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Lifetimes of excited states in the very exotic nuclides 108Zr68 and 110Zr70 were measured for the first time 
applying high-resolution in-beam �-ray spectroscopy at relativistic energies. The experiment was carried out 
at the Radioactive Isotope Beam Factory in RIKEN, using nucleon removal reactions of radioactive Nb ions to 
produce 108Zr and 110Zr. Emitted � rays from the excited states were measured by the High-resolution Cluster 
Array at RIBF (HiCARI) and lifetimes were extracted from the observed line shapes caused by relativistic Doppler-
shift effects. In addition to the new lifetime information, the precision of the �(2+

1
) and �4∕2 = �(4+

1
)∕�(2+

1
)

values of 110Zr could be significantly improved. The low-lying 2+
2
states in both nuclei are also newly observed, 

which are indicative of the triaxiality. The various physical quantities were compared with theoretical models 
to investigate the collectivity in Zr isotopes towards � = 70. Together the experimental and theoretical results 
point at a reduction of the axial deformation while triaxial collectivity increases.

The nuclear shell structure is one of the cornerstones for a com-
prehensive understanding of the atomic nucleus, since the first cor-
rect description of closed shells at the so-called magic numbers was 
achieved by including a strong spin-orbit term by M. Goeppert-Mayer 
and O. Haxel [1–3]. However, strong evidence has been collected over 
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the last decades, that these magic numbers are not universal, but sub-
ject to changes when going away from the valley of stability. In the 
absence of a large energy gap at the shell closures, the maximum bind-
ing energy of the nucleus departs from spherical symmetry and nuclei 
is deformed in their ground states. Shell evolution has been subject of 
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intense experimental investigations and is now firmly established for 
light and medium heavy nuclei, e.g., at neutron numbers � = 8, 20, and 
28. In all cases, the onset of deformation is observed when removing 
protons from the doubly closed-shell nuclei, 16O, 40Ca and 48Ca, respec-
tively [4]. Evidence for the erosion of the shell closure in heavier nuclei 
at � = 50, 82, and 126 which are induced by the strong spin-orbit inter-
action, is still rather scarce since the isotopes of interest below and/or 
beyond the doubly-magic core are experimentally extremely difficult to 
reach.

The zirconium (Zr) isotopes with the harmonic-oscillator proton shell 
closure (� = 40) represent one of the key cases for the understanding of 
this shell evolution and the onset of deformation in atomic nuclei. The 
isotopes 90Zr and 96Zr, at neutron numbers � = 50 and 56, respectively, 
exhibit properties of doubly-magic nuclei with high-lying first excited 
2+ states and low �(�2) transition rates [5]. However, a sudden on-
set of deformation appears at � = 60 in 100Zr, which has a low-lying 
2+
1
state and a very large �(�2) value [5]. This abrupt shape transition 

is due to the strong proton-neutron (�-	) interaction between the over-
lapping �
9∕2-	
7∕2 spin-orbit partner orbitals [6]. For isotopes up to 
� = 58 (98Zr), the spherical configuration is dominant in the ground 
state, while the deformed configuration lies at higher excitation energy, 
but becomes the ground state in 100Zr. This crossing of two configura-
tions with different deformation (here spherical and strongly deformed) 
is evidence of the type II shell evolution [7–9]. The heavier Zr isotopes 
beyond � = 60 are all strongly deformed in their ground states, but 
an onset of triaxial deformation is expected by several theoretical mod-
els [10,11]. Evidence for triaxiality has been found experimentally in 
the Mo isotopes [12], but for the Zr isotopes further information on the 
excitation energies of ground-band and higher-lying states, and the tran-
sition strengths between these states is needed.

The heaviest Zr isotopes for which spectroscopic information is avail-
able are 108Zr [13] and 110Zr [11]. Contrary to the expectation that 
the combination of harmonic-oscillator quantum numbers � = 40 and 
� = 70 might favor a spherical shape [14,15], their low-lying 2+

1
states 

indicated substantial deformation also for these isotopes. Nevertheless, 
important questions about their structure remain open, such as the pos-
sibility of shape coexistence or triaxial deformation when approaching 
� = 70 as predicted by different theoretical models: Monte-Carlo shell-
model calculations predict a prolate ground state and a triaxial shape 
for the excited-state band structure [16], while different beyond-mean 
field models using the Gogny interaction predict a triaxial ground state 
and a prolate excited 0+

2
state [11]. Consequently, more spectroscopic 

information on the Zr isotopes toward � = 70 is essential to understand 
the structure of these exotic isotopes.

In this letter, the first lifetime measurement of excited states in 108Zr 
and 110Zr through the line-shape method [17] is reported to address 
these questions. Moreover, the spectroscopic information on 110Zr could 
be significantly improved. Finally, the experimental results are com-
pared to different state-of-the-art nuclear model calculations.

The experiment was carried out at the Radioactive Isotope Beam 
Factory (RIBF). A cocktail beam was produced by in-flight fission of a 
238U primary beam bombarding a 4-mm thick 9Be target at an energy of 
345 �MeV. The fission fragments were selected and identified in the Bi-
gRIPS spectrometer through the ��-Δ�-Time-of-Flight method [18,19]. 
In a secondary reaction, 108Zr was produced on a 6-mm thick 9Be target 
at about 225 �MeV by the one-proton and one-neutron removal from 
110Nb, while 110Zr nuclides were produced by the one-proton removal 
reaction from 111Nb. These Nb isotopes represented a fraction of 1.6% 
and 0.8% of the secondary beam, respectively.

The projectile-like reaction products were transmitted through the 
ZeroDegree Spectrometer (ZDS) and identified by the same method as 
in BigRIPS. Emitted � rays were measured by the High-resolution Clus-
ter Array at RIBF (HiCARI) [20]. In the present experiment, the setup 
was optimized for best efficiency and sensitivity to long lifetimes, and 
therefore the 6-mm thick 9Be target was placed 10 cm upstream of the 
nominal target position. Six Miniball triple-cluster detectors [21] were 

Fig. 1. Doppler-corrected energy spectra of (a) 108Zr and (b) 110Zr measured by 
the six Miniball detectors at forward angles. The black dotted and black solid 
lines are energy spectra before and after the atomic background (blue-dashed 
filled) subtractions, respectively. The data are superimposed by the results of a 
fit (green lines) of individual response functions obtained from the simulation 
(blue solid lines) and a continuous background (red dashed lines). The inset 
represents the particle identifications in the BigRIPS spectrometer. White- and 
red-dashed circles are 110Nb and 111Nb, respectively.

mounted under the most forward angles covering 15◦ to 35◦ with re-
spect to the beam direction. Four segmented clover detectors [22] were 
installed to cover the angle range of 38◦-65◦ together with two modules 
of GRETINA-type tracking detectors [23]. The energy calibrations were 
performed using 152Eu and 133Ba � -ray sources. The intrinsic energy 
resolution is, however, small compared to the large Doppler effects at 
relativistic energies. The Doppler correction was applied assuming that 
the interaction point with the highest energy deposit was the first inter-
action of a photon with the detector material. For the tracking detectors 
the interaction points were derived from the signal decomposition as 
described in Ref. [24]. For the segmented detectors, the segment cen-
ter, determined from the average of first interactions in the simulation, 
was employed. The precise positioning of the detectors with respect to 
the laboratory system was achieved by photogrammetry measurements. 
The Miniball detectors show better sensitivity to longer lifetimes, while 
the clover and tracking detectors have less sensitivity to long lifetimes 
due to the larger angles with respect to the target and significantly lower 
statistics. Consequently, only the Miniball detectors were used for the 
following analysis. Their total � -ray peak detection efficiency at rest 
amounted to ∼1.5% at 0.3 MeV.

Figs. 1(a) and (b) represent the Doppler-corrected energy spectra 
of 108Zr and 110Zr, respectively. Since the lifetimes of the 2+

1
states 

are expected to be longer than the traversal time through the target 
of ∼35 ps, the Doppler correction employed the velocity after the tar-
get with a mean value of 
∕� ∼ 0.525. The 2+

1
→ 0+

1
transitions in both 

nuclei are located below 200 keV. Therefore, the prompt atomic back-
ground dominating in the low-energy region had to be subtracted. This 
was obtained from a measurement of the � -ray spectrum in coincidence 
with the unreacted beams, similar to the previous work [11]. In the re-
sulting background-subtracted spectra the line shapes of the 2+

1
→ 0+

1
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Fig. 2. The �2 maps of the 2+
1
→ 0+

1
transitions of (a) 108Zr and (b) 110Zr as a 

function of transition energies and half-lives are shown, respectively. The min-
imum �2 values are marked with white crosses, and the corresponding energy 
and half-life values are given with their statistical errors only. The solid white 
contour indicates the area where energy and half-life simultaneously take on 
values within the 1� range of the optimum values. The straight dashed lines 
mark the 1� ranges of energies and half-lives extracted independently. The one-
dimensional �2 plots of the (c) 174.4 and (d) 347.2-keV transitions in 108Zr 
obtained by fixing their transition energies known from decay spectroscopy. 
Red curves and horizontal lines are fit results and �2

min
+ 1.0 limits for ±1� er-

rors, respectively.

transitions exhibit long tails, which are indicative of the long lifetime. 
This effect can be employed to determine the lifetime of the emitting 
state [17].

Since the Doppler-corrected energy spectrum was significantly af-
fected by the lifetime effect, the standard fitting method using a Gaus-
sian function plus continuous background could not be employed. In-
stead, the response function of the Ge detectors obtained from the simu-
lation for all transitions, including the lifetime effect was used. For this 
purpose, a customized Geant4 [25] simulation package, based on the 
GRETINA simulation software [26], was employed to obtain the HiCARI 
response function to � rays of different energies and half-lives emitted 
in-flight [27]. The Doppler correction for the simulated data was per-
formed in the same way as described above for the experimental data. 
The resulting spectra, including a background function composed of two 
exponential functions, were fitted to the experimental spectra as shown 
in Fig. 1. These response functions were simulated in steps of 0.2-keV 
for all transition energies, while for the half-lives 5-ps steps were ap-
plied for the 2+

1
→ 0+

1
transitions, and 2-ps steps were used for all other 

transitions. For each simulation, a �2 value was obtained by comparing 
the simulated response function with the experimental spectrum using 
the �2 fit method. In this way, the two-dimensional �2 maps could be 
obtained as shown for the 2+

1
→ 0+

1
transitions in 108Zr and 110Zr in 

Figs. 2(a) and (b).
The mean values and 1� errors for the transition energy and half-

life were obtained from the 2-dimensional (2D) �2 maps. The white 
crosses in Figs. 2(a) and (b) indicate the best-fitting � − �1∕2 combina-

tion obtained from the minimum �2
min

of a smoothed �2 surface. The 
white solid lines in Figs. 2(a) and (b) show the �2

min
+ 2.4 contours, 

Table 1
Summary of transition energies, half-lives (not including feed-
ing effects), assignments, and transition rates in 108Zr and 110Zr 
obtained from the present work. The theoretical �(�2) values 
from the HFB-SCCM calculations [30] are given for compar-
ison. Uncertainties include both statistical and systematic er-
rors.

�� (keV) �1∕2 (ps) � �
�

� �
�

�(�2; � �
�
→ � �

�
) (W.u.)

108Zr68 exp. SCCM
173+3

−3
966+340

−235
a 2+

1
0+
1

103+33
−27

83
346+3

−3
45+16

−12
a 4+

1
2+
1

81+29
−21

121
403+3

−8
< 128 (2+

2
) 2+

1
> 6c 88

505+6
−8

44+136
−36

13+61
−10

571+8
−9

< 94 (2+
2
) 0+

1
> 3 0.85

604+5
−7

41+27
−18

a (3+
1
) 2+

1
6+4
−2
c 2

110Zr70 exp. SCCM
194+3

−4
993+977

−395
2+
1

0+
1

61+51
−32

70
356+3

−4
32+44

−22
(4+

1
) 2+

1
98+233

−52
106

373+4
−4

< 109 (2+
2
) 2+

1
> 13c 105

471+3
−3

(25)b

509+8
−7

(25)b

537+7
−8

51+115
−37

8+23
−6

631+8
−10

27+39
−23

(3+
1
) 2+

1
1.2+14.0

−0.9
c 0.8

a These values are obtained by fixing the transition energies from 
previous decay spectroscopy [29] to reduce the uncertainties.
b A typical half-life of 25 ps was employed to obtain the transition 

energy.
c Pure �2 transitions are assumed based on their assignment as 

transitions from the � band to the ground-state band and in accordance 
with the theoretical calculations (see below).

which denote the area where the probability that both energy and half-
life simultaneously take on values within one standard deviation and 
thus include the correlated uncertainties [28]. In addition, the region 
where the probability that either energy or half-life is in the 1� range 
is indicated by the dashed lines (�2

min
+ 1 limits). In general, uncertain-

ties were derived using the former method of the simultaneous joint 
probabilities, however for 174.4, 347.2, and 603.9-keV transitions in 
108Zr the half-lives were derived with a constraint on the transition 
energies from decay spectroscopy [29] to validate the analysis. The 
one-dimensional �2 distributions obtained with these constraints on the 
energies are shown in Figs. 2(c) and (d). They were fitted by asymmet-
ric Gaussian functions to obtain the best fitting values for half-lives as 
well as appropriate �2

min
values. The 1� uncertainties were then derived 

in the standard way using the �2
min

+1.0 limit indicated by the horizon-
tal lines. It is worth noting that all half-lives are consistent with the ones 
directly obtained from the two-dimensional �2 map (see the case of the 
174.4-keV transition in Figs. 2(a) and (c) as an example). For the 403-
and 571-keV transitions in 108Zr and the 373-keV transition in 110Zr the 
limited statistics allowed to extract only upper limits for the half-lives. 
Therefore, the uncertainty on the energy was derived with the �2

min
+ 1

method.
All measured energies and half-lives are summarized in Table 1. Un-

certainties include both statistical and systematic errors, the latter being 
dominated by the subtraction for the atomic background, which is criti-
cal for the 2+

1
→ 0+

1
transitions. By changing the normalization factor of 

the atomic background spectra by ±10%, the obtained half-lives varied 
within 100 ps. Therefore, this systematic error was included in the final 
errors of the half-lives of the 2+

1
→ 0+

1
transitions. The energy spectra 

overlaid with the best-fitting simulation results of the individual transi-
tions are shown in Fig. 1.

In 108Zr, half-lives of 966+340
−235

and 45+16
−12

ps were obtained for the 
173+3

−3
-keV and 346+3

−3
-keV transitions, respectively. In addition, new 

transitions at 403+3
−8
, 505+6

−8
, and 571+8

−9
keV could be observed. In the 

absence of reliable � -� coincidence information, these transitions could 
not be placed in the level scheme with certainty. Nevertheless, the 403+3

−8

and 571+8
−9
-keV transitions are tentatively assigned to the decays of the 
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Fig. 3. Level schemes of 108Zr and 110Zr with excitation energies in keV from the 
present work. Solid red lines indicate newly observed and tentatively assigned 
transitions and excited states. The dotted red line marks the unobserved (2+

2
) →

0+
1
transition in 110Zr.

2+
2
state to the 2+

1
and 0+

1
states, respectively, based on their energy dif-

ference of 168+9
−12

keV which coincides with the excitation energy of the 
2+
1
state. In contrast to the previous isomer decay study [29], the 604+5

−7
-

keV transition is now tentatively assigned as the (3+
1
) → 2+

1
decay based 

on systematics of the relative energy difference in the � band between 
the 3+

1
and 2+

2
states (203 keV) in 110Mo (206 keV) and 112Ru (224 keV) 

isotones [5]. These new assignments are confirmed by the preliminary 
result of a new isomer decay spectroscopy experiment [31]. The 505+6

−8
-

keV transition is a candidate for the 6+
1
→ 4+

1
decay based on its energy, 

however the measured half-life of 44+136
−36

ps is not compatible with the 
value of ∼5 ps found in lighter and neighboring nuclei such as 98−104Zr 
and 104−112Mo [5,32,33].

In the case of 110Zr, the simultaneous fitting of transition energy and 
half-life of the 2+

1
level results in 194+3

−4
keV and 993+977

−395
ps. The energy 

value is slightly larger than the previous result of 185(11) keV [11], 
which could not take into account the long half-life of this state. A dou-
blet of transitions is observed at 356+3

−4
and 373+4

−4
keV, which could not 

be resolved in the previous work [11]. The 356+3
−4
-keV transition with a 

half-life of 32+44
−22

ps is tentatively assigned to the (4+
1
) → 2+

1
decay. Fol-

lowing the systematics of the Zr isotopes, the 373+4
−4
-keV transition is a 

candidate for the (2+
2
) → 2+

1
decay. However, in this case the (2+

2
) → 0+

1
transition, expected at an energy of 566 keV, could not be observed. 
From the observed intensity limit, we estimate a branching ratio of 
≤ 15% with respect to the (2+

2
) → 2+

1
transition. This estimate leads to 

a ratio �(�2; 2+
2
→ 2+

1
)∕�(�2; 2+

2
→ 0+

1
) ≥ 50 ± 10. Such a large ratio 

was so far observed only in a few Pt isotopes [34–36] and is a strong 
indication of increased triaxiality in 110Zr. The assignment of the 4+

1
and 2+

2
states is strongly based on the intensities of the respective tran-

sitions. However, in the view of limited statistics and the absence of 
the 2+

2
→ 0+

1
transition the opposite assignment cannot be ruled out. 

Moreover, the new assignment of the 2+
2
state differs from the previ-

ous interpretation [11]. The previously observed 480-keV transition, 
which was assigned as (2+

2
) → 0+

1
, is now resolved as three different 

transitions. Among those transitions, a transition at 537+7
−8
-keV could be 

analogous to the (unassigned) 505+6
−8
-keV transition in 108Zr. The tran-

sition at 631+8
−10

-keV could be analogous to the 604+5
−7
-keV transition in 

108Zr, leading to a tentative assignment of the (3+
1
) state at 825+9

−10
keV. 

The new level schemes of 108Zr and 110Zr proposed from the present 
work are illustrated in Fig. 3.

In order to discuss the properties of the neutron-rich Zr isotopes, 
the quantities of �(2+

1
), �4∕2 = �(4+

1
)∕�(2+

1
), �(�2; 2+

1
→ 0+

1
), and 

�2∕2 =�(2+
2
)∕�(2+

1
) are represented in Fig. 4. In the case of 110Zr, due to 

the high-resolution � -ray detection setup the uncertainty for the 2+
1
and 

4+
1
excitation energies could be significantly reduced. The �4∕2 ratios 

Fig. 4. Systematic plots of (a) �(2+
1
), (b) �4∕2 = �(4+

1
)∕�(2+

1
), (c) �(�2; 2+

1
→

0+
1
), and (d) �2∕2 = �(2+

2
)∕�(2+

1
) values in Zr isotopes as a function of neutron 

number. Theoretical results from the SCCM [30] with the Gogny D1S inter-
action [37,38] and MCSM [16] calculations are shown to compare with the 
experimental data [11,5,39]. The error bars show the statistical uncertainties, 
while the caps represent the total errors including the systematic uncertainties, 
dominated by the atomic background subtraction.

further follow the already observed downward trend from the rigid-
rotor limit of �4∕2 = 3.33 beginning at � = 64. This fact, together with 
the slight increase in �(2+

1
), suggests a lower degree of (axial) deforma-

tion or increased triaxiality towards � = 70. For the reduced transition 
probabilities, �(�2; 2+

1
→ 0+

1
) = 103+33

−27
and 61+51

−32
W.u. were obtained 

for 108Zr and 110Zr, respectively. These values are of similar magnitude 
as in the lighter isotopes, but a certain downwards trend towards � = 70

is observed despite the relatively large uncertainties.
The new data also allowed for the identification of candidates of 

2+
2
states, which are commonly interpreted as � -vibrational excitation, 

i.e., oscillations deviating from axial symmetry. The very low excitation 
energies of the 2+

2
states in 108Zr and 110Zr, coming very close to the 

4+
1
states, are thus a strong indication of the importance of non-axial 

deformation. Interestingly, the transition intensities from the 2+
2
states 

in 108Zr and 110Zr are notably different. The 2+
2
→ 2+

1
transition in 110Zr 

is very predominant, while in 108Zr both transitions have comparable 
intensities. In nuclei with triaxial deformation, the 2+

2
→ 0+

1
transition is 

strongly suppressed compared to the 2+
2
→ 2+

1
decay. The transition rate 

of the 2+
2
state in 110Zr agrees with this despite the large uncertainties 

in accordance with an increasing triaxiality.
In order to get further insights into the structure of neutron-rich Zr 

isotopes, the present data are compared with two state-of-the-art the-
oretical models. Monte-Carlo shell model (MCSM) calculations were 
very successful in describing the sudden onset of deformation at � =

60 [16]. These calculations predict strongly axial deformed ground 
states for 100Zr onward. While the spectroscopic properties of 108Zr and 



B. Moon, W. Korten, K. Wimmer et al.

Fig. 5. Potential energy surfaces of the ground states in 108Zr and 110Zr from the 
HFB-SCCM calculations [30].

110Zr are generally well reproduced, the �4∕2 ratio and the location of 
the � band are significantly over-predicted, which reflect the axially-
deformed ground states. A triaxial excited band is predicted to be built 
on a low-lying 0+

2
state in 110Zr, however such a state could not be ob-

served in the present work. A � -vibrational band is also predicted and 
can be associated with the observed 2+

2
and 3+

1
states. For 110Zr, the 2+

2
state energy is well predicted, but the calculations fail to reproduce the 
smooth evolution of the � -band head from mid-shell at � = 66, as shown 
in Fig. 4(d). The sudden intrusion of a state with a rather well localized 
minimum at � ∼ 30◦ in the potential energy surface with �(�2) values 
consistent with the rigid-triaxial Davydov and Filippov model [40] as 
predicted by the MCSM calculations [16], seems thus at variance with 
the data. It is worth noting that preliminary calculations employing a 
new Quasiparticle Vaqua Shell Model [41] with a modified Hamiltonian 
have been developed, which predict an earlier onset of ground states 
with triaxial shapes already at 108Zr [42].

The second model is the symmetry-conserving configuration-mixing 
(SCCM) method [30] using the Gogny D1S interaction [37,38]. In this 
model, a set of quadrupole-deformed, angular-momentum and particle-
number projected Hartree-Fock-Bogolyubov (HFB) states are obtained 
by minimizing the particle-number projected energy with constraints in 
the quadrupole degrees of freedom. This method allows for the inter-
pretation of the individual nuclear states in terms of the probability of 
having certain axial and triaxial shapes in the wave function. The SCCM 
calculations predict a maximum of collectivity at � = 64, supported by 
the minimum in �(2+

1
) and local maxima for �(�2) and �4∕2, in good 

agreement with the data. Specifically, this model reproduces well the 
decreasing pattern of the �4∕2 values beyond � = 64. The calculations 
predict a transition from prolate ground-state deformation at � = 64

to almost maximum triaxiality beyond. For the ground-state rotational 
band, a value of � ≈ 30◦ for 108Zr and 110Zr is predicted, as shown in 
Fig. 5. It is worth noting that the transition rates in the ground state band 
agree well with the experimental results (see Table 1). The 2+

2
state is 

predicted to be also triaxial deformed with a similar (�2, �) deformation 
that explains the large �(�2; 2+

2
→ 2+

1
) values and almost negligible de-

cay branches to the ground state (�(�2; 2+
2
→ 0+

1
) = 0.002 �2�2). Above 

1 MeV of excitation energy two bands with axial prolate and oblate de-
formation are predicted. Their experimental verification will be subject 
to future experiments.

In summary, in the first high-resolution in-beam � -ray spectroscopy 
campaign at RIBF employing the HiCARI array, precise excitation en-
ergies and excited state lifetimes of the neutron-rich 108Zr and 110Zr 
isotopes were determined for the first time. Despite low production cross 
sections, the powerful combination of high intensity beams and high-
resolution in-beam � -ray spectroscopy allowed to start disentangling 
the complex level scheme of 110Zr and to measure for the first time life-
times of excited states. A reduction of �(�2) values and �4∕2 ratios from 
mid-shell implies a decrease in axial deformation. Low-lying 2+

2
states 

and their decay branching ratios suggest enhanced triaxial deformation 
which is even increasing in 110Zr from 108Zr. While this exploratory re-
search finds evidence for the importance of triaxial degrees of freedom, 

further insight into the shape degrees of freedom will require experi-
ments using 4� � -ray tracking spectrometers.
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