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LPSC, Université Grenoble-Alpes, CNRS/IN2P3, F-38026 Grenoble Cedex, France
14
ILL, 38042 Grenoble Cedex, France
15
GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany
16
Department of Physics, University of Sofia, 1164 Sofia, Bulgaria
17
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The (ν 52 [532] ⊗ 32 [411]) 4− state in 102 Zr, populated in the β-decay of 102 Y, has been measured
to be isomeric with a mean lifetime of 9.5(7) ns. It decays via four transitions, two of which are
+
∆K = 2 (to the 3+ and 4+ members of the 2+
member
γ band) and one is ∆K = 4 (to the 4
+
of the ground state 0 band). The fourth (low-energy) transition is inferred to decay to an as-yet
unassigned state. Hindrances of 106 were derived for the ∆K = 2 transitions compared to Weisskopf
estimates and the ∆K = 4 transition hindered by a factor of 109 . These values are consistent with
the decay pattern of the analogous isomeric state in the neighbouring N = 62 nucleus 100 Sr and
with the broader systematics of such transitions. A comparison of the hindrances for the ∆K = 4
transitions suggests that 102 Zr is hardened against the γ degree of freedom compared to 100 Sr.

I.

INTRODUCTION

In deformed nuclei, the K quantum number, which is the
sum of the projection of the aligned angular momenta of
nucleons, Ω, gives rise to a further electromagnetic transition selection rule [1], which states that the multipolarity of a transition, λ, must be less than, or equal to
the change of K that it induces. Transitions that do not
obey this relation are so-called “K-forbidden”, and their
degree of K forbiddeness is given by, ν = ∆K − λ. Isomeric levels which arise due to this rule are designated
as “K-isomers”.
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Due, in part, to the availability of high-Ω orbitals near
the Fermi-surface, the majority of measured K-isomers
lie in the neutron-rich A ≈ 180 region. Less abundant are
K-isomers measured in the A ≈ 130, 150 and actinide
regions [2, 3]. Interestingly, the neutron-rich A ∼ 100
region, where the K quantum number is expected to
play a major role as a result of the prevalence of axiallydeformed ground-states, has a scarcity of observed K isomers formed from multi-quasiparticle states, fewer than
even the transuranic elements [3, 4]. Perhaps more intruiging is the formation of K-isomeric states in 98 Sr [5] and
100
Sr [6], without the anologous states in the respective
zirconium isotones being observed as isomeric. Indeed,
with the exception of 108 Zr [7, 8], no isomeric state, K,
or otherwise, has been observed to date in the A ≥ 102
zirconium isotopic chain. This was addressed in Ref. [9]

with arguments based on γ-softness of the potential energy surface (PES) of 104 Zr and the high energy of the 5−
candidate in 106 Zr. The lack of K-isomers in the higher-Z
isotones could be attributed to a structural change from
a rigid axially-symmetric deformation, to one susceptible
to deformation in the γ degree of freedom.
The isotones 100 Sr and 102 Zr both have a twoquasi-neutron K π = 4− state with the configuration,
ν 25 [532] ⊗ 32 [411] [6, 10]. In the case of 100 Sr, the
4− state was found to be isomeric with mean lifetime
τ = 123(10) ns [6]. Whilst 102 Zr has been studied using γ-ray spectroscopy following fission from a 248 Cf
source [10], a 252 Cf source [11] and the β-decay of
102
Y [12, 13], none of the studies showed any evidence
for the 1821-keV 4− state with the same configuration in
102
Zr to be isomeric.
This work presents evidence for the isomerism of the
4− state in 102 Zr using the high time- and energyresolution spectroscopy of γ rays measured using a mixed
array of high-purity germanium (HPGe) and ceriumdoped lanthanum tri-bromide (LaBr3 (Ce)) detectors.
The results are discussed in terms of the rigidity of the
nucleus with respect to the γ degree of freedom.

II.

EXPERIMENTAL DETAILS

The experimental investigation was carried out at
the Radioactive Isotope Beam Factory, operated by
the RIKEN Nishina Center and the Center for Nuclear
Study, University of Tokyo. A 238 U86+ primary beam of
average intensity 6.24 × 1010 particles/s was accelerated
to an energy of 345 MeV/nucleon. The in-flight-abrasionfission of the beam was induced by a 3-mm-thick 9 Be
production target situated at the entrance of the Big
RIKEN Projectile Fragment Separator (BigRIPS) [14].
The constituents of the secondary beam were selected
and separated by the Bρ-∆E-Bρ method up until the
3rd focal plane of BigRIPS, thereafter, particle identification (PID) was performed using the TOF-Bρ-∆E
method [15]. The resultant PID plot is shown in Fig. 1,
along with the software gates applied to select ions of
102
Y.
The secondary beam was implanted into the Widerange Active Silicon Strip Stopper Array for β and Ion
detection (WAS3ABi) [16], which detected ion implantations and their subsequent β-decay electrons. For this
experiment, WAS3ABi comprised 5 layers of double-sided
silicon-strip detectors (DSSSDs) detectors placed 0.5 mm
apart, each with 60 vertical and 40 horizontal strips. The
width and depth of each strip was 1 mm, giving a total
active area of 60 × 40 mm2 . Correlation of 102 Y ions
and their β decays was performed in an off-line procedure. The correlation condition was that a β decay event
must have been detected within a 1.5 mm radius of an
implanted ion, on the same DSSSD and have occurred
within 1.5 s of the ion implantation. This time condition was chosen as it is ∼ 5 times the half-life of either
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FIG. 1. (Color online) Particle identification plot of the secondary beam. The red and black dashed lines show the software gates applied to the atomic number and mass-to-charge
ratio, respectively, to select 102 Y ions.

β-decaying states of 102 Y [12]. Plastic scintillators, hereafter referred to as “β-plastics”, were placed up-stream
and down-stream of WAS3ABi to measure, with hightime-precision, the occurrence of a β decay. The scintillators had dimensions of 45-mm height, 65-mm width
and a depth of 2 mm.
High-resolution γ-ray spectroscopy of transitions deexciting states populated through β decay was performed with the EUROBALL-RIKEN Cluster Array
(EURICA) [17]. Each of its twelve cluster detectors
comprised seven close-packed HPGe crystals which have
a tapered hexagonal shape. An add-back procedure
was employed such that γ rays which Compton scattered between crystals within a cluster had their energies
summed. The fast-timing array comprised 18 LaBr3 (Ce)
detectors [18, 19], each of 38.1 mm diameter and 50.8 mm
length. The timing properties of the LaBr3 (Ce) detectors mean that the γ-ray times can be measured with a
precision of ∼2 orders of magnitude greater than in the
HPGe detectors of EURICA. The efficiency of EURICA
and LaBr3 (Ce) array at 1.3 MeV was measured to be
∼10% and ∼1%, respectively.

III.

RESULTS

In order to identify γ-ray decay from any isomeric
states in 102 Zr, separate energy-time matrices were constructed for EURICA and the fast-timing LaBr3 (Ce) array. In both cases the time difference was measured between the detection of a γ ray in the respective detector
and the β electron of 102 Y. This latter was obtained from
the average of the left and right photo-multiplier tube signals of the upstream β plastic. Only the upstream plastic was considered since implantations occurred solely in
the first layer of WAS3ABi, resulting in a negligible β
electron detection efficiency in the downstream β plastic.
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TABLE I. The intensities of γ-ray transitions that de-excite
the isomeric 4− state of 102 Zr, normalized to the 579-keV
transition

1090 keV; 3+→2+

Eγ [keV]
(27)
283
579
1343

0

15
20

Ref. [11]
76(4)
100(5)
6(2)

a

10
0
−20
0

This work
[6(1)]a
[4(1)]b
7(1)
100(4)
3(1)

5

Iγ calculated from total transition intensity, assuming
E1 decay (see text for details).
b
Assuming M 1 decay (see text for details).

(b)
200

400

600

800

1000

1200 1400
Energy [keV]

0

FIG. 2. (Color online) Energy-time matrices measured in coincidence with a position-correlated β decay occurring within
1.5 s of an 102 Y ion implantation in (a) EURICA and (b)
the LaBr3 (Ce) array. The transitions that are delayed due to
the isomerism of the 4− state are labelled in the LaBr3 (Ce)
matrix and are also evident in the EURICA matrix.

The resultant matrices measured in EURICA and the
LaBr3 (Ce) array are shown in Figs. 2(a) and 2(b), respectively. Both matrices show clear delayed structures,
as expected for transitions originating from an isomeric
state, corresponding to the 579- and 1090-keV transitions
in 102 Zr, which are known [11, 12] to form a cascade that
de-excite the two-quasi-neutron 1821-keV 4− state. Ad+
ditionally, the 152-keV, 2+
1 → 0g.s transition is visible in
the delayed portion of the LaBr3 (Ce) matrix. It should
be noted that despite employing a similar experimental
set-up, the isomerism apparent in Fig. 2 was not reported
in Ref. [13], this is due to the superior time resolution
of the β-plastics over DSSSDs. Moreover, it is evident
that the superior time resolution of the LaBr3 (Ce) array
compared to EURICA means that the proportion of the
delayed structure outside of the prompt region is greater
in Fig. 2(b) than in 2(a).

A.

EURICA HPGe array

Figure 3 shows a γ-ray energy spectrum measured in
EURICA in prompt coincidence with an 102 Y-correlated
β-decay measured in WAS3ABi, with no condition that
the decay should be measured also in the β-plastics. By
neglecting the β-plastics, which for this experiment had
an efficiency of ∼50%, statistics in the γ-ray spectrum
were approximately doubled.
The level scheme associated with the decay of the
1821-keV 4− state in 102 Zr measured in this work is
shown in Fig. 4 and is consistent with those in Refs. [10–
13]. However, a discrepancy between the branching ratios

of the transitions that de-excite the 4− state is observed
between this work and Ref. [11]. The details are listed
in Tab. I. In Ref. [11] the intensity of the 283-keV transition was measured to be similar to that of the 579-keV
transition. The spectrum shown in Fig. 3(a) shows a
much weaker 283-keV transition and this observation is
corroborated by the spectrum obtained from a prompt
coincidence with the 160-keV transition which is shown
in Fig. 3(b). The data in Ref. [11] were obtained from
a 252 Cf fission source and this discrepancy could be attributed to the contamination of the 283-keV peak in
Ref. [11] by the 283.4-keV transition in 147 Ce, which is
a fission partner to 102 Zr. The total intensity of the inferred 27-keV transition has been obtained from the sum
of the intensities of the 551- and 757-keV transitions in
the 160-keV gate and the corresponding γ-ray intensities
quoted in Tab. I calculated for both E1 (α = 4.63(8) [20])
and M 1 (α = 8.62(16) [20]) transitions. An alternative
transition of ∼ 187 keV from the 1981-keV 5− state to
the 1793-keV (3,4) state can be excluded from its nonobservation in singles and coincidence spectra. The 283and 1343-keV transitions are very weak in the 160-keV
gated spectrum and their relative intensities have therefore been obtained from the singles spectrum shown in
Fig. 3(a). It is evident from Fig. 3(c) that there is a
prominent background peak adjacent to the 1343-keV
peak of interest. This was found to be the 1346-keV
transition originating from the β decay of 103 Zr, the parent of which (103 Y) is seen to be a major component of
the cocktail beam, shown in Fig. 1. A two-Gaussian fit
with a constant background was performed, the widths
of the peaks were fixed according to standard-source calibration measurements and the centroids constrained to
±1σ of their adopted values [21, 22].
To exclude the possibility that the retarded decay of
the 4− state results from an isomeric 5− state, the β-γ
time-difference (∆T ) of the 5− → 4− 160-keV transition was taken. This is shown in Fig. 5 along with its
background, and shows no clear delayed structure. Figure 6 shows the sum of the time-difference projections of
the 579- and 1090-keV transitions of the EURICA matrix shown in Fig. 2(a). Also shown, are the prompt

(a) 152

3000

× 2.5

×5

30

579

2500
2000
160

0

757

(b)

152

764

885

1060
1036

×2

Gate:160 keV

579

100

1090

326
283

50

Nb; 1346

1330 1340 1350 1360

283

500

150

103

1343

1090 10

551

1000

(c) 1343

20

326

1500

Counts/2 keV

Counts/0.5 keV

Counts/0.5 keV

4

551

757

885

1060

1343

0
0

200

400

600

800

1000

1200

1400
Energy [keV]

FIG. 3. (Color online) The γ-ray energy spectrum measured by EURICA in coincidence with a position-correlated β-decay
occurring within 1.5 s of an implanted 102 Y ion. The labeled energies are those that correspond to transitions that are in the
decay cascade originating from the 4− isomeric state. The other energy peaks are due to the decay of levels populated in the
β-decay of 102 Y which are independent of the cascade from the 4− state and the random correlations of β-decays to nuclei other
than 102 Y. The magnification factors shown in red are always given with respect to the original spectrum. (b) The spectrum
measured in prompt (∆T < 200 ns) coincidence with the 160-keV transition. The red labels in (b) indicate the positions of the
283- and 1343-keV transitions. (c) Is an expanded view of the region around the 1343-keV transition showing the result of a
double-Gauss fit on a constant background, see text for details.

spectra for the neighboring background regions, which
serve as the backgrounds for the time projections of the
transitions. It is apparent that after 10 ns, the background becomes negligible for both energies. The shape
of the decay curve is consistent with the decay of only
one isomeric state. The single-component exponential
fit between the values of 10 and 35 ns yields a result of
9.6(8) ns for the mean lifetime of the 4− state.

B.

LaBr3 (Ce) array

The prompt and delayed energy projections of the
LaBr3 (Ce) energy-time matrix shown in Fig. 2(b) are
shown in Fig. 7(a). In the delayed projection, the
152- and 579-keV transitions are prominent, and the
1090-keV transition and its Compton continuum are evident. Meanwhile, in the prompt spectrum the dominant
+
+
+
peaks belong to the 2+
1 → 0g.s and 41 → 21 transitions,

at 152- and 326-keV, respectively. Time projections of
the sum of the full-energy peaks of the 579- and 1090-keV
transitions are shown in Fig. 7(b). A single-exponential
fit was applied between 0.5 and 35 ns yielding a mean
lifetime of 9.4(14) ns, consistent with the EURICA result.
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IV.

DISCUSSION

The weighted average of the mean lifetimes measured
with the the two different detector types is τ = 9.5(7) ns.
The fact that there are two long-lived states in 102 Y
which β decay directly into 102 Zr [12] does not affect
the measurement of the 4− level lifetime made here since
the two cascading transitions, 579 and 1090 keV, that
are used originate only from feeding from the high-spin
β-decaying state in 102 Y.
The decay details of the 4− state in 102 Zr are given in
Tab. II along with details of the decay of the analogous
state in 100 Sr. In the case of 100 Sr, the levels at 1414 and
1501 keV, populated by the 204- and 118-keV transitions,
respectively, have been observed in the β decay of 100 Rb
[23] and tentatively assigned as J π = (3, 4+ ). In the subsequent discussion, they are assumed, based on analogy
with 102 Zr, to be the 3+ and 4+ members of the γ band,
respectively. Column 7 of Tab. II lists the Weisskopf hindrance factors, defined as the ratio of the partial lifetime
to the single-particle estimate, FW = τ γ /τ W.e. . For all
transitions except that with energy 27 keV in 102 Zr, an
E1 multipolarity has been assumed. In the case of the
27-keV transition, both E1 and M 1 possible multipolarities are calculated since the parity of the 1793-keV level,
which it populates, is unknown. Of the eight transitions
listed in Tab. II, only that of energy 579 keV has been
measured as a pure dipole character [11].
A recent compilation of the decay properties of multiquasiparticle K isomers [2] has provided a description
of the systematic behavior of log(FW ) as a function of
∆K. The data for E1 transitions are shown in black
in Fig. 8(a) and for M 1 in Fig. 8(b). The red stars indicate the values for the transitions in 102 Zr measured
in this work. The values for the two ∆K = 2 and one

The energy of the 2+
γ state is an indicator of the triaxiality that a nucleus exhibits. When it is lower, the
nucleus is more soft to vibrational motion, or static deformation in the axially asymmetric γ-degree of freedom.
It has been observed [25] that the hindrance of E2 transitions de-populating K-isomeric states is positively correlated with the energy of the bandhead of the quasi-γ
band. This is an experimental demonstration that a nucleus which is more susceptible to triaxial deformation
will also be more prone to K-mixing. This observation
is not limited to E2 decays. In order to better quantify the magnitude of K-mixing, it is useful to measure
the “hindrance per degree of K-forbiddenness” which is
given in the last column of Tab. II for the two ∆K = 4
transitions. This is defined as,
1/ν

f ν = FW ,

(1)

where ν is the degree of K-forbiddenness, given by
ν = ∆K − λ, where λ is the multipolarity of the transi+
tion. The fν of the 4−
K π =4− to 4K π =0+ transition is larger
102
100
in
Zr (1351) than in
Sr (808). These nuclei have
similar 2+
energies
(152
keV
for 102 Zr and 129 keV for
1
+
+
100
Sr) and E(41 )/E(21 ) values (3.145 for 102 Zr and 3.240
for 100 Sr), suggesting their deformation will be similar.
However, the relative position of the bandhead of the γband of 100 Sr (Eγ =1257 keV, R2γ/2+ = 9.7) compared
1
to the same state in 102 Zr (Eγ =1036 keV, R2γ/2+ = 6.8),
1
would suggest that the latter is more susceptible to somewhat triaxial features. As such, the decay of states in
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∆K = 4 transitions are consistent with the E1 systematics. For the 27-keV transition, the data is consistent with
a ∆K = 1 dipole transition of either multipolarity and is,
therefore, unable to fix the nature of the transition, or
the parity of the 1793-keV level.
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FIG. 4. The partial level scheme of 102 Zr observed in this
work from the β-decay of 102 Y. It displays only transitions
which feed, or are fed by the isomeric 4− state. The widths of
the arrows indicate the relative intensity of each transition.
The level and transition energies are given in keV. The J π
assignments are taken from Ref. [11].
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FIG. 5. (Color online) The time-difference projection of the
160-keV transition relative to the β-decay time (blue) and its
background (red), using the EURICA HPGe detectors, taken
from Fig 2(a). No delayed component, or shift of centroid is
visible, as it is with Fig. 6.
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V.

CONCLUDING REMARKS

Counts/0.5 ns

In summary, we have provided the first measurement of
the lifetime of the 1821-keV isomeric state in 102 Zr which
decays with a mean lifetime of 9.5(7) ns to three different
structures. The hindrances of the de-exciting γ-ray tran-

τ = 9.6(8) ns

Summed projections

40

Counts/0.8 ns

Zr would be expected to be less hindered by the Kselection rule than in 100 Sr [25]. This is contrary to the
observation. In the current work, it is unknown if the
small energy difference of the quasi-γ band is sufficient
to make an appreciable effect on the K-mixing between
the two nuclei, or if there is some other overriding structural effect that is responsible for the enhancement of the
adherence to the K selection rule in 102 Zr.
The FW value listed in Tab. II shows that for the
+
100
4−
Sr is an order of magK π =4− → 3γ transition in
102
nitude higher than in
Zr. Within the context of this
work, this result is difficult to understand and requires
further experimental investigation. It is possible that the
100
J π = 3+
Sr, or 102 Zr was
γ assumption of the state in
erroneous, or that, as with the 283-keV reported in this
work, the literature value of the intensity of the 204-keV
transition in 100 Sr is incorrectly reported. Whilst the
FW values of the 58- and 27-keV transitions in 100 Sr and
102
Zr, respectively, are also inconsistent, the lack of information regarding their nature inhibits meaningful discussion in this work.
It is worth noting that despite 102 Zr having a larger
fν value than 100 Sr for the 4− → 4+
g.s. transition, the
lifetime is shorter by an order of magnitude. This is due
to the difference of the energies of the transitions feeding
−
+
the 4+
γ and 3γ states from the 4 state.
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FIG. 7. (Color online) (a) The prompt (∆T < ±0.5 ns, red)
and delayed (0.5< ∆T <50 ns, blue) energy projection of
the LaBr3 (Ce) energy-time matrix shown in Fig. 2(b). (b)
The sum of the time-difference projections of the 579- and
1090-keV transitions, taken from Fig. 2(b). The red line is a
single-component exponential fit.

sitions are mostly consistent with those from the known
K-isomer in the isotone 100 Sr and support the conclusion of the level being a (ν 52 [532] ⊗ 32 [411]) K π = 4− isomer. This measurement provides a valuable data point
in understanding the role K isomerism plays in a mass
region where there is a scarcity of information of multiquasiparticle K-isomeric states. Compared to the analogous transitions in 100 Sr, a 60% increase in fν was observed for the E1 decay to the ground-state band, the
FW for the decay to the 4+
γ state was observed to be consistent and the FW for the decay to the 3+
γ state reduced
by an order of magnitude. Further investigation into the
lifetimes and decays of the analogous states in 98 Kr and
104
Mo is required in order to obtain a more conclusive
understanding of this feature.
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TABLE II. The details of the decay of the 4− states in

Nucleus
100 d
Sr
E4− = 1618 keV

102

Zr
E4− = 1821 keV

τ [ns]
123(10)[6]

9.5(7)

Eγ [keV]
58
118
204
1202
27.2(5)
282.6(3)
578.9(3)
1343(1)

a

σLa
(E1)
(E1)
(E1)
(E1)
(E1)
(M 1)
(E1)
E1
(E1)

Iγ
0.95(24)
5.2(10)
5.2(10)
100(14)
[6(1)]
[4(1)]
7(1)
100(4)
3(1)

100

Sr and

αb
0.4928
0.06239
0.01254
0.0002218
4.63
8.62
0.00573
0.000916
0.000303

102

Zr.

FW c
6.34(204) × 106
9.60(23) × 106
4.99(12) × 107
5.27(128) × 108
1.0(2) × 104
241(48)
9.31(155) × 106
5.98(56) × 106
2.47(71) × 109

∆K

fν

2
2
4

808

2
2
4

1351

All transitions have assumed multipolarities except for 579 keV for which E1 has been measured [11].
Conversion coefficients summed over all electron shells [20].
c
Weisskopf hindrance factor defined as the ratio of the partial mean lifetime τ γ to the Weisskopf estimate τ W.e. .
d
Intensities taken from Ref. [24].
b

