For
example, Werneret al. [45] have noted that while the second
2+ state in92Zr shows the signatures of the mixed-symmetry
state, the first 2+ state is almost a pure neutron configuration,
in contradiction with theF-spin symmetric limit.

Since the boson number is small throughout the mass 80
region, it is reasonable to suggest that theg factors in the
mass 80 region do not show the simple IBM-II type of be-
havior [required by Eq.(3) and indicated by the dot-dashed
line in Fig. 3] because isotopes do not exist near mass 80
with sufficient protons and neutrons to form a system of
interacting bosons withF-spin symmetry. Of those that have
been studied the isotopes of Se, which have both proton and
neutron occupation near the middle of the valence shell, best
satisfy this requirement, and are indeed the only cases where
the behavior prescribed by Eq.(3) is at all manifested, if at
all, in the experimental data.

(iii ) At first sight, theg-factor systematics in theA=80
andA=180 regions seem very different, despite the expecta-
tion of similarities stemming from the fact that in both re-
gions neutrons occupy the upper part of the respective va-
lence shell. Partly, this perception stems from the limitation
of the data to stable isotopes, but more importantly, the sig-
nificant difference in the neutron boson numbers for the two
regions must have consequences, according to the discussion
in the preceding paragraphs.

The pairing-corrected hydrodynamical model in Sec. III is
very successful in describing theA=80 experimental data,
most of which apply to nuclei below the neutron mid shell.
However, it can be expected that clear discrepancies might
appear if more data for collective isotopes withN.44 ex-
isted, as indeed this model fails for the W, Os and Pt isotopes
in the A=190 region[14].

Returning to the discussion in terms of the shell model
and the IBM, the comparisons of theory and experiment for
the Se and Kr isotopes(six and four valence proton holes,
respectively) suggest a more specific analogy with the be-
havior of the g factors of the 21

+ states in the Os and Pt
isotopes nearA=190 (also having six and four valence pro-
ton holes, respectively). The g factors of the Os isotopes
follow the IBM-II prediction with gp,1 andgn,0 whereas
the Pt isotopes have nearly constantg factors withgp,gn

,0.3. This empirical behavior of the Os and Pt isotopes
seems to be echoed in the Sr and Kr isotopes.

The M1 behavior of the188,190,192Os and190,192,194,196,198Pt
isotopes has been examined in detail in terms ofF-spin mix-
ing in the IBM-II [46,47], but without an understanding of
the underlying microscopic structure or why differentF-spin
breaking mechanisms are needed for the Os and Pt isotopes.
Putting together the above observations on the mass 190 re-
gion and the present study of the mass 80 region, one can
conjecture thatF-spin symmetry breaking is very sensitive to
the number of valence nucleons when the boson number is
small, and that this effect can give rise to strikingly different
g-factor trends for adjacent isotope chains in a transitional
region. Further theoretical investigations are needed to con-
nect these qualitative observations based on shell-model cal-
culations to the microscopic basis for the IBM. Some work

TABLE VII. Theoretical wave functions of 21
+ states.

Nuclide Dominant partitions

34
84Se50 61%upf5/2

4 p3/2
2 p1/2

0 g9/2
0

^ np1/2
2 g9/2

10 l+¯

36
86Kr50 37%upf5/2

6 p3/2
2 p1/2

0 g9/2
0

^ np1/2
2 g9/2

10

+26%upf5/2
6 p3/2

1 p1/2
1 g9/2

0
^ np1/2

2 g9/2
10 l+¯

38
88Sr50 83%upf5/2

6 p3/2
3 p1/2

1 g9/2
0

^ np1/2
2 g9/2

10 l+¯

34
82Se48 53%upf5/2

4 p3/2
2 p1/2

0 g9/2
0

^ np1/2
2 g9/2

8 l+¯

36
84Kr48 32%upf5/2

6 p3/2
2 p1/2

0 g9/2
0

^ np1/2
2 g9/2

8

+17%upf5/2
6 p3/2

1 p1/2
1 g9/2

0
^ np1/2

2 g9/2
8 l+¯

38
86Sr48 32%upf5/2

6 p3/2
4 p1/2

0 g9/2
0

^ np1/2
2 g9/2

8 l+¯

SYSTEMATICS OF FIRST 2+ STATE g FACTORS… PHYSICAL REVIEW C 68, 054304(2003)

054304-7



along these lines has already been performed for theZ
=50–82 andN=82–126 shells[48].

Finally, the gs21
+d values have been measured

[15,47,49,50] for the Pt isotopes between180Pt and198Pt and
found to remain remarkably constant. WhileF-spin mixing
mechanisms can explain the constancy of theg factors of the
oblate nuclei withAù190, theg factors of the isotopes with
A,190 are evidently strongly affected by the transition to
prolate-deformed ground-state bands in the Pt isotopes
around mass 182, which are associated with shape coexist-
ence and a deformation-driving intruder configuration. In
terms of IBM-II, the intruder configuration has two more
proton bosons than the normal configuration, which brings
the g factors of the 21

+ states near the middle of the valence
neutron shell closer toZ/A. As a generalization, it would be
expected that intruder states which drive shape changes in
the mass 80 region will also influence theg factors. For
low-spin states in even-even nuclei the main effect(on theg
factors) of a configuration which leads to deformed states
would be to increase the effective number of nucleons which
participate in the nuclear excitation, and thereby to bringg
closer toZ/A. Thus for the present discussion of thegs21

+d
data it has been possible to use the terminology of shape
transitions rather than shape coexistence. A specific focus on
the influence of intruder states and coexistence may be re-

quired when the experimental dataset is expanded to include
additional excited states and a wider range of nuclei.

VI. SUMMARY AND CONCLUSIONS

In summary, thegs21
+d systematics in theA=80 region

have been considered in terms of the interacting boson
model, a pairing-corrected collective model, and the shell
model. The nuclei show transitional structures and a complex
interplay of single-particle and collective features. The
IBM-II fits imply substantial breaking of the symmetry be-
tween proton and neutron bosons, a feature that seems to be
correlated with the weak coupling of proton and neutron ex-
citations near closed shells, together with a favoring of the
neutron excitations in the lowest states, as implied by shell-
model calculations. It is suggested that theg-factor system-
atics in the mass 80 region have features in common with the
behavior ofg factors in heavier transitional regions, but the
similarities in the empiricalg-factor systematics are sup-
pressed because the mass 80 region has many fewer valence
nucleons.
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