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g Factor of the *Zr (7/2*) Isomer: Monopole Evolution in the Shape-Coexisting Region
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The gyromagnetic factor of the low-lying E = 251.96(9) keV isomeric state of the nucleus **Zr was
measured using the time-dependent perturbed angular distribution technique. This level is assigned a spin
and parity of J7 = 7/27, with a half-life of 7, , = 336(5) ns. The isomer was produced and spin aligned

via the abrasion-fission of a 238U primary beam at RIKEN RIBF. A magnetic moment |u| = 2.31(14)uy
was deduced showing that this isomer is not single particle in nature. A comparison of the experimental
values with interacting boson-fermion model IBFM-1 results shows that this state is strongly mixed with
a main vds;, composition. Furthermore, it was found that monopole single-particle evolution changes

significantly with the appearance of collective modes, likely due to type-II shell evolution.

DOI: 10.1103/PhysRevLett.124.112501

The majority of properties of atomic nuclei evolve
smoothly as a function of neutron or proton number.
Therefore, one of the most surprising phenomena in the
whole of the nuclear landscape is the rapid ground-state
shape change between **Zr and '%Zr [1]. While the former
is spherical, with a low-energy structure reminiscent of a
doubly magic nucleus, the latter is strongly quadrupole
deformed and the first few excited states correspond to those
of a deformed quantum rotor. This ground-state change has
been described as a quantum phase transition (QPT) [2],
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where the control parameter is the valence neutron number.
Although this phenomenon has been known for a long time,
several open questions still exist. The sudden appearance
of large ground-state deformation in '°°Zr implies a major
rearrangement of the surface nucleons; between the two
ground states, however, the exact mechanisms driving this
change are yet to be elucidated. Nuclei with 59 neutrons very
likely lie closest to the critical point of this QPT, and detailed
studies of their structure can provide crucial experimental
information about the QPT.

© 2020 American Physical Society
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The gyromagnetic factor (g factor) of a state is the ratio
of its magnetic moment (u) to spin (J), g = u/J. Magnetic
moments are sensitive probes of the single-particle structure
of a nuclear state, providing information on valence-orbit
occupancies, thus configuration mixing, and can allow
confirmations of spin and parity assignments. As the
magnetic moment is a property only of the wave function
of the state being studied, and not of transitions between
levels, its value can be a key test of nuclear model predictions.

The lowest three states of **Zr have spins 1/2* (0 keV),
3/2% (121.7 keV), and 7/2%" (252.0 keV). The 7/2* state
decays to the 3/2" level via an isomeric E2 transition with
a reduced transition rate of B(E2) = 1.16(3) Weisskopf
units (W.u.). The 3/2% and 1/2" states are connected by a
retarded M1 decay with B(M1) =0.01 W.u. In a shell-
model picture the 252.0-keV isomeric state has a main
vgy, configuration, and the ground state vs;;, [3]. The
measurements of the mean square charge radii and the
nuclear moments of the ground states of the odd Zr isotopes
[1] are consistent with the onset of nuclear deformation
previously observed in this region. The 3/2" state has a
more complex configuration [4]. For the 252.0-keV state, a
97,2 assignment is at odds with data from transfer-reaction

experiments, which place this orbit at 1265 keV in *7Zr [5].
The experimental identification of a low-lying g;/, orbit
would provide experimental evidence for the spin-orbit
partner (SOP) mechanism between zgy/, and vg;,, orbits,
proposed to be responsible for the rapid onset of deformation
here [6]. Here, occupation of the 7 gy, and vg; /> SOPs leads
to a large gain in correlation energy, and deformed states
containing these configurations dramatically drop in energy
to form the ground state of '°°Zr. For this reason the g factor
of the 7/2%, 252.0-keV state has been measured, allowing
detailed information to be gathered on a nucleus lying close
to the critical point of the spherical-deformed QPT.

The g-factor measurement of the 7/2" isomeric state of
97r was performed at BigRIPS [7] of RIKEN RI Beam
Factory (RIBF) [8]. A 345-MeV/nucleon 2¥U beam
impinged on a 100-um-thick °Be target resulting in abra-
sion-fission reactions. The secondary beam was purified
using both 7-mm-thick and 5-mm-thick Al wedges in the F'1
and F5 dispersive planes of BigRIPS, respectively. The
particle identification of the fragments was performed using
an ion chamber, plastic scintillators, and the position-sensi-
tive parallel plate avalanche counters for a combination
measurement of the energy loss, time of flight, and Bp [9].
The *Zr beam with spin-aligned isomers was transported to
the experimental apparatus located at the F'8 focal plane.

The g factor of *™Zr was measured by means of a method
of time-differential perturbed angular distribution (TDPAD).
The spin-aligned ensemble of an isomeric state induces
anisotropy in the y-ray emission. Under an external magnetic
field B perpendicular to the beam axis which corresponds to
the spin-orientation axis, the spin precesses the ensemble
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FIG. 1. (a) Energy spectrum for the two y rays in cascade from
the decay of **™Zr. (b) R(t) function associated with the two
y rays.

with a Larmor frequency w; = —guyBy/h, where g is the g
factor, uy the nuclear magneton, and 7 the reduced Planck
constant. The observation of the y-ray anisotropy synchron-
ized with the Larmor precession enables us to determine the g
factor. The TDPAD apparatus consisted of a crystal host, a
dipole electromagnet, y-ray detectors, and a plastic scintilla-
tor. Selected fragments were implanted into an annealed Cu
crystal host with a thickness of 3 mm placed between the
poles of the electromagnet delivering a homogeneous mag-
netic field By = 250(1) mT. The y rays were detected by
four high-purity germanium detectors placed in a plane
perpendicular to By at a distance of 7.0 cm from the host and
atevery 90 deg. The plastic scintillator was placed in front of
the implantation host and used to provide the time-zero
reference. lon-delayed y-ray coincidences were measured on
an event-by-event basis.

The y-ray anisotropy was evaluated with an R(¢)
function defined as

_1(t,0) - 1(t,x/2 +0)
CI(t,0) +I(t,n/2+0)

R(7) (1)

where I(z,0) is the y-ray counting rate at ¢ time for the
detector positioned at an angle 6. The R(¢) function
corresponding to this measurement was obtained by sum-
ming for the two y rays with energies of 121.7 and
130.1 keV in cascade below the isomeric decay, of which
the measured half-life, 7'/, = 336(5) ns, is in relatively
good agreement with previous measurements [10-12].
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FIG.2. A comparison between experimental low-energy level scheme of ®*Zr and IBFM-1 calculated states. The calculated levels are
classified according to their most significant single-particle components of the wave function. Proposed correspondences between levels
of the two level schemes are indicated by labeling the levels with the order number of the calculated levels of a given spin (see text for

other details).

Figures 1(a) and 1(b) represent the observed y-ray energy
spectrum and the evaluated R(¢) function, respectively.
The different multipolarities of these transitions, M1 and
E2, impose a 90° phase shift in the summation. Assuming
pure M1 and E2 transitions, an amount of spin alignment
of 1.5(4)% is extracted. The g factor of *™Zr is determined
to be |g| = 0.66(4); thus, assuming a spin of J = 7/2,
the magnetic moment of the isomeric state is |u| =
2.31(14)uy. This value is far from the Schmidt value
[13], ggee = +0.425, for the vg;/, orbit. In contrast, g =
+0.39(4) has been reported for the 1264.4-keV, 7/2]
isomer of °’Zr [14]. Clearly the wave function of the 7/2F
isomeric state of *’Zr is not a pure (vg;/,)" state.

The sensitivity of nuclear moments to the properties
of the single-particle wave functions combined with the
information on the collectivity of the studied state have
prompted us to perform interacting boson-fermion model
IBFM-1 [15,16] calculations to investigate the nuclear
structure properties of the *°Zr nucleus at low-excitation
energies. The ODDA and PBEM programs were used [17].
The odd neutron coupled to the core was allowed to occupy
the single-particle orbits vds;y, vg7/2, Vs1/2, vds)n, and
vhyy),. The same parameters of the boson-fermion inter-
action were used in calculating both the positive- and
negative-parity states. Previous IBFM calculations for *°Zr
[4] did not include the vhy;/, orbit which is responsible
for the negative-parity states, and lacked a comparison with
more recent data on electromagnetic transitions and mag-
netic moments.

The nucleus '°Zr was chosen as a core for *°Zr, rather
than %®Zr. This is because of the significant differences
between the level schemes of *°Zr and the lighter odd-mass

Zr isotopes. Its energy level spacings are much closer to
those in the '°%Zr yrast band. The even-even '%Zr isotope
was described with the described with the interacting boson
model IBM-1 [18-20] by Garcia et al. in Ref. [21]. For the
IBM-1 description of the **Zr core we have chosen the '°%Zr
parameters in Ref. [21], which gives a good description of
the experimental level scheme up to the 8" state, as well as
the E2 transitions in the yrast band up to J = 8.

As quasiparticle energies and occupation probabilities in
this region of rapid transitions are not known, we have
adopted a set of single-particle energies (and its corre-
sponding quasiparticle energies, calculated by BCS) which
provides a good description of the properties of the lowest
states (1/2F, 3/2%, and 7/2%) of *Zr, that is, their known
magnetic moments and electromagnetic transition proba-
bilities, as well as a reasonably good description of the
level at higher energies. In the calculations, the strength
parameters used for the boson-fermion interaction (the
monopole, quadrupole, and exchange terms [17]) were
Ay =0.08 MeV, Ty =03 MeV, and A, =2.9 MeV?,
respectively. For the electromagnetic transition operators
we used equal boson and fermion effective charges of
0.159 eb for the E2 transitions, and for the M1 transitions
gyromagnetic ratios of 0.4y, and —2.68u, for the d boson
and fermion, respectively.

Other details of these calculations are given in Ref. [22],
where their results are compared to known energy levels up
to higher energies (about 2 MeV) and newly determined
electromagnetic transition rates. Here we emphasize the
results obtained for the states at lower energies. Figure 2
shows a comparison between the IBFM-1 calculations and
the experimental levels of positive parity up to about
0.8 MeV excitation energy. The IBFM-1 levels are arranged
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TABLE I. Amplitudes of the components in the neutron wave
functions of the first few IBFM-1 calculated positive-parity states

in %%Zr.

Eexpt Eg ds 912 512 d3p»
J* (keV)  (keV) (%) (%) (%) (%)
1/2% 0.0 0.0 55.7 1.0 1.5 41.8
3/2* 121.7 299 85.2 2.1 2.2 10.6
7/2% 252.0 441.9 60.6 11.1 14.9 13.4

according to the most significant single-particle compo-
nents in their wave functions. The calculated positive-parity
level scheme generally agrees with the experimental one,
both in the predicted numbers of states of a given spin
and their distribution in energy (see also Ref. [22]). The
calculated level scheme is just somewhat more compressed
in energy. A possible reason for this could be the choice
of the core for this nucleus which is a rather difficult task
for this region with significant changes between N = 58
and N = 60. For the experimental states with energy above
0.5 MeV shown in Fig. 2, the correspondence with
calculated states has been made on the basis of a reasonable
description of their electromagnetic decay properties, that
is, branching ratios, and, when known, absolute B values
[22]. The structure of the wave functions of the first few
positive-parity states in *°Zr is presented in Table I.
Results of the above calculations for spectroscopic
quantities are compared to the experimental ones in
Table II. The total experimental transition rates were
obtained by correcting for unseen internal conversion
contributions, calculated using the code [23]. The B(M1;
3/27 = 1/2]) and B(E2;7/2] — 3/2{) reduced transi-
tion probabilities are reasonably well reproduced. Of
particular interest is the good description of the magnetic
moments of these states. The large magnetic moment of
the 7/2*% isomeric state measured in the present work can
be related to the contributions of the different single-
particle orbits mixed in its structure. Its wave function shows
(Table I) a strong admixture of the vdss, vgy/2, S /2, and

vds, orbits. The 1/ 2] state contains large contributions
from the vds/, and vds ), orbits, while the 3/ 2 state has a
relatively pure vds;, structure. These wave function

TABLE II. Comparison between IBFM-1 calculated and ex-
perimental transition probabilities and magnetic moments of the
first three states in *Zr.

IBFM-1 Experiment
B(M1;3/2} - 1/2}) (W.u.) 0.0109 0.0102(3)
B(E2;7/2f —3/2}) (W.u.) 2.66 1.16(3)
i (1/2%) (uy) -1.29 -0.930(4)
u(3/2%) (uy) +0.38 +0.42(6)
1 (1/2) (uy) +2.08 +2.31(14)

structures are also validated by the description of the
transition probabilities between these levels. The calculated
magnetic moments and transition probabilities of the lowest
states (Table II) are rather sensitive to the values of the model
parameters; therefore, the description of this experimental
set of data gives some confidence in the reliability of
the configurations proposed by these calculations. As the
adopted J* values of levels in °Zr [24] are given
as tentative (not being based on strong arguments), we
have also checked other assignments for the 252 keV state,
such as the calculated 5/2] or 5/2; states, respectively.
However, in these cases the experimental properties of this
state (electromagnetic decay and magnetic moment) were
not correctly described.

The results of the IBFM-1 calculations allow insights
into several interesting pieces of information regarding the
structure of the low-lying states in *Zr. The origin of the
delayed nature of the two transitions studied is not due to
the single-particle nature of the states involved but due to
their particle-hole composition. The main change between
the wave functions of the 7/2" and 3/27 states is a 25%
increase in the occupancy of the vds), orbit. This is
supplied by roughly equal amounts of reduced population
of the vs, , and vgy, orbits. The vds;, and vs , orbits are
mostly holelike in character, whereas the vg;,, orbit is
particlelike. Scattering between the former and the latter is
therefore strongly hindered, giving rise to the isomerism of
the 7/2% state. In a similar manner, increased occupation
of the vds, orbit (particle), arising from depletion of the
vds ), (hole), retards the M1 transition between the first two
states.

The good agreement between the calculated and exper-
imental properties of *Zr also gives confidence in the
reliability of the valence neutron single-particle energies
used as input. These values can be compared to the neutron
single-particle energies of the odd-A (50 < N < 58) Zr
isotopes experimentally determined from particle transfer
reactions, which are shown in Fig. 3, plotted relative to the
energy of the vds;, orbit. In this figure one observes a
steady evolution of all orbits as first the vds/, and then the
vsy, orbits are filled. The vh,; /, orbit rises in energy with
increasing vds;, occupation due to the repulsive nature of
the tensor force between two [+ s orbits. At N =59 a
drastic change in the single-particle energies occurs, with
the overall separation of all orbits greatly reduced. This
coincides with significant occupation of the zgy/», vg7,
and vhy;/, orbits, and provides evidence that monopole
evolution occurs differently in collective regions.

The structure evolution of the Zr isotopes with masses
around 100 was recently studied within the IBM. There are
two very recent works [26,27] that use a similar approach,
based on IBM calculations with configuration mixing
(IBMCM). This type of calculations also correctly describes
the evolution of the A =~ 100 even-even Zr isotopes, by a

112501-4



PHYSICAL REVIEW LETTERS 124, 112501 (2020)

40 o ds ]
s ]
= - Gy ]
L 30 ¥ Oy
= ]
2 20t A
m “\ \« 1
S
g 101 1
o N
%
of oe—o———— @ 0
hal
| | | | |
51 53 55 57 59
Neutron number
FIG. 3. Neutron single-particle energies of 21939397997 For

N = 51-57 these are experimental determinations [24,25], while
for N =59 the values shown are those of the present IBFM-1
calculations.

rapid lowering in energy of a deformed intruder configura-
tion in the lighter isotopes, which becomes ground state
in '%Zr. The two IBMCM approaches mainly differ in the
results concerning the symmetry behavior of the heavier
isotopes (mass above 104), for which further experimental
information is needed to disentangle the nature of their
excitation. Use of an IBMCM core nucleus should lead to
an improved description of *Zr by IBFM, but the lack of
such a calculation code prevents this type of calculation.
Instead, our present analysis allowed us to demonstrate the
general behavior of the single-particle energies. It is also
interesting to observe that, by adding one neutron to the
spherical nucleus **Zr *Zr is driven more to the deformed
side. This isotope is probably just across the critical point of
the phase transition.

During the past years, many experimental studies of
the even-even Zr isotopes from this mass region were
made: *Zr [28], °%Zr [29,30], **Zr [31,32], '%°Zr [33]. They
documented the phenomenon of shape coexistence (the
existence, at low excitation energies, of two or more
structures with different quadrupole collectivities) in all
these nuclei, as well as the sudden crossing in energy of
two such structures between *Zr and '°Zr. It has also been
shown, by large-scale Monte Carlo shell-model calcula-
tions, that type-II shell evolution [34] plays a major role in
the sudden onset of ground-state deformation in '°%Zr [35].
In type-II shell evolution, the particle-hole excitations
modify the underlying shell structure, leading to a rapid
onset of collective behavior.

The schematic trends of orbit evolution shown in Fig. 3
support an interpretation that at °Zr the type-II shell
evolution modifies the monopole evolution of the single-
particle orbits in a way different from that found in spherical
regions. It also shows that mechanisms beyond just the
interaction between SOPs drive the onset of collectivity.

In summary, the isomeric state of °*Zr has been carefully
investigated via the g-factor measurement. The reported
magnetic moment |u| = 2.31(14)uy shows a value very far
from the one expected for a rather pure single-particle
vgy/, configuration. To shed light on the configuration of
the measured isomeric state, interacting boson-fermion
model IBFM-1 calculations were performed. Both g factors
and M1 and E2 reduced matrix elements of the low-lying
states were calculated and compared with experimental
values. The B(M1;3/2{ — 1/2]) and the B(E2;7/2{ —
3/2]) transition probabilities are in good agreement.
Moreover, the experimental g factors are also well repro-
duced by the IBFM-1 calculations. The wave function of
the 7/2% isomeric state shows a predominant vds,,
configuration. The single-particle energies adopted in our
calculation can be added to the systematics of neutron
single-particle energies for °193%%%7Zr and an abrupt
deviation is seen at N =59. This shows that monopole
evolution behaves differently in the presence of collective
modes. This is likely due to the action of type-II shell
evolution.
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