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Large B(M 1) Staggering at High Spins in %¢Zr: Broken Boson
Pairs in the Four-Quasiparticle Regime
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The transitional nucleus %°Zr has been studied by the **Ni(3°Si,2p2n) reaction, with y-y coincidence,
angular correlation, and Doppler-shift-attenuation measurements. Band structures exhibiting strongly
staggered M | transition rates were found at high spins, with large B(M 1) values but no significant E2
collectivity. The unusual behavior of this nucleus is interpreted within the framework of an interacting
boson model incorporating two broken boson pairs. This new model for high-spin states is seen to be re-
markably successful in describing the electromagnetic decay properties in the four-quasiparticle regime.

PACS numbers: 23.20.—g, 21.60.Fw, 27.50.+¢

The recent refinement of cranked shell models has al-
lowed considerable advances in our understanding of de-
formed nuclei, especially in the rotational evolution of the
shape of the most bound mean field, and the physics of
shape coexistence and superdeformation. The range of
applicability of the spherical shell model has also contin-
ued to expand and encompass increasing numbers of
valence particles in larger model spaces, which permit
more refined calculations of nuclear eigenstates and the
transition matrix elements between them. However, in
nuclei which have too few valence particles to assume
permanent deformation, yet which lie too far from shell
closures to allow spherical shell-model calculations, nei-
ther approach has been very successful. The deformed
models neglect residual interactions, while the shell-
model calculations require unrealistic truncation of the
model space. The best insight into the behavior of these
transitional nuclei has come from the interacting boson
model (IBM) which can describe the evolution from
sphericity to deformation, but until recently has been re-
stricted to states of relatively low angular momentum. In
this Letter we report a detailed experimental study of a
transitional nucleus, #¢Zr, which is seen to exhibit strik-
ing features in its high-spin decay pattern. We also
present an interpretation of its level structure up to high
spins using a new extension of the IBM which incorpo-
rates up to two broken boson pairs to generate angular
momentum.

Medium-mass nuclei with 80 < 4 <90 provide strin-
gent tests for all nuclear models, as single-particle and
collective degrees of freedom are excited at similar ener-
gies, and the structure of nuclei changes extremely rapid-
ly with neutron and proton number. The neutron-
deficient zirconium (Z =40) isotopes with 40 <N =< 50
provide a good example of such rapid changes. The
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N =2Z nucleus ®°Zr is one of the most deformed nuclei
known [1] (polarized by a deformed shell gap at particle
number 38), and has a low-lying rotational J =2 state at
289 keV. In contrast, the nucleus *°Zr is spherical [2],
with a neutron shell closure at N =50, and has a single-
particle J =2 state at 2186 keV. The nucleus 867r, with
a J=2 state at 752 keV, lies at the transition between
spherical and deformed nuclei, as highlighted by the level
structures of its neighboring even-even isotopes. While
84Zr exhibits regular, stretched rotational cascades of
enhanced E2 transitions [3] which are characteristic of
deformed nuclei, ¥Zr has a complex, irregular series of
states with almost no collective enhancement, and can be
understood in detail within the spherical shell model [2].
Several experiments had previously been performed on
86Zr, and a variety of approaches used to interpret the
data [4,5]. In this Letter we will concentrate on our new
experimental data at higher spin and their interpretation.

The nucleus %¢Zr was studied in two separate experi-
ments by the °Ni(*°Si,2p2n)8Zr reaction, with a 135-
MeV 3°Si beam from the Tandem Accelerator Supercon-
ducting Cyclotron (TASCC) facility at Chalk River.
The first used two stacked 480-ugcm ~2 self-supporting
%ONj targets for minimizing the Doppler broadening of
line shapes, in order to deduce the high-spin part of the
level scheme. The aim of the second experiment was to
measure the lifetimes of the high-spin states via the
Doppler-shift-attenuation method (DSAM), and a 500-
pgem 2 ®Ni target evaporated onto a 12.5-mgcm ~2 Au
backing was used. Gamma rays were detected with the
8 spectrometer. The level scheme was constructed from
a y-y matrix which optimized the relative yield of the
2p2n evaporation channel by filtering events where, in ad-
dition to at least 2 out of 20 Compton-suppressed Ge
detectors, at least 14 out of 71 elements of the BGO mul-
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tiplicity array had fired. For the angular correlation
analysis, the stacked-target y-y data were sorted accord-
ing to the polar angle of the Ge detectors with respect to
the beam direction, and directional correlation intensity
ratios were extracted. For the DSAM analysis, the
backed-target data were sorted into two y-y matrices,
tagged according to whether the y rays were detected in
the forward (37°) or backward (143°) ring of five detec-
tors. Both upstream and downstream data sets were ana-
lyzed to check for systematic errors. Line shapes were
fitted with the program GNOMON [6], which corrects for
geometric, relativistic, and layered-target effects, as well
as those due to complex feeding patterns.

Figure 1 shows a partial level scheme of %¢Zr deduced
from the present work. States have been identified up to
an excitation energy of ~—14 MeV, which is about twice
that observed in previous work [5]. Spin and parity as-
signments are based on the angular correlation analysis
and lifetime information. In addition to the yrast cas-
cade, which has been established to J*=247, non-yrast
structures have been extended considerably. Except for
revised spin assignments for the top two states observed
in the earlier work [5], the previously published level
scheme is corroborated. The results of the DSAM line-
shape analysis for the high-spin states are summarized in
Table 1. Best fits to the line shapes were obtained with
continuum feeding times between 120 and 180 fs; howev-
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FIG. 1. Partial level scheme of *Zr deduced in the present
work. Transition energies are in keV.

TABLE I. Lifetimes and transition rates within the high-spin
yrast cascade in %Zr. The asymmetry of errors on the lifetimes
include systematic uncertainties in the sidefeeding times (see

text). [For E2 transitions, 1 Weisskopf unit (W.u)=2.3
x 1073 e2b?% for M1 transitions, 1 W.u.=1.8u%.]
T E(E2) E,M1) B(E2) B(M1)

JE (fs) (keV) (keV) (W.u.) (ud)
15t 80030 e 694 . 0.21 %384
16% 850130 1075 381 7.8%0%8  0.88%8%
17 220430 1233 852 18.053%  0.28%4%
187 330*1 1254 401 16.8%33  1.38%844
19% 100X 1643 1242 19.1 5% 0.112888
20%  400*13° 1493 251 10.2%43 1.45%83%
2% 801} 1918 e 17.4%3%° .
24% 90+{3° 2088 10.11392

er, the unobserved feeding was not well determined, and
the errors on the measured lifetimes include this sys-
tematic uncertainty. The experimentally determined
branching ratios of the transitions in this cascade and the
fitted multipole mixing ratios allowed the extraction of
absolute B(E2) and B(M 1) rates, which are also given
in Table I.

Our discussion will focus on the new positive-parity
yrast sequence which extends from spin J =14 to 24. The
lifetimes and transition rates of states below J =14 in
86Zr had been measured previously [5,7], with the largest
E?2 matrix element being the 2% — 071 decay of 14+ 3
Weisskopf units (W.u.). The pattern of E2 decays at low
spins is inconsistent with either simple rotational or sim-
ple vibrational behavior, as the B(E2) values decrease
with spin. The level spacings of the states above J =14
resemble the rotational cascades characteristic of de-
formed nuclei, where the staggering in energy of the odd
and even spins would be interpreted as the signature split-
ting often associated with nonaxial shapes. Thus, it ap-
pears plausible that the nucleus has undergone a shape
change and rotational motion has become the energetical-
ly favored mode of carrying angular momentum. Such a
change should, therefore, be clearly reflected in the tran-
sition matrix elements, particularly those of the E2 de-
cays. However, inspection of Table I reveals that, in the
high-spin regime studied in the present work, the B(E2)
values show no enhancement relative to the low-spin
states, and remain between 10 and 20 W.u. For rotation-
al excitations of an axially deformed nucleus, this would
imply a deformation of 8,~0.1.

In sharp contrast to the rather constant behavior of the
E 2 decays, the M1 transition rates show an alternating
pattern of low and extremely high (~1u%) values, as
shown in Fig. 2. This is substantially larger than the
average experimentally observed B(M1) value of
~0.05u% for the 45 < A4 <90 region [8]. Although en-
hanced M| transitions have been observed and described
in both spherical [2] and deformed nuclei [9] in this mass
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FIG. 2. Comparison of measured electromagnetic transition
rates within the high-spin yrast cascade in *Zr (dashed lines)
with model calculations for the (N —2)® (vgo;)* (solid lines)
and (N —2) ® (ngy/2)* (dot-dashed lines) configurations.

region, the combination of the strong staggering of
B(M 1) rates with spin, the large average B(M 1) values,
and the weakly collective B(E2) rates found in %¢Zr are
difficult to explain in conventional models. In the crank-
ing formalism, it is necessary to assume both a well-
defined, fixed deformation at high spins and an unusual
quasiparticle configuration in order to reproduce the
B(M 1) staggering [10]. Given that the measured B(E2)
transition rates are quite low, it is not at all clear that
such a description for #¢Zr is appropriate. In the spheri-
cal shell model approach, a strong truncation of the
configuration space is required and only schematic results
can be obtained. The distinctive pattern of the B(M 1)
values in this transitional nucleus suggests an underlying
symmetry in the structure of these states. To probe this
underlying symmetry, we have used a recent extension of
the IBM, which addresses the physics of high spins in
transitional nuclei in terms of broken boson pairs [11,12].

The model is based on the IBM-1 [13], in which fer-
mions couple pairwise to form s and d bosons, and no dis-
tinction is made between protons and neutrons. A recent
extension of this model allows the breaking of one or two
bosons to form noncollective fermion pairs, represented
by two- and four-quasiparticle (qp) states, respectively,
which can couple to their respective boson cores. The
Hamiltonian has four terms: a bosonic part, a fermionic
part, a boson-fermion interaction, and a pair-breaking in-
teraction that mixes Oqp, 2qp, and 4qp configurations.
The form and strength of most of these interactions are
well established. All the parameters except the quasipar-
ticle mixing were constrained by analyses of low-spin
states of neighboring nuclei, and only the mixing term
was adjusted to fit the data. A Z =50, N =50 core was
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used, resulting in a model space of N =7 bosons for %¢Zr,
with £€=0.74 MeV for the single-boson energy, and
Co=0.6, C2=_0.23, C4=0.12, v0=—0.2, and U2=0.14
(all in MeV) for the boson-boson interaction parameters.
This corresponds to a slightly anharmonic, near-vibra-
tional core. For the noncollective fermionic part, it is not
clear whether a pair of g9/, neutrons or a pair of gy, pro-
tons aligns first, since the g factor of the first 81 state is
not measured. Furthermore, from Fig. 1, it is seen that,
slightly above the yrast 2qp excitations built on the 8;"
state, there is an almost identical structure built on the
85" state. It is very likely that one of these has a
(N—1)®(vgosn)? and the other a (N —1)® (rgy;)?
configuration. In the isotone 84Sy, which also has two
closely spaced 8% states, the measured g factors show
that the neutrons align first [14]. We have assumed that
the 2qp yrast structure in %6Zr is based on the
(N —1)® (vgy/,)? configuration, and have performed de-
tailed calculations of level spectra for neutron bands. A
separate calculation is required in order to describe the
structure of proton bands. A preliminary calculation in
the restricted space of Ogp and 2qp showed that only the
vgys, orbital is important for near-yrast positive-parity
states. The vgo/» single-quasiparticle energy was chosen
to be 1.6 MeV to reproduce the excitation energy of the
8" state. Occupation probabilities were obtained in a
standard BCS calculation with a pairing strength
G =24/A4 and Kisslinger-Sorensen [15] single-particle en-
ergies. The interaction between fermions was taken as a
surface-delta interaction of strength Vo= —0.5 MeV.
The boson-fermion coupling parameters were I'p=0.3
MeV for the strength of the dynamical interaction,
x=—1.0 and Ap=0.5 MeV for the strength of the ex-
change interaction; the monopole interaction was neglect-
ed. Finally, for the mixing term, the strength parameters
were up= —1.5 MeV and u;=—0.1 MeV. The calcula-
tions describe the main features of the decay scheme re-
markably well, including 2qp configurations of both posi-
tive and negative parity (with the py/, orbital included in
the fermion model space for negative parity states). A
longer paper discussing all aspects of the calculation and
comparison with data is in preparation [16], but for this
Letter we will concentrate on electromagnetic decays be-
tween the 4gp high-spin states and their interpretation.
The M1 and E?2 transition operators are defined in
Ref. [17]. The calculated transition rates are compared
to the experimental values in Fig. 2. In Fig. 2(a), the
solid line shows the calculated B(M1) values for tran-
sitions within states of the configuration (N —2)
®(vgon)*. A standard set of parameters was used:
gr=2Z/A=0.465, g, =0, g, =0.7g/™° = —2.68. The cal-
culations reproduce the large staggering which is ob-
served experimentally. We have also investigated the
possibility that the quasiparticles are protons. With the
same wave functions, the calculated M1 transition
rates for the (N —2)® (ngop)* configuration (g, =1,
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g:=23.91) are also seen to reproduce the staggering, as
shown by the dot-dashed lines in Fig. 2(a). The effect of
mixed proton-neutron configurations has not been investi-
gated yet. Large M1 decay matrix elements between
states of similar spin, which have been observed in studies
of multiparticle state in this mass region, could only be
reproduced by mixed proton-neutron configurations, both
in the framework of the spherical shell model [2], and in
the cranking approach [9]. Therefore, to clarify whether
the high-spin states in %Zr are four-neutron, four-proton,
or mixed two-proton—-two-neutron configurations coupled
to a vibrational core, a determination of the g factors,
especially for the 8" and 147 states, is needed.

The staggering of B(M 1) transition rates in our model
calculations has a very simple origin. The main com-
ponent of the wave functions for the even-spin states is
the fully aligned state vector |(go)*Jr=12,J5:J =Jp
+Jp), where Jr and Jp denote the aligned angular
momentum from the fermion and boson parts, while that
for the odd-spin states are |(go/2)*Jr=12,J5;0 =Jr+Jpg
—1). The doublets of states (15%,16%), (17%,18%),
and (19%,20™%) have, in leading order, the same structure
of the boson part of the wave function. Therefore, for
transitions within the doublets, the terms contributing to
the reduced M1 matrix element are large. The wave
functions for successive doublets differ by AJz =2, i.e.,
the alignment of another d boson along the axis of rota-
tion. Thus, for transitions between doublets, the matrix
elements corresponding to both the collective and fermion
parts of the M1 operator vanish in leading order, result-
ing in the large staggering of B(M 1) values.

The calculations also predict the average B(E2) values
for these states reasonably well, as can be deduced from
Fig. 2(b), where the calculated B(M1)/B(E2) ratios are
compared to the experimental values extracted from the
M1/E2 branching ratios. The large staggering is pri-
marily due to the B(M1) components, while the B(E2)
values remain rather constant. The comparison of the
absolute B(E2) values depends on the vibrational charge,
which has been chosen to reproduce the B(E2;2t—0%)
measured in earlier work [7].

In conclusion, we have studied the transitional nucleus
89Zr to high spins and found a sequence of states whose
energy spacings are reminiscent of rotational bands.
However, measurements of electromagnetic transition
rates between these states show this appearance to be
superficial, as the B(E2) values are small and the B(M 1)
values are staggered and large. These observations are

difficult to interpret in terms of rotational models, but are
seen to have a natural explanation in an extended IBM-1
model which incorporates two broken boson pairs. The
underlying symmetry causing the staggering appears to
be a vibrational effect. Measurements of g factors are be-
ing planned to disentangle the neutron and proton contri-
butions, and the model needs to be refined in order to in-
clude nonidentical quasiparticles, thereby opening up the
possibility of understanding the effects of neutron-proton
interactions and Pauli blocking at high spins.
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