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Rapid shape changes are observed for neutron-rich nuclei with A around 100. In particular, a sudden onset
of ground-state deformation is observed in the Zr and Sr isotopic chains at N=60: low-lying states in N≤58
nuclei are nearly spherical, while those with N≥60 have a rotational character. Nuclear lifetimes as short as
a few ps can be measured using fast-timing techniques with LaBr3(Ce)-scintillators, yielding a key ingredient
in the systematic study of the shape evolution in this region. We used neutron-induced fission of 241Pu and
235U to study lifetimes of excited states in fission fragments in the A∼100 region with the EXILL-FATIMA
array located at the PF1B cold neutron beam line at the Institut Laue-Langevin. In particular, we applied the
generalized centroid difference method to deduce lifetimes of low-lying states for the nuclei 98Zr (N=58), 100Zr
and 102Zr (N≥60). The results are discussed in the context of the presumed phase transition in the Zr chain by
comparing the experimental transition strengths with the theoretical calculations using the Interacting Boson
Model and the Monte Carlo Shell Model.

PACS numbers: 21.60.Fw, 21.10.Re, 21.60.Ev, 27.80+w

I. INTRODUCTION

The last few decades have seen a focus on the shape-phase
transition in nuclei around A=100. The appearance of strong
quadrupole deformation beyond N=60 in the A∼100 mass re-
gion was discovered in the 1960’s by S.A.E. Johansson [1]
in a study of γ rays emitted by fission fragments. Soon af-
ter, Cheifetz et al. [2] observed regular rotational bands in
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neutron-rich Zr, Mo, Ru and Pd isotopes populated in spon-
taneous fission of 252Cf. In particular, the lifetimes of the 2+

1
states in 100,102Zr obtained in that study [2] confirmed their
highly-deformed character. These experimental discoveries
triggered an important theoretical effort to explain the origin
of quadrupole deformation in A∼100 nuclei; early calcula-
tions are described for example in Refs. [3, 4].

The simplest estimate of nuclear deformation can be ob-
tained from the energy of the 2+

1 state in even-even nuclei. For
Sr (Z=38) and Zr (Z=40) isotopes it is observed to decrease
dramatically at N=60, while the evolution is much more grad-
ual in Mo nuclei (Z=42) (see Fig. 1). A gradual decrease of
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the 2+
1 energy is also observed for 92,94,96Kr nuclei (Z=36).

This is consistent with the results of mass measurements for
96,97Kr [5] that show a smooth evolution towards the dripline
in contrast to the sharp changes observed for heavier N=60
nuclei. However, a significant drop in energy was observed
for the 2+

1 state in 98Kr [6]. This energy further stabilized at
100Kr [6], which suggests that a shape transition may appear
in the Kr isotopic chain at N=62 instead of N=60. Judging
by level energies alone, the Z-boundaries of the region of the
shape transition at N=60 seem to be clearly defined.

N

Sr

Mo

Kr

Zr

50 52 54 56 58 60 62 66
0

200

400

600

800

1000

1200

1400

1600
1800

64

E
(2

 )
[k

eV
]

+ 1

FIG. 1. Evolution of the 2+
1 excitation energy as a function of neutron

number in the A ∼ 100 region. The transition energies are taken from
National Nuclear Data Center [7] and the recent results for 98,100Kr
are adopted from Ref. [6]

The R4/2 = E(4+
1 )/E(2+

1 ) ratios for N≥60 Sr, Zr, Mo and Ru
nuclei have a value around 3 [2], which is expected for a rigid
rotor and is consistent with a static character of the deforma-
tion in this mass region. Again, a very different behavior has
recently been observed in 96Kr, with the R4/2 value dropping
abruptly to 2.1, suggesting a dynamical character of the defor-
mation [8].

A similar picture is emerging from measurements of tran-
sition probabilities. A Coulomb excitation study of 96Kr [9]
yielded a B(E2; 2+

1 −→0+
1 ) value much lower than those for

98Sr and 100Zr, and only slightly higher than that for 94Kr
[9]. In contrast, regular rotational ground-state bands were
observed in 97,99Rb [10], and the obtained transition probabili-
ties show that the deformation of these nuclei is essentially the
same as that observed inside the well-deformed region, thus
establishing 97Rb as its cornerstone. Recent lifetime measure-
ments for 99,101Y and 101,103,105Nb [11] confirmed that these
nuclei are as deformed as the neighboring even-even isotopes
with N≥60.

Sudden shape changes may be interpreted as a result of an
inversion of two distinct configurations associated with differ-
ent nuclear shapes. Indeed, the shape transition at N=60 is ac-
companied by the appearance of low-lying 0+

2 states indicating
possible shape coexistence [12] and, similar to the 2+

1 state, an
abrupt drop of the 0+

2 energy is observed at N=60. The recent
Coulomb excitation study of 96,98Sr [13, 14] provided firm evi-
dence for configuration inversion in these nuclei, demonstrat-
ing important similarities in terms of transition probabilities

and spectroscopic quadrupole moments between the ground-
state band in 96Sr and the structure built on the 0+

2 state in 98Sr.
These conclusions are consistent with the results of a new life-
time measurement in the Sr isotopic chain [15]. The interpre-
tation of E2 matrix elements obtained in the Coulomb excita-
tion measurement [13, 14] using the two-state mixing model
points to very low mixing between prolate and spherical con-
figurations in the wave functions of the 0+

1 states in 98Sr, in
spite of their proximity in energy. The same conclusion can
be drawn from the measured E0 transition strength between
the 0+

2 and the 0+
1 states in 98Sr [16, 17] and also from E0 and

E2 transition strengths in 100Zr [18–20]. The weak mixing
of the coexisting structures in 98Sr and 100Zr is very differ-
ent from that observed for other regions of shape coexistence,
for example in 74,76Kr [21] and 182−188Hg [22] isotopes, where
strong mixing makes the change of the ground state properties
more gradual.

The local character of the shape change suggests that spe-
cific proton and neutron orbitals are responsible for this effect.
Unfortunately, the valence space required to describe A∼100
nuclei is currently too large for conventional shell model cal-
culations, although they could correctly describe the proper-
ties of the light (N<60) Zr isotopes [23]. However, recent
advances with the Monte Carlo Shell Model have made it
possible to investigate the origin of the shape transition at
N=60 [24] and relate it to the strong proton-neutron interac-
tion between proton π1g9/2 and neutron ν1g7/2 subshells. Pro-
motion of protons from the π2p1/2 to the π1g9/2 orbital causes
the reduction in the spin-orbit coupling for neutron orbitals,
reducing the ν2d5/2 - ν1g7/2 gap. Increased occupation of the
ν1g7/2 orbital leads in turn to an increase in spin-orbit split-
ting in the proton sector and reduction of the π2p1/2 - π1g9/2
gap. This self-reinforcing effect, known as type-II shell evolu-
tion [25], is suggested to be responsible for the appearance of
deformed states in Zr isotopes. Since these specific particle-
hole excitations lead to a significant reorganization of the ef-
fective single-particle energies, the mixing of normal states
and those with deformation-optimized shell structure is sup-
pressed, consistent with experimental results. The calcula-
tions of Togashi et al. [24] predict a dramatic shape change
between the ground states of 98Zr and 100Zr, with the 0+

2 in
98Zr becoming the 0+

1 state of 100Zr and the ground state of
98Zr becoming the non-yrast 0+

2 state in 100Zr and beyond.
The current paper presents new experimental results on life-

times in neutron-rich Zr isotopes, which bring systematic in-
formation on evolution of nuclear deformation and collectiv-
ity in the vicinity of the N=60 shape transition. The measured
transition strengths are compared to the results of Monte Carlo
Shell Model and IBM-1 calculations in order to get a better
understanding of the shape transition and configuration inver-
sion in the Zr isotopic chain.

II. EXPERIMENT

Lifetimes of low-lying excited states of 98,100,102Zr have
been measured through a prompt-fission spectroscopy experi-
ment performed at the Institut Laue-Langevin (ILL) Grenoble,
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France. In this experiment, the high-flux cold neutron beam
at PF1B [26] was inducing the fission reactions on targets of
235U and 241Pu. The EXILL-FATIMA setup consisted of 8
EXOGAM clovers and 16 LaBr3(Ce) detectors, which were
placed at a distance of 14.5 cm and 8.5 cm, respectively, from
the target [27]. Each target was sandwiched between Be layers
to stop the fission fragments. The LaBr3(Ce) detectors were
arranged in a compact configuration to maximize the number
of γ−γ coincidences. A detailed description of the collimation
of the neutron beam can be found in Ref. [28], the detector ar-
rangement and analogue fast-timing electronics in Ref. [27]
and the trigger-less data acquisition system in Ref. [29].

A. Data analysis

The data were sorted using a C++ based software, SO-
COv2 [30], developed in the Institute of Nuclear Physics,
Cologne. For the present application, coincidences between
exactly one clover (after add-back) and two LaBr3(Ce) detec-
tors were required within the 120 ns time window, meaning
the γ-ray multiplicity was equal to three.

The modern fast-timing method of Mirror Symmetric Cen-
troid Difference (MSCD) [31] was used in the present work
for lifetime determination. By using the feeding (decay) tran-
sition of a sequential γ − γ cascade as the start signal of a
Time-to-Amplitude converter (TAC) module and the decay
(feeder) transition as the stop, we observed a signal delayed
(anti-delayed) by the lifetime τ of the decaying state. The
centroid of the resulting TAC spectrum is thus shifted by τ (re-
spectively -τ) from its prompt position. The MSCD method
is based on the difference between the centroids of these two
independent time distributions of a sequential γ − γ cascade.
This method considers the centroid difference as a physical
observable and as the name suggests, interprets the centroid
difference of the γ − γ cascade as mirror symmetric with re-
spect to a start-stop inversion, or equivalently, to a hypothet-
ical inversion of the transitions in the cascade. The MSCD
method in the case of no background is described by the fol-
lowing equation:

4C(Efeeder, Edecay) = Cdelayed −Canti-delayed

= CD(Efeeder, Edecay) −CAD(Edecay, Efeeder)
= PRD(Efeeder, Edecay) + 2τ, (1)

where CD describes the centroid of the delayed time distribu-
tion and CAD is the centroid of the anti-delayed one. The PRD
is the Prompt Response Difference which describes the com-
bined γ − γ time-walk of the setup. The PRD for two γ-ray
energies in a γ − γ cascade is given as:

PRD(Efeeder, Edecay) = PRD(Efeeder) − PRD(Edecay) (2)

and

PRD(Efeeder, Edecay) = PRDEdecay (Efeeder)
= − PRDEfeeder (Edecay), (3)

where PRDEdecay (Efeeder) (respectively PRDEfeeder (Edecay)) is the
Prompt Response Difference at the energy of the feeding

(resp. decay) transition when the reference energy is at the
decay (resp. feeding) transition. This shows the mirror sym-
metry of the method in which both PRD and centroid differ-
ence are mirror symmetric.

The PRD calibration is performed using a standard 152Eu
source. The calculated PRD has been fitted by using the fol-
lowing calibration equation:

PRD(Eγ) =
a√

b + Eγ

+ c.Eγ + d.E2
γ + e, (4)

where a, b, c, d and e are the fit parameters. In the present
case the PRD curve is adjusted for Ere f = 344 keV (i.e., the
value of the PRD at 344 keV is 0 ps). The uncertainty on
the PRD, δ(PRD), was obtained from the fit residual (mean
root squared derivation) and is equal to 10 ps within the 3σ
limit. The PRD curve (shown in Fig. 2) can be used to read
the PRD value for any sequential γ − γ cascade within the
energy range of 0 – 1400 keV. The anode pulse was used
for timing since it provides a stable, count-rate independent
signal which results in a constant time-walk characteristics,
i.e., the shape of the PRD curve does not change. This has
been explored and verified from data collected over 5 weeks
using different γ-ray sources and (n,γ) reactions with detector
count rates ranging from 3 to 25 kHz [27]. The determination
of the timing uncertainties and the PRD calibration procedure
of the EXILL-FATIMA setup are described in detail in [27].
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FIG. 2. PRD curve obtained using a 152Eu source.

The MSCD method has been extended to the Generalized
Centroid Difference Method (GCDM) for the system of N
nearly identical fast-timing detectors, as in the case of the
EXILL-FATIMA campaign. In this method, instead of eval-
uating individual centroid differences for ’Cstart,stop’ between
two independent timing distributions, the superimposed TAC
spectrum of all the combinations of ’start, stop’ belonging to
the N-detector system is evaluated [32]. Similar to equation 1,
the relation between the mean centroid difference (4C(Eγ))
and the mean Prompt Response Difference (PRD) is given by:

4CFEP = PRD + 2τ, (5)
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where FEP stands for full-energy peak. Equation 5 is valid if
the time differences between the start and the stop events are
statistically distributed around the mean 4CFEP or PRD, and
are independent of the detector-detector combination.

B. Lifetime determination

We have measured the lifetimes of the 2+
1 and 4+

1 states of
98Zr and 2+

1 , 4+
1 and 6+

1 states of 100,102Zr, analyzing the data
collected with each of the targets (235U and 241Pu) separately.
We present the details of the analysis procedure using the ex-
amples of the 2+

1 and 4+
1 states of 100,102Zr.

The most prominent source of background in the low-
energy range (≤ 300 keV) for the EXILL-FATIMA setup was
the Compton scattering. It arises from the superposition of
Compton continua of multiple γ rays produced in the fission
process. In an ideal setup, Eq. 5 can be used for lifetime deter-
mination, however, in a real setup the experimental centroid
difference (4Cexp) must be corrected in order to account for
the Compton background (4CBG), following:

4CFEP = 4Cexp +
4Cexp − 4CBG

p/b
, (6)

where p/b is the peak to background ratio. Equation 6 can be
used for the Compton background correction when only one
background component is present [27, 31]. However, since
two FEP’s (feeder and decay) are used in the lifetime analysis,
the Compton background underneath each of the FEP’s in the
γ-γ cascade must be considered separately [15]:

4CFEP = 4Cexp +
1
2

[
tcorr(feeder) + tcorr(decay)

]
, (7)

where,

tcorr(feeder) =
[ (4Cexp−4CBG)

p/b

]
feeder

,

tcorr(decay) =
[ (4Cexp−4CBG)

p/b

]
decay

, (8)

and

τ =
1
2

(4CFEP − PRD) (9)

In Eqs. 7 and 9, 4Cexp is the experimental value, 4CFEP is the
one related to FEP events only, corrected for the contribution
of the Compton background (4CBG). The term tcorr(feeder)(
resp. tcorr(decay)

)
in Eq. 8 is the background correction re-

sulting from the feeding (decay) transition in a spectrum gated
on the decay (feeding) transition, and hence at the reference
energy (Ere f ). When estimating the uncertainty on the life-
time, the individual contributions are taken into account as
follows:

δτ =
1
2

√
δ 4Cexp

2 + δtcorr
2 + δPRD2, (10)

where δtcorr corresponds to the mean uncertainty of the two
Compton background correction terms.

The high multiplicity of γ rays produced in the fission pro-
cess can sometimes lead to erroneous results. For example,
the transitions of interest (feeder and decay) for the lifetime
measurements of 4+

1 and 6+
1 states of 100,102Zr lie in the same

energy range (480-500 keV) as the low-lying γ-ray transitions
in 138Xe. 138Xe is one of the possible complementary partners
of both 100Zr and 102Zr in the 241Pu fission, through:

241
94 Pu + nth −→

102
40 Zr62 +138

54 Xe, 2n emission
100
40 Zr62 +138

54 Xe, 4n emission.
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FIG. 3. The double-gated spectrum of 138Xe which is a complemen-
tary partner of 100Zr and 102Zr. Prominent peaks in the spectrum
(shown in different colors) correspond to transitions in 100Zr, 102Zr
and 138Xe.

This is illustrated by Fig. 3 showing a double-gated (Ge +

LaBr3) spectrum of 241Pu fission products, gated on two tran-
sitions in 138Xe: 2+

1 −→ 0+
1 (589 keV) observed with the Ge

detectors and 4+
1 −→ 2+

1 (484 keV) with LaBr3(Ce) detectors.
In addition to prominent γ rays in 138Xe, one can also see γ
rays (highlighted in Fig. 3) originating from 100,102Zr, prov-
ing that 138Xe and 100,102Zr are complementary partners. As
these nuclei happen to have transitions with almost identical
energies, the time spectra gated on the 486 keV from 102Zr
and 497 keV from 100Zr will be contaminated by the 482 keV
and 484 keV from 138Xe, resulting in biased lifetimes. This is,
however, not the case for the fission of 235U, where Te nuclei
are fission partners of 100,102Zr, and thus the lifetimes of 4+

1
and 6+

1 state of 100,102Zr can be correctly determined from the
latter data set.

1. 98Zr

Level lifetimes in 98Zr were investigated for the 2+
1 and 4+

1
states. The lifetime analysis for the 2+

1 state is done by us-
ing the 1223 keV 2+

1 −→ 0+
1 transition depopulating this state
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as a stop and that feeding it (621 keV, 4+
1 −→ 2+

1 ) as a start.
The latter is used as the reference for the PRD. In addition,
a gate on Ge singles is applied on the 6+

1 −→ 4+
1 transition at

647 keV to select the cascade of interest and to improve the
peak-to-background ratio. The correction for Compton back-
ground that lies underneath the peak of interest is applied us-
ing Eq. 7. Due to the uncertainties in PRD and Compton back-
ground correction for both fission targets, the lifetime of the
short-lived 2+

1 level of 98Zr could not be determined precisely
and only an upper limit is obtained. The feeding (647 keV)
and the decay (621 keV) transition of the 4+

1 level of 98Zr are
very close in energy and the energy resolution of the LaBr3
detectors for EXILL-FATIMA array is not sufficient to distin-
guish unambiguously between these energies. Therefore, the
summed lifetime of the 2+

1 and 4+
1 state of 98Zr is measured

and without a precise lifetime on the 2+
1 state only an upper

limit is obtained on the lifetime of the 4+
1 state.

2. 100Zr

The lifetimes of the 2+
1 and 4+

1 states of 100Zr were deter-
mined using GCDM as explained in Sec. II A. In addition,
the slope method was also used to extract the 2+

1 lifetime, as
shown in Fig. 4. The spectra in Fig. 4(b), in contrast to those
in Fig. 4(a), display two slope components, a fast (small bump
at the beginning) and a slow one. Especially for lifetimes be-
low 1 ns, it is difficult to distinguish between the two slope
components and select the time range in which only the slow
slope component will be fitted. The different precision on the
lifetime obtained using data from each of the fission targets
is due to a better peak-to-background ratio in the 235U data.
For comparison, if we try to apply Eq. 9 to 4Cexp values from
Fig. 4 in order to extract the lifetime assuming no background,
we obtain significantly different values

(
603(11) ps for 235U

target and 509(9) ps for 241Pu
)

from those extracted using the
slope method. This demonstrates that for lifetimes below 1 ns
the correction for Compton background should be performed,
and consequently we further apply the GCDM with its reliable
background correction procedure to the 2+

1 state of 100Zr.
Fig. 5 illustrates the complete GCDM procedure for the

lifetime evaluation of the 2+
1 state of 100Zr with 241Pu as a fis-

sion target. Fig. 5(a) presents the double-gated (Ge + LaBr3)
spectrum with Ere f of 352 keV (transition feeding the 2+

1 state)
and FEP is the decay of the 2+

1 state at E=212 keV. A narrow
energy gate of 6 keV is applied on the FEP and the two cen-
troids of independent delayed and anti-delayed time distribu-
tions are calculated. The difference between these two time
distribution centroids yields the 4Cexp value. The Compton
background correction is performed by: 1) finding the time
distribution of the background through gating on a few back-
ground points in the vicinity of the FEP using the same chan-
nel width (6 channels), 2) plotting the centroid difference of
these background points against their respective energy, 3) fit-
ting this dependence using a polynomial function, and 4) read-
ing the 4CBG at the position of the FEP from the thus obtained
background curve (as shown in Fig. 5(c)). The PRD correc-
tion is directly read from the PRD curve in Fig. 5(c). This
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FIG. 4. Lifetime determination using the slope method for the 2+
1

state of 100Zr. (a) displays the delayed (red) and the anti-delayed
(green/light gray) time distributions of the state of interest from 235U
fission, and (b) from 241Pu fission.

curve is shifted with respect to the original plot (Fig. 2, de-
tails in Ref. [27]) in order to yield PRD equal to 0 at Ere f of
212 keV.

The same procedure is repeated with the feeding and de-
populating transitions interchanged (Ere f at 352 keV and FEP
at 212 keV). In this case, the background region is different
and consequently different background gates are applied. It
should be noted that the PRD curve as well as the Compton
background correction curve in Fig. 5(d) are inverted with re-
spect to those in Fig. 5(c) since the Ere f is flipped from the
transition feeding the state of interest to that depopulating
it. Equations 7 and 9 are then applied to the values listed in
Figs. 5(c) and 5(d) yielding the lifetime of the 2+

1 level equal
to 830(30) ps.

3. 102Zr

The lifetime of the 2+
1 state of 102Zr was determined using

the slope method on data obtained from both targets. Fig. 6
shows the time distribution observed with the 241Pu target.
The slow component of the slope is more prominent compared
to that observed for 100Zr (Fig. 4) because of the longer life-
time of the 2+

1 level of 102Zr and a relatively low background
contribution to the peak. Consistent values were obtained for
both targets: 2.91(15) ns for 241Pu and 2.9(2) ns for 235U.

To determine the previously unknown lifetimes of the 4+
1
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FIG. 5. Lifetime analysis for the 2+
1 state in 100Zr. Panels a) and b) show the double-gated Ge (shown in black) and LaBr3 (green/gray) spectra.

Panels c) and d) display the Compton background correction procedure (see text for details).

and 6+
1 states, the GDCM was applied to the data collected

using both 235U and 241Pu targets. The lifetime analysis for
the 4+

1 state of 102Zr using the 235U target data is presented
in Figs. 7 and 8. It follows the same procedure as for 100Zr
except that in this case the centroid difference related to the
Compton background (4CBG) is fitted using a quadratic func-
tion. It is worth mentioning that for this level the background
contribution was larger with respect to the FEP as was the
4CBG correction. The parallel adjustment of the PRD curve
is made as per Eq. 2 in order to cross the energy axis at the
reference energy. It should be noted that the PRD curve in
Figs. 7(c) and 5(c) does not change its shape for different ref-
erence energies and only a parallel shift is observed, which is
related to the γ − γ time walk of the corresponding energies.
The lifetimes obtained for the 4+

1 and 6+
1 states with the 241Pu

target are influenced by the presence in the γ-ray spectra of
the transitions in the complementary fission partner 138Xe, as
explained in Sec. II B. This is, however, not the case for data
collected with the 235U fission target. A value of 46(7) ps was
determined for the lifetime of the 4+

1 state, using tcorr(feeder)
= 16(5) ps and tcorr(decay) = −9(10) ps. For the 6+

1 state, an
upper limit of 12 ps was obtained.
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FIG. 6. Lifetime determination for the 2+
1 state of 102Zr using the

241Pu target data. The independent anti-delayed time spectrum result-
ing from the FEP events is inverted and aligned before being summed
to the delayed time distribution. The slope has been determined by
fitting the data in the range from 25.5 ns to 35 ns.



7

Energy[keV]

background gates

Double gated Ge and LaBr spectra3

Ge gate = 152 keV
LaBr gate = 326 keV3

FEP (486 keV)

102Zr

152 keV

6+
1

326 keV

486 keV

4+
1

2+
1

0+
1

(a)

Energy[keV]

Double gated Ge and LaBr spectra3
Ge gate = 152 keV
LaBr gate = 486 keV3

LaBr gate for fast-timing 
with P/B = 0.68(2)

3

background gates
FEP (326 keV)

200 300 400 500 600 700
0

200

400

600

800

1000

1200

1400(b)

C
ou

nt
s

ΔC
[p

s]

Eγ[keV]

t (feeder) = -9(10) pscorr.

ΔC = 51(3) psBG

ΔC = 47(5) psexp

E = 486 keVref

p/b = 0.68(2) 

PRD = -42(10) ps

(d)

200 300 400 500 600 700
-100

-50

0

50

100

ΔC
[p

s]

Eγ[keV]

ΔC = 32(3) psBG

E = 326 keVref

ΔC = 47(5) psexp

PRD = -42(10) ps
p/b = 0.95(2) 

t (decay) = 16(5) pscorr.

300 400 500 600 700 800 900 1000 1100
-80

-60

-40

40

60

80

100

20

0

-20

(c)

300 400 500 600 700 800 900 1000 1100
0

500

1000

1500

2000

2500

C
ou

nt
s

PRD
 ΔCBG
BG fit

FEP

PRD
 ΔCBG
BG fit

FEP

LaBr  gate for fast-timing
with p/b = 0.95(2)

3

FIG. 7. Lifetime analysis for the 4+
1 state in 102Zr. Panels a) and b) display double-gated Ge (shown in black) and LaBr3 (green/light gray)

spectra. Panels c) and d) show the Compton background correction procedure (see text for details).

III. RESULTS AND DISCUSSION

The obtained lifetimes are presented in Tab. I. Only upper
limits could be determined for the 2+

1 and 4+
1 states of 98Zr,

and the 6+
1 state of 102Zr, due to the low peak-to-background

ratios and short lifetimes. We concluded from the analysis
performed for the 2+

1 state of 100Zr that the slope method is
sensitive to background for lifetimes below 1 ns whereas the
GCDM gives consistent results for both targets even though
the peak-to-background ratio was dramatically different. The
lifetimes of the 4+

1 and 6+
1 states of 100,102Zr measured using

the 241Pu fission target are significantly different from those
obtained with 235U. This is related to the contamination of
relevant γ-ray spectra by transitions in the complementary fis-
sion partner, as explained in Sec. II B.

Lifetimes in 98Zr were previously measured in a β − γ −
γ experiment using the centroid shift method [33]. In 100Zr,
lifetimes of the short-lived 4+

1 and 6+
1 states were measured

using Doppler profile method [34, 35] and the long-lived 2+
1

using different techniques illustrated in [2, 35–40]. Most of
these values are in good agreement with the present results as
shown in Tab. I.

The present experimental lifetime results are used to calcu-
late the B(E2)↓ transition strengths that are compared with
theoretical calculations using the Interacting Boson Model

(IBM-1) [42] and the Monte Carlo Shell Model (MCSM) [24],
as shown in Fig. 9.

The IBM-1 calculations, described in detail in Ref. [42],
used 90Zr as the core. Good agreement with the present ex-
perimental results is found for 100,102Zr. Since only upper lim-
its are currently known for the lifetimes in 98Zr, it is difficult
to make firm conclusions on the evolution of transition prob-
abilities from 98Zr to 100Zr, which is predicted by the IBM-1
to be gradual. It should be noted that these calculations also
predict a smooth change in the energy of the 2+

1 state with in-
creasing neutron number, contrary to the experimental obser-
vations (see Fig. 1). In contrast, the dramatic decrease of the
2+

1 level energy when going from 98Zr to 100Zr has been well
reproduced by recent state-of-the-art MCSM calculation [24].
Unlike the conventional shell model calculations that are con-
strained by the size of the configuration space, the MCSM
allows the calculation in large configuration spaces up to 3.7
× 1023 two-body matrix elements. Our data on 100,102Zr agree
very well with the MCSM predictions, while the obtained up-
per limit on the 2+

1 lifetime in 98Zr does not permit the discrim-
ination between the drastic phase transition at N=60 predicted
by MCSM and a smooth onset of collectivity as per the IBM-
1. Our lower limit on the B(E2 ↓; 4+

1 → 2+
1 ) value in 98Zr

is not in agreement with the literature value, but is consis-
tent with both the MCSM and IBM-1 calculations. The upper
limit on the lifetime of the 6+

1 state in 102Zr does not allow for
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TABLE I. Lifetimes of yrast states in 98,100,102Zr extracted using fast-timing methods from the 241Pu and 235U data from the EXILL-FATIMA
campaign. All values are given in ps unless mentioned otherwise. The literature values are the most recent values from Evaluated and
Unevaluated National Nuclear Data Center [7] with the original reference provided. All the lifetime results are quoted with 1σ confidence
limit.

Lifetime (τ)
Nucleus Jπ 241Pu 235U Adopted Literature B(E2 ↓; J1 →J-21)[W.u.] (adopted)a

98Zr 2+
1 ≤ 10 ≤ 6 ≤6 ≤ 15 [33] ≥1.83

4+
1 ≤ 20 ≤ 15 ≤15 29(8) [33] ≥20.75

100Zr 2+
1 830(30) 850(20) 840(18) 851(43) [2, 35–40] 76.11+1.75

−1.67

4+
1 25(10)b 37(4) 37(4) 53.4(5) [35] 147.02+17.85

−14.36

6+
1 12(5) 12(5) 7.0(16) [35] 81.34+58.11

−23.92

102Zr 2+
1 2.91(15) ns 2.91(7) ns 2.91(8) ns 2.6(5) ns [41] 99.46+3.41

−3.22

4+
1 21(15) b 46(7) 46(7) - 166.95+30.01

−22.08

6+
1 13(11) b ≤ 12 ≤ 12 - ≥88

a 1 W.u equals to 26.84, 27.57, 28.31 e2fm4 in 98,100,102Zr respectively.
b The lifetimes determined from the 241Pu data are affected by the contamination from γ-ray transitions in the complementary fission partner as explained in

Sec. II B .

ΔC = 46(6) psexp
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anti-delayed delayed
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C
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FIG. 8. Two independent time distributions (delayed and anti-
delayed) for the 4+

1 state of 102Zr.

a meaningful comparison with either model predictions. Def-
inite lifetimes in 98Zr are required that will provide the final
verdict on the phase transition in this region and also allow us
to further investigate the phenomenon of shape coexistence.

IV. SUMMARY

We studied lifetimes of yrast states in 98,100,102Zr populated
in neutron-induced fission of 241Pu and 235U using a combi-
nation of fast-timing LaBr3(Ce) and EXOGAM clover detec-
tors. The lifetimes were determined using the slope method,
applicable for the lifetimes above approximately 1 ns, and the
Generalized Centroid Difference Method for shorter lifetimes.

The lifetime of the 4+
1 state and an upper limit on the life-

time of the 6+
1 state in 102Zr were obtained for the first time.

For other lifetimes determined in this study, good agreement
was found with the literature values except for the limit on
the 4+

1 level of 98Zr and the lifetime of the 4+
1 level of 100Zr.

The presently determined upper limits on the lifetimes in the
ground-state band of 98Zr do not permit conclusions on the
possible shape phase transition in the Zr isotopic chain at
N=60.
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B(E2)↓ values obtained in the present study (see Table I) are plotted
in red and and the literature values [2, 33–41, 43, 44] in green/light
gray. All values are expressed in e2b2.
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