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Tests of collectivity in 98Zr by absolute transition rates
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Lifetimes of low-spin excited states in 98Zr were measured using the recoil-distance Doppler-shift technique
and the Doppler-shift attenuation method. The nucleus of interest was populated in a 96Zr(18O, 16O) 98Zr two-
neutron transfer reaction at the Cologne FN Tandem accelerator. Lifetimes of six low-spin excited states, of
which four are unknown, were measured. The deduced B(E2) values were compared with Monte Carlo shell
model and interacting boson model with configuration mixing calculations. Both approaches reproduce well
most of the data but leave challenging questions regarding the structure of some low-lying states.
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I. INTRODUCTION

Quantum shape-phase transition is a phenomenon present
in many physical systems including the atomic nucleus [1,2].
Depending on the proton and the neutron numbers, the ground
state of the nucleus can have different shapes. Nuclei having
neutron or proton number close to the magic numbers tend to
exhibit a spherical ground state. As one moves away from a
closed shell, towards midshell, the number of available states
to mix under the residual interaction grows rapidly, and col-
lectivity starts to develop. At this point, the proton-neutron
correlations start to become dominant, making a deformed
shape energetically more favorable, and the ground state be-
comes deformed. Although the development of collectivity is
usually a gradual process, the Zr and Sr isotopes are unique
on the nuclear chart as they experience a very rapid onset
of collectivity when crossing neutron number N = 60. This
is well observed through the systematics of the B(E2; 2+

1 →
0+

1 ) values (see Fig. 1). Starting from the shell closure at
N = 50 until N = 58, both the Zr and the Sr isotopes have
rather low transition probabilities and correspondingly high
excitation energies, consistent with a spherical configuration.
With the addition of only two neutrons beyond N = 58 the
B(E2; 2+

1 → 0+
1 ) values for both isotopes jump abruptly to

the collective values of about 100 W.u., consistent with a
deformed ground-state configuration. The increase in the tran-
sition probabilities is accompanied by a sharp decrease in
the excitation energies of the 2+

1 to values typical for a rota-
tional nucleus of the mass region. Phenomenologically, this
could be interpreted as a coexistence of nuclear configura-
tions with different shapes. For N < 60 the ground state is

*Present address: Physics Division, Argonne National Laboratory,
Argonne, Illinois 60439, USA.

spherical and a deformed configuration has higher energy.
This deformed configuration lowers in energy as neutrons are
added and eventually becomes the ground state, whereas the
spherical configuration is pushed higher in energy. Indeed,
low-lying excited 0+ states are observed in the region, and
their energy drops sharply as N = 60 is approached. The
scenario of having an excited deformed configuration was
recently confirmed by an electron-scattering experiment on
the neighboring nucleus 96Zr [3] and in 94Zr in a neutron-
scattering experiment [4]. Similarly, coexistence of deformed
and spherical configurations was also observed in 96,98Sr
isotopes in a Coulomb excitation experiment performed
at ISOLDE [5,6].

Already in the late 1970s, it has been pointed out by
Federman and Pittel that the strong isoscalar attractive proton-
neutron interaction between the spin-orbital partners, in
particular, the π (1g9/2) and the ν(1g7/2), could be responsible
for the rapid emergence of deformation [15–17]. As neutrons
are added beyond the ν(d5/2) orbital, the ν(1g7/2) will also
start to fill. Due to the strong isoscalar interaction, the gap
between the π (1g9/2) and the π (2p1/2) is reduced, which
makes it energetically favorable for protons to be promoted
from the π (2p1/2) into the π (1g9/2) orbital. The filling of
the π (1g9/2) orbital, successively, lowers the ν(1g7/2), further
promoting neutrons into it. The breaking down of the pairing
π -π and ν-ν correlations and the development of spatial π -ν
correlation leads to deformation. This qualitative description
was also supported by Hartree-Fock-Bogoliubov (HFB) and
shell-model calculations, although in a very limited valence
space from the current perspective, using a 94Sr core [17].
The calculations also showed that the first excited 0+ state
in 98Zr is strongly mixed and is, thus, possibly deformed. It is
important to point out that the specific ordering of the orbitals
around A = 100 makes this effect very strong allowing for the
rapid onset of collectivity.
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FIG. 1. The energies of the first excited 2+ states for Zr and
Sr isotopes with N = 52–62 (symbols connected by a solid line),
together with the B(E2; 2+

1 → 0+
1 ) (symbols connected by a dashed

line). Data are taken from the nuclear data sheets [7–13]. The
B(E2; 2+

1 → 0+
1 ) value for 98Zr is taken from Ref. [14].

The microscopic origin of the strong interaction be-
tween the spin-orbit partner orbitals can be understood in
terms of the tensor-force component of the nucleon-nucleon
interaction [18,19], which is a direct consequence of its meson
exchange character. The importance of the tensor force in the
shell evolution has been outlined in Ref. [20]. In the same
publication, the authors have also stressed the importance of
particle-hole excitations in the evolution of the shell structure
especially their role in the transition probabilities. Indeed,
the recently performed large-scale shell-model calculations,
which do not take particle-hole excitations into account, car-
ried out for Zr isotopes of N = 50–60 with a 78Ni core, were
able to account for the sudden drop in the excitation energy
of the first excited 2+ states at N = 60 but were unable to
correctly describe the abrupt rise of the transition probabilities
[21]. The recent advances of the Monte Carlo shell-model
(MCSM) calculations [22], have allowed Togashi et al. [23] to
perform calculations for the zirconium isotopes of N = 50–70
with a much larger basis, including also neutron excitation
across the N = 50 shell closure. The calculation reproduces
both the rise of the B(E2) values and the drop in the energies
of the first excited states along the isotopic chain. The MCSM
calculations also predict a shape coexistence of more than
two configurations with different deformations in the region
around N = 60. Similarly, HFB calculations for 98Zr based
on the VAMPIR model [24], predict a coexistence of several
strongly mixed shapes, albeit, with noticeable discrepancies
with respect to the data on some electromagnetic properties.
In another approach, the shape transition in the Zr isotopes
was discussed in the framework of configuration mixing in the
interacting boson model (IBM-CM) [25–27]. The calculation
in Refs. [25,26] suggests the so-called intertwined quantum
phase transitions, which involve crossing of two configura-
tions where each of the two configurations undergoes its own
quantum phase transition.

The 98Zr nucleus lies on the interface between the spherical
and the deformed region making it pivotal to understanding
shape transition and the shape coexistence in the A ≈ 100
region. Very recently, the lifetimes of the yrast 2+ and 4+

were determined by the recoil-distance Doppler-shift (RDDS)
technique in a fission experiment at GANIL [14], but the
lifetimes of the second excited 2+ and 4+ states remain
unknown up to today. In this article we report on a mea-
surement of the lifetimes of the 2+

1 , 2+
2 , 2+

3 , 4+
1 , 4+

2 , and
4+

2 states. Additionally, the lifetime of the 3−
1 state has been

measured.

II. EXPERIMENT

The nucleus of interest was populated in the
96Zr(18O, 16O) 98Zr two-neutron transfer reaction. An average
beam current of 1 pnA with an energy of 50 MeV was
provided by the Cologne 10 MV FN-Tandem accelerator.
A 1 mg/cm2 96Zr self-supporting foil enriched to 72.47%
was stretched inside the Cologne Plunger device [28]. To
stop the nuclei ejected after the transfer reactions induced on
the target, a 6.5-mg/cm2 Ta stopper was stretched parallel
to the target. The γ rays produced in the experiment were
detected by 11 high-purity germanium detectors positioned
in two rings around the target chamber. Five detectors
were placed at backward angles of 142◦ relative to the
beam axis and six at forward angles of 45◦. Recoiling light
fragments were detected by an array of six solar cells placed
at backward angles inside the target chamber, covering angles
between 120◦ and 165◦. The data were recorded at seven
target-to-stopper distances (22, 41, 71, 101, 131, 221,
and 321 μm) in triggerless mode. These distances were
determined relative to a zero point which is obtained by using
the capacitive method as described in Refs. [28,29]. For each
distance and each detector ring particle-γ coincidences were
sorted off-line.

The particle-gated spectrum for the shortest distance of
22 μm is shown in Fig. 2. Due to the low angular granularity
of the solar cells and the straggling of the recoiling nuclei out
of the target, no clear separation between 16O and 18O could
be achieved in the particle spectrum. Hence, the major peaks
in the γ -ray spectrum are due to Coulomb excitation in the
target and the stopper foils. Transitions belonging to 97Zr and
100Mo are also observed, populated in the single-neutron and
the α-transfer reactions, respectively. Despite the presence of
many transitions, the ones belonging to 98Zr are well defined
and are indicated in Fig. 2. The transition intensities have been
measured by integration and were normalized to the intensity
of the 2+

1 → 0+
1 transition. Additionally, weak transitions

from the 0+
3 and the 0+

4 states are observed. The intensities of
the 0+

3 → 2+
1 and the 0+

4 → 2+
2 are very low and comparable

with the level of the background fluctuation, i.e., 1% of the
2+

1 → 0+
1 transition intensity. The experimental information

on the observed γ -ray transitions is summarized in Table I.
Using γ -γ coincidences, a level scheme has been built

and is shown in Fig. 3. The spectrum gated on the 2+
1 → 0+

1
transition is displayed in Fig. 4. This spectrum is also used to
check for other feeding contributions not clearly observed in
the singles spectrum. Additionally, this spectrum allows for a
cross-check of the intensities obtained using the singles γ -ray
spectrum by comparing the ratio of the intensities obtained in
the singles and the gated spectra. These ratios are consistent
within the experimental uncertainties.
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FIG. 2. Particle-gated γ -ray singles spectrum of both detector
rings for plunger distance of 22 μm. (a) and (b) show different
cutouts of the spectrum. The transitions belonging to 98Zr are in-
dicated and colored in red. The peaks belonging to the Coulomb
excitation in the 181Ta stopper are indicated with an asterisk.

III. LIFETIME DETERMINATION AND RESULTS

To extract the lifetimes of the 4+
2 , 4+

1 , 3−
1 , 2+

2 , and 2+
1

states, the RDDS technique has been used. The data has been
analyzed using the Bateman equations (BEs) and the differ-
ential decay curve method (DDCM) [30]. Here we present
only the essential ideas needed for the analysis. For a detailed

TABLE I. Relative transition intensities observed in the experi-
ment normalized to the 2+

1 → 0+
1 transition. The energies are taken

from Ref. [11].

Transition Transition energy (keV) Intensity

2+
1 → 0+

1 1223 100.0(37)
0+

3 → 2+
1 213 1.0(10)

2+
2 → 0+

1 1591 10.4(14)
2+

3 → 0+
1 1744 23.5(50)

2+
3 → 2+

1 522 5.2(10)
3−

1 → 2+
1 583 17.7(12)

4+
1 → 2+

1 621 9.0(12)
0+

4 → 2+
2 269 1.0(10)

4+
2 → 3−

1 242 10.1(12)
4+

2 → 2+
2 456 3.1(9)

4+
2 → 4+

1 204 3.1(16)
4+

2 → 2+
1 825 2.9(9)
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FIG. 3. Level scheme of 98Zr populated in the
96Zr(18O, 16O) 98Zr two-neutron transfer reaction at beam energy
of 50 MeV. The width of the lines are proportional to the transition
intensities given in Table I.

review of both methods the reader is referred to Ref. [28]. For
the sake of clarity, we use the same notation as in Ref. [28].

An excited state i of a nucleus ejected from the target
foil can decay either in-flight or after stopping in the stopper
foil. The γ rays emitted by a nucleus in-flight would appear
Doppler shifted in the γ -ray spectrum. The corresponding
peak is known as the shifted peak and its intensity, i.e., number
of counts, is given by Is

i (t ), where t is the time of flight of
the nucleus between the target and the stopper. If the γ decay
occurs after the nucleus has stopped in the stopper foil the
peak in the γ -ray spectrum would not experience a Doppler
shift and is known as the unshifted peak and its intensity is
given by Iu

i (t ). The so-called decay curve is defined as

Ri(t ) = Iu
i (t )/

[
Is
i (t ) + Iu

i (t )
]
. (1)

In the case where state i is not fed from another state, i.e.,
is directly populated in a nuclear reaction, the decay curve is
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FIG. 4. Particle-γ gated γ -ray spectrum of both detector rings
for a plunger distance of 22 μm. The transitions belonging to 98Zr
are indicated and colored in red.
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given by the simple formula,

Ri(t ) = e−tλi , (2)

where λi is the decay constant of state i and is related to the
level lifetime τi with λi = 1/τi. In a realistic case, the excited
state has a complicated feeding pattern. The feeding contri-
butions need to be taken into account to obtain the correct
lifetime. One needs to solve the Bateman equations, which
are a system of first-order differential equations that relate the
populations ni(t ) of the excited states i as a function of the
time t , depending on the decay constants λi of the states i and
the branching ratios. The Bateman equations are as follows:

d

dt
ni(t ) = −λini(t ) +

K∑

k=i+1

λknk (t )bki. (3)

Here k denotes the excited states feeding the state i, bki are
the branching ratios between states k and i, and K is the total
number of states. The solutions of these equations with respect
to the decay curves Ri(t ) is given by

Ri(t ) = Pie
−tλi +

K∑

k=i+1

Mki[(λi/λk )e−tλk − e−tλi ]. (4)

Mki is defined recursively as

Mki(λi/λk − 1) = bkiPk − bki

K∑

m=k+1

Mmk

+
k−1∑

m=i+1

Mkmbmi(λm/λk ), (5)

where Pi is the population of the state i. Finding a solution
to these equations becomes a tedious task, prone to errors
when the feeding pattern is complicated, such as in the case of
compound and fission reactions where the spin and the energy
transfer of the reaction are high. However, due to the low-spin
and low-energy transfer in the 2n-transfer reaction, relatively
few states are populated. Moreover, these states are populated
directly, not through a compound state. In such a case, the
feeding pattern is simple, making the direct application of
Eq. (4) to the experimental data relatively straightforward.

To conduct the RDDS analysis for each distance, two
particle-gated spectra were generated, one for each ring. Drifts
induced by radiation damage in the solar cells were compen-
sated by a shift-tracking procedure.

The particle-gated spectra of the backward ring for each
distance are displayed in Fig. 5. One can clearly see the evo-
lution of the shifted components for the states of interest. In
all the cases except the 4+

2 → 3−
1 transition, the shifted and the

unshifted peaks are well separated, and their areas were deter-
mined by integration. The advantage of integration is that, no
assumptions on the shape of the peaks are made and, hence,
possible systematic errors are reduced. The systematic error
that arises when choosing the fit region and the background
parametrization has been take into account when obtaining the
uncertainties of the Ri(t ) values. The 4+

2 → 3−
1 transition has

an energy of 242 keV and the shifted and unshifted compo-
nents are not well separated. To obtain the areas of the two

components, a fit to the spectra have performed a using two
Gaussians, keeping the peak positions and the widths of both
components fixed for all the distances.

The average speed of the ejected 98Zr nuclei was deter-
mined directly from the spectra, by measuring the energy
difference between the shifted and the unshifted peaks for the
strongest observed transitions, i.e., 2+

1 → 0+
1 and the 3−

1 →
2+

1 transitions, using both the forward and the backward an-
gles. All four results were consistent. The average velocity
was adopted as 1.89(6)% c. Using this velocity we have deter-
mined the average time of flight of the 98Zr nuclei between the
target and the stopper for each distance and have used these
values in the following analysis.

A. Bateman equations analysis

When performing the analysis using the Bateman equa-
tions [Eq. (4)] for a certain level, the level lifetime is used
as the only fit parameter. The γ -ray transition intensities used
in equations are the ones from Table I. A top-to-bottom ap-
proach was adopted where the lifetimes of the highest states
are determined first and are used as fixed parameters when
determining the lifetimes of the lower-lying states.

The 4+
2 state has no observed feeders, and one can simply

use Eq. (2) to determine the lifetime of the state. A simple
exponential decay fit yields a lifetime of τ4+

2
= 24(5) ps. The

fit and the data points are displayed in Fig. 6. Due to the
much larger background present in the forward detector ring,
especially at the low energies, an analysis for this ring was not
possible.

The lifetime τ4+
2

is then used as a fixed parameter when
determining the lifetime of the 2+

2 state. Here, also the long
feeding coming from the 0+

4 state is taken into account. Using
the lifetime τ2+

2
as the only fit parameter in Eq. (4) the data

points for the decay curve of the 2+
2 state were fitted, resulting

in a lifetime of τ2+
2

= 9(4) ps. The fit to the data points is
displayed in Fig. 7.

The lifetime of the 4+
1 , the 3−

1 , and the 2+
1 states were

obtained using the same procedure. The fits to the data and
the obtained lifetimes are shown in Fig. 8.

The experimental uncertainties of the measured lifetimes
were obtained by performing a Monte Carlo simulation, sim-
ilar to Ref. [31]. All the input parameters used in the fit are
independently varied within the corresponding experimental
uncertainties before performing the fit. Since the individual
fit values are distributed symmetrically around a mean value,
the error is defined simply as the standard deviation of these
values.

B. DDCM analysis

The data for the 2+
1 , 3−, and 4+

1 states were also analyzed
by the DDCM. This method was developed by Dewald et al.
in 1989 [30] and is derived from the Bateman equations. The
method is transparent and easier to apply when the feeding
pattern is complicated. One of the advantages of DDCM is
that it relies on the relative distances between the target and
the stopper, which are very precisely determined via the active
feedback system of the Plunger device [28]. In the framework
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FIG. 5. Particle-gated spectra of the backward detector ring for all distances (indicated in the top-right corner) of the 4+
2 → 3−

1 (left),
the 3− → 2+

1 , the 4+
1 → 2+

1 (middle), and the 2+
1 → 0+

1 (right) transitions used to obtain the shifted (dashed red) and the unshifted (blue)
intensities. The horizontal dashed lines represent the level of the background used for the determination of the peak areas were obtained.

of the DDCM the lifetime can be derived for each distance
from

τi(x) = Ri(x) − ∑
k[bkiIk (x)/Ii(x)]Rk (x)

v d
dx Si(x)

= Ui(x)

v d
dx Si(x)

, (6)

where Ii and Ik are the total intensities of the transitions de-
populating the states i and k and v is the speed of the ejected
nuclei. The sum is carried over all the feeders k of the state of
interest i. The numerator can be interpreted as a decay curve
which has been corrected for the stopped feeding. The term in
the denominator is the shifted component normalized to the

total intensity,

Si(x) = Is
i (x)

Is
i (x) + Iu

i (x)
. (7)

The data were analyzed using the computer code NAPATAU

which is described in Ref. [32]. The program performs a
piecewise polynomial fit to the shifted intensities Si(x) to
obtain the derivative d[Si(x)]/dx. The derivative is multi-
plied by a parameter τi(x) and the product τi(x)d[Si(x)]/dx
is fitted simultaneously to the feeder-corrected decay curve
values Ui(x). The fit, in this case, has been performed with
two second-order polynomials. The parameters τi(x) are the
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FIG. 6. Fitted decay curve together with the data points for the
4+

2 state using the 4+
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1 transition observed at backwards angle.
The obtained lifetime is given as well.

lifetime of the state i by definition. The final value of τi is
obtained as a weighted average of the individual results. Fits
to the data of the backward-detector ring used to extract the
lifetimes of the 4+

1 , the 3−, and the 2+
1 states are shown in

Fig. 9. The same procedure is performed for the forward-
detector ring as well. The results of the backward detector ring
are given in Table II.

C. Doppler-shift attenuation analysis of the 2+
3 state

When the lifetimes of the states are comparable to the aver-
age stopping time of the ejecting nuclei inside the stopper, the
RDDS technique cannot be applied directly. To obtain the cor-
rect lifetime, the decays that happen during the stopping needs
to be taken into account by employing the Doppler-shift atten-
uation (DSA) method. For a detailed review of the method, the
reader is referred to Refs. [33,34]. To determine the lifetime
of the 2+

3 state, a DSA analysis has been performed utilizing
the program APCAD [35]. In APCAD, the slowing down of
the 98Zr ions inside the target and the stopper and the drift
between them is modeled using a Monte Carlo simulation
in the framework of GEANT4 [36]. The electronic and the
nuclear stopping powers used in the simulation are taken from
SRIM2013 [37]. The doubly differential cross section of the
96Zr(18O, 16O) 98Zr reaction used in the simulation has been

0
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FIG. 7. Same as Fig. 6 but for the 2+
2 → 0+

1 transition.

calculated using the GRAZING code [38,39]. After the traces
of the individual ions are simulated, APCAD calculates the
Doppler shift observed in the individual detectors as a func-
tion of the time after the production of the 98Zr nuclei inside
the target. The calculations take into account the setup ge-
ometry, the kinematic restrictions imposed by the solar cells,
and the detector resolutions. Finally, the simulated Doppler-
broadened γ -ray line shapes are fitted to the experimental
spectra using the level lifetime as the only fit parameter. The
fit has been performed to the 2+

3 → 2+
1 transition peak. Only

the forward detector ring spectra were used since the shifted
component of the peak in the backward detector ring spectrum
lies in the tail of the 511-keV peak. The fit to the spectra for
the 22 and the 41-μm distances are shown in Fig. 10. The
errors indicated in the figure include the statistical error of
the fit and the systematic errors assuming 10% uncertainty
in the stopping powers and 5-μm uncertainty in the distance
between the target and the stopper. Additionally, up to 10%
long-lived feeding has been assumed as a possible source of
systematic error.

The results from the lifetime measurements are summa-
rized in Table II. Adopted values are given and are compared
to the recent results from Ref. [14]. Although the value for
the 4+

1 that we report here is consistent with the one from
Ref. [14], the lifetime of the 2+

1 we measure is considerably
longer. It should be noted that the lifetimes of Ref. [14] have
been determined also in a singles RDDS analysis, but the
nucleus was populated in a fission reaction, which makes
the feeding pattern severely complicated. Using the measured
lifetimes, and the information on the conversion coefficients,
the multipolarity mixing ratios and the branching ratios from
Ref. [11], the reduced transition probabilities are calculated,
and the results are presented in Table III. One can attempt
to use the branching of the 2+

2 → 0+
3 transition measured in

Ref. [40] and evaluated in Ref. [11] in order to estimate the
reduced transition probability. However, this leads to an un-
realistically large B(E2) value and, furthermore, the indicated
branching ratio was not confirmed by the more recent mea-
surement in Ref. [41]. Accordingly, lifetime of the 2+

2 and the
branching of the 2+

2 → 0+
3 needs to be further corroborated in

order to pin down an accurate B(E2) value.

IV. DISCUSSION

A. Comparison to MCSM calculations

First, we compare the new measured results with the recent
large-scale Monte Carlo shell-model calculation of Togashi
et al. [23]. The calculation reproduced both the drastic rise
in the B(E2) values and the drop in the energies of the first
excited state in the N = 50–70 zirconium isotopes. The results
for 98Zr are presented in Table III. We point out different
assignments to experimental states of the calculated levels in
98Zr. In the first comparison performed in Ref. [42] (MCSM-
1), the first excited 4+ and 6+ were assigned to the calculated
first excited 4+ at 1.59 MeV and 6+ at 1.64 MeV. However,
in the more recent work by Ref. [14], these assignments
were changed and instead the experimental 4+ and 6+ were
assigned to the calculated second excited 4+ at 2.197 MeV
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4+
1 3 1 2+

1
–

(d)

(e)

(f)

FIG. 8. Fitted decay curve together with the data points: (a) and (b) for the 4+
1 state, (c) and (d) for the 3−

1 , and (e) and (f) for 2+
1 . The upper

panel is for the backward detector ring, and the lower panel is for the forward detector ring.
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FIG. 9. DDCM analysis (see text) of the backward-detector ring for the 4+
1 state (a)–(c), for the 3−

1 state (d)–(f), and for the 2+
1 state

(g)–(i). The individual lifetimes obtained in the analysis are displayed in the upper panel. The middle panel shows the evolution of the shifted
component and the fit to it used to obtain the derivative d[Si(x)]/dx. The lower panel shows the evolution of the unshifted component and the
fit to it used to obtain the individual lifetimes.
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FIG. 10. DSA fits to the Doppler-broadened line shapes of the
2+

3 → 2+
1 transition for the (a) 22-μm and the (b) 41-μm distances

of the forward detector ring used to obtain the lifetime of the 2+
3

state.

and 6+ at 2.668 MeV (MCSM-2). This change improves the
agreement for the energies of the states, however, it yields
a very low B(E2; 4+

1 → 2+
1 ) value of 0.6 W.u. This change

does not have such a large effect for the B(E2; 6+
1 → 4+

1 )
transition strength as it changes the calculated value from 102

TABLE II. Lifetimes measured in the experiment using the BEs,
the DDCM, and the DSA method together with the adopted values
given in bold. The results from Ref. [14] are given for comparison.

Lifetime (ps)

Backward ring Forward ring

State BE DDCM BE DDCM Adopted Lit.a

2+
1 9.4(14) 10.2(10) 10.7(15) 10.4(10) 10(2) 3.8(8)

2+
2 9(4) – – – 9(4) –

3−
1 13.7(31) 13.2(16) 14.6(30) 13.2(16) 14(3) –

4+
1 13.5(49) 12.5(20) 12.3(47) 11.5(19) 13(5) 7.5(15)

4+
2 24(5) – – – 24(5) –

DSA

22 μm 41 μm

2+
3 6.1+1.7

−2.3 5.5+1.3
−1.5 6+2

−3 –

aFrom Ref. [14].

to 87 W.u., whereas the experimental value has been measured
as 103.0(35.7) W.u. in Ref. [14].

Taking into account the new experimental B(E2) values
of the first and second 4+ states, the situation is still unclear.
Although the B(E2; 4+

1 → 2+
1 ) value is best reproduced using

the old assignment, the B(E2; 4+
1 → 2+

2 ) value agrees better
with the new assignment. As mentioned in Ref. [14], the
reason might be related to an underestimation of the mixing
of the 2+ states indicating the need for further refinements of
the shell-model Hamiltonian. Note that both 2+ states have a
small ground-state decay rate in this theory and this experi-
ment.

B. Comparison to IBM-CM calculation

The framework of the interacting boson model with con-
figuration mixing (IBM-CM) [43,44] was recently employed
in a calculation [25–27] of several observables for the chain
of zirconium isotopes with neutron numbers 52–70. The cal-
culation considers a 90

40Zr50 core with valence neutrons in
the 50–82 major shell and two configurations. The normal
A-configuration ([Nb]-boson space) corresponds to no active
protons above the Z =40 subshell gap, and the intruder B con-
figuration ([Nb + 2]-boson space) corresponds to a two-proton
excitation from below to above this gap, creating 2p-2h states.
The resulting eigenstates |�; L〉 with angular momentum L are
linear combinations of the wave-functions �A and �B in the
two spaces [Nb] and [Nb + 2],

|�; L〉 = a |�A; [Nb], L〉 + b |�B; [Nb + 2], L〉 , (8)

with a2 + b2 = 1 and Nb = 4 is the appropriate boson number
for 98Zr.

In Fig. 11, we compare the IBM-CM calculation of
Refs. [25,26] (named IBM-CM-1) to the present new
experimental results for 98Zr. The spectrum is divided into
sectors of normal states (in blue) and intruder states (in
black). The 0+

1 and 2+
3 states are calculated in the IBM-CM-1

to be normal states, part of a senioritylike spectrum of neutron
single-particle excitations, which is mostly outside the IBM
model space. Therefore, the experimental 4+

2 level is not
considered in the calculation. The remaining states, shown
in Fig. 11, have an intruder character and are calculated
to be quasispherical or weakly deformed. Accordingly, the
experimental 0+

2 , 2+
1 , (0+

3 , 2+
2 , 4+

1 ), (0+
4 , 2+

4 , 3+
1 , 4+

3 , 6+
1 )

states correspond to calculated states dominated by U(5)
components with nd ≈ 0–3, respectively, within the intruder
part of the wave-function |�B; [Nb + 2], L〉. The resulting
mixing between the two configurations is weak, e.g.,
a2 =98.2% for the ground-state (0+

1 ) and b2 =98.2%
for the intruder-state (0+

2 ). These findings result in an
agreement with the new experimental results of the current
paper as seen in Table III and Fig. 11. The weak E2
rates B(E2; 2+

2 → 0+
2 ) = 1.8+1.4

−0.6 W.u. and strong E2 rates
B(E2; 2+

2 → 2+
1 ) = 46+35

−14 W.u. conform with the IBM-CM-1
interpretation of quasiphonon structure for the intruder
band. This interpretation agrees also with the previously
measured E2 rates for 0+

3 → 2+
1 , 0+

4 → 2+
2 , 0+

4 → 2+
1

[11], and 6+
1 → 4+

1 [14], listed in Table III. The measured
weak E2 rates B(E2; 2+

3 → 0+
1 ) = 0.14+0.12

−0.04, B(E2; 2+
3 →
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TABLE III. Experimentally deduced transition probabilities for 98Zr from the current experiment and from Refs. [11,14] in comparison
with theoretical calculations. The conversion coefficient, the multipolarity mixing ratios, and the branching ratios are taken from Ref. [11] if
not otherwise mentioned.

B(E2) (W.u.)

Transition This paper Singh et al.a MCSM-1b MCSM-2c IBM-CM-1d IBM-CM-2e

B(E2; 2+
1 → 0+

1 ) 1.1+0.3
−0.2 2.9(6) 0.0 0.0 1.35 9.6

B(E2; 2+
1 → 0+

2 ) 11+3
−2 28.3(6.0) 70 70 43.39 32

B(E2; 2+
2 → 0+

1 ) 0.26+0.20
−0.08 – 0.0 0.0 0.34 2.5

B(E2; 2+
2 → 0+

2 ) 1.8+1.4
−0.6 – 2.0 2.0 0.06 47

B(E2; 2+
2 → 0+

3 ) –f – 49 49 6.54 3.2

B(E2; 2+
2 → 2+

1 ) 46+35
−14

g – 8.7 8.7 47.22 0.55

B(E2; 2+
3 → 0+

1 ) 0.14+0.12
−0.04 – – – 2.33 0.01

B(E2; 2+
3 → 0+

2 ) 1.7+1.5
−0.5 – – – 2.28 0.56

B(E2; 2+
3 → 2+

1 ) 7.6+6.5
−2.3 – – – 1.81 46

B(E2; 4+
1 → 2+

1 ) 25+15
−7 43.3(8.7) 103 0.6 68.0 59

B(E2; 4+
1 → 2+

2 ) 38+26
−13 67.5(13.5) 0.7 76 1.68 67

B(E2; 4+
2 → 2+

1 ) 0.6+0.17
−0.12 – 0.6 103 –h 0.05

B(E2; 4+
2 → 2+

2 ) 4.6+1.7
−1.3 – 76 0.7 –h 0.11

B(E2; 6+
1 → 4+

1 ) – 103.0(35.7) 102 87 76.9 143

ENSDFi

B(E2; 0+
3 → 2+

1 ) 58(8) – – – 37 53

B(E2; 0+
4 → 2+

2 ) 42(3) – – – 46 42

B(E2; 0+
4 → 2+

1 ) 0.103(8) – – – 0.045 0.33

aFrom Ref. [14].
bCalculation from Ref. [23]. Level assignments as in Ref. [42].
cCalculation from Ref. [23]. Level assignments as in Ref. [14].
dCalculation from Refs. [25,26].
eCalculation from Ref. [27].
fSee the text.
gAssuming a pure E2 transition.
hOutside IBM-CM model space. See the text.
iFrom Ref. [11].

0+
2 ) = 1.7+1.5

−0.5, B(E2; 2+
1 → 0+

1 ) = 1.1+3
−2 and B(E2; 2+

2 →
0+

1 ) = 0.26+0.20
−0.08 W.u. conform with the IBM-CM-1

calculation [25,26] and the interpretation of the 0+
1 and

the 2+
3 as normal states with single-particle character

weakly mixed with the intruder states. The measured
E2 rates B(E2; 2+

3 → 2+
1 ) = 7.6+6.5

−2.3 W.u. deviates from

FIG. 11. (a) Experimental and (b) calculated [25,26] energy levels in MeV and E2 rates in W.u. for 98Zr. Levels marked in blue (black)
indicate states assigned to the A-normal (B-intruder) configuration. E2 transitions strengths marked in red are from the current paper.
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FIG. 12. E2 transition rates in W.u. for 2+ → 0+ transitions
within the intruder-B configuration for the Zr isotopes. The sym-
bols ( , �, �, and ) denote experimental rates. The dashed
line depicts the IBM-CM-1 calculation of Ref. [25]. The data
for 94Zr, 96Zr, 100Zr, 102Zr, and (104Zr, 106Zr) are taken from
Refs. [3,4,13,42,46], respectively. For 98Zr, the experimental values
are from the current paper ( ), from Ref. [14] (�), and the black
upper and lower limits are from Refs. [42,45]. Note that the explicit
experimental values in 98Zr deviate from one another as well as
from the calculated values of the IBM-CM-1 (43.39 W.u.) and of
the MCSM (70 W.u.).

the calculated value of 1.8 W.u., however, a merely 1%
decrease in the parameter ε

(A)
d in the Hamiltonian [25]

results in a calculated value of 6.1 W.u. for this transition
without affecting significantly the remaining transitions in
Table III. As mentioned above, the experimental 4+

2 state is
excluded from the IBM-CM-1 model space, however, the
transition rates involving it B(E2; 4+

2 → 2+
1 ) = 0.6+0.17

−0.12 and
B(E2; 4+

2 → 2+
2 ) = 4.6+1.7

−1.3 W.u. support the assignment of
the experimental 4+

2 as a normal single-particle state, weakly
mixed with the intruder band.

The IBM-CM-1 describes reasonably well most of the
transitions listed in Table III. However, some of the
newly measured transitions within the intruder band, re-
ported in the present paper, exhibit marked differences
from previous measurements and from both the IBM-CM-
1 and the MCSM calculations. Specifically, the value of
B(E2; 2+

1 → 0+
2 ) = 11+3

−2 W.u. is significantly lower than the
recently measured value of 28.3(60) W.u. in Ref. [14],
and conforms only with the lower (11.5 W.u.) and up-
per (71.3 W.u.) limits obtained in Refs. [42,45], respec-
tively. Furthermore, although both the calculated IBM-CM-1
(43.39 W.u.) and MCSM (70 W.u.) values are in-between the
experimental upper [45] and lower [42] limits, yet they deviate
considerably from the explicit values of Ref. [14] and of the
current paper. These deviations are somewhat surprising, in
view of the trend in the calculated E2 rates from the first 2+
state to the first 0+ state within the intruder B configuration as
portrayed by the dashed line in Fig. 12. Since deformation is
increased as neutrons are added [17], an increase in this B(E2)
value at neutron number 58 is expected [23,25,26] when going
from neutron number 56 to 60.

Additional discrepancies between calculated and measured
values occur for transitions involving the 4+

1 state. Specif-
ically, both measured transition rates B(E2; 4+

1 → 2+
1 ) =

25+15
−7 and B(E2; 4+

1 → 2+
2 ) = 38+26

−13 W.u. are strong, a situa-
tion that cannot be accommodated neither by the IBM-CM-1,
nor by the MCSM calculations. In the IBM-CM-1 calculation,
these values are 68 and 2 W.u., respectively, and reflect the fact
that both the 4+

1 and the 2+
2 are members of the nd ≈ 2 triplet

of configuration (B) and are weakly mixed with states in the
normal A configuration. In such circumstances, these states
cannot be connected by strong E2 transitions, which follow
the selection rules 
nd = ±1. As shown in Table III, both
versions of the MCSM calculations, MCSM-1 and MCSM-2,
encounter a similar problem and cannot accommodate simul-
taneously two strong transitions from the 4+

1 state.
Recently, another independent IBM-CM calculation

(named IBM-CM-2 in Table III) was carried out by García-
Ramos and Heyde [27]. In the IBM-CM-2 the structure of
4+

1 is similar to that of IBM-CM-1, however, the 2+
1 and

2+
2 states exhibit strong normal-intruder mixing with a2 =

55% and a2 =45%, respectively. Consequently, the IBM-
CM-2 can describe adequately the empirical B(E2; 4+

1 →
2+

1 ) and B(E2; 4+
1 → 2+

2 ) rates. However, this structure leads
to other noticeable discrepancies. In particular, the cal-
culated B(E2; 2+

2 → 0+
2 ) = 47, B(E2; 2+

3 → 2+
1 ) = 46, and

B(E2; 2+
2 → 2+

1 ) = 0.55 W.u. are at variance with the exper-
imental values of 1.8+1.4

−0.6, 7.6+6.5
−2.3, and 46+35

−14 W.u., respec-
tively.

V. CONCLUSIONS AND OUTLOOK

The lifetimes of the 2+
1 , 2+

2 , 2+
3 , 4+

1 , 4+
2 , and the 3−

1
states in 98Zr have been measured using the Doppler-based
techniques RDDS and DSA. The results have been com-
pared to the recently performed calculations in the framework
of the Monte Carlo shell model and the interacting boson
model with configuration mixing. Although both approaches
provide a good overall description of the structure of 98Zr,
there are some noticeable discrepancies. Some of the present
measured transitions within the intruder band exhibit marked
differences from the previous measurements in Ref. [14].
Most notably, the measured weak transition B(E2; 2+

1 →
0+

2 ) suggests the need to corroborate the lifetime of the 2+
1

state using other lifetime measurement methods and to ex-
plore further the structure of the 2+

1 and the 0+
2 states. This

suggests the need for further theoretical and experimental
investigations. It would also be interesting to corroborate
the 2+

2 → 0+
3 branching and the lifetime of the 2+

2 state to
obtain the B(E2; 2+

2 → 0+
3 ) value, which is calculated to be

weak (6.54 W.u.) in the IBM-CM-1 and strong (49 W.u.) in
the MCSM. This can provide clues towards understanding
whether the 0+

3 , 2+
2 , and 4+

1 states are part of a quasi-two-
phonon triplet as in the IBM-CM-1 calculation [25,26] or part
of a deformed configuration, possibly separated from the 0+

2
and the 2+

1 states as in the MCSM calculation [14,23].
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