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Decay of a microsecond seniority 3 isomeric state in 155Hf
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Excited states in the neutron-deficient nuclide 155Hf have been investigated in experiments performed at the
Accelerator Laboratory of the University of Jyväskylä. The 155Hf nuclei were produced in fusion-evaporation
reactions induced by beams of 295 and 315 MeV 58Ni ions bombarding an isotopically enriched 102Pd target
and separated using the recoil mass separator MARA. An isomeric state having a half-life of 510(30) ns was
discovered and is interpreted as a seniority υ = 3, (πh2

11/2 ⊗ ν f7/2)27/2− configuration. The γ -ray transitions
emitted in the deexcitation of the isomeric state to the ground state were identified and a level scheme was
constructed, from which the excitation energy of the isomer was determined to be 2581.5(10) keV. A B(E2)
value of 0.45(3) W.u. was deduced for the 105.4 keV transition depopulating the isomeric state. The deduced
level scheme and B(E2) value are compared with systematics and shell-model calculations.

DOI: 10.1103/PhysRevC.110.034303

I. INTRODUCTION

Isomeric states have long been a valuable source of infor-
mation on atomic nuclei across the Segrè chart [1]. In nuclei
near closed shells, seniority isomers [2] can be formed by
the successive alignment of particles in high- j orbitals. The
longevity of maximally aligned configurations arises from the
roughly inverted parabolic variation of level energies with
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increasing spin, which can be augmented by the reduction
in E2 transition strengths because of seniority cancellation
as the relevant orbital becomes half-filled. These energeti-
cally favored states often have relatively pure configurations,
thereby providing an important testing ground for shell-model
calculations.

Examples of such seniority isomers have been found near
the N = 82 shell closure, with configurations having protons
in the πh11/2 orbital. The seniority υ = 2, yrast (πh2

11/2)10+

states in the even-A N = 82 isotones 148Dy [3–5], 150Er [6,7],
152Yb [7,8], and 154Hf [9,10] all decay by E2 transitions,
as do the υ = 3, yrast (πh3

11/2)27/2− states in the odd-A

isotones 149Ho [11,12], 151Tm [6,8], and 153Lu [9,10]. The

2469-9985/2024/110(3)/034303(9) 034303-1 Published by the American Physical Society

https://orcid.org/0009-0009-7062-711X
https://ror.org/01wsfe280
https://ror.org/04xs57h96
https://ror.org/05n3dz165
https://ror.org/026vcq606
https://ror.org/05gxjyb39
https://ror.org/0587ef340
https://ror.org/04w3d2v20
https://ror.org/027m9bs27
https://ror.org/03h7qq074
https://ror.org/04m01e293
https://ror.org/0089bg420
https://ror.org/03a1kt624
https://ror.org/01wntqw50
https://ror.org/04htnem03
https://ror.org/05nf86y53
https://ror.org/03yj89h83
https://ror.org/03r4g9w46
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.110.034303&domain=pdf&date_stamp=2024-09-03
https://doi.org/10.1103/PhysRevC.110.034303
https://creativecommons.org/licenses/by/4.0/


B. ALAYED et al. PHYSICAL REVIEW C 110, 034303 (2024)

measured half-lives range from 59 ns for 149Ho to 34 µs for
152Yb, while the transition energies, where known, decrease
with increasing Z for both seniorities. The resulting E2 transi-
tion strengths deduced from the measurements are consistent
with simple shell-model predictions [13] and suggest that the
πh11/2 orbital is half-filled at Z = 71 (Lu) [9,10].

In the odd-A N = 81 isotones 147Dy [14], 149Er [15], and
151Yb [7,16] the yrast υ = 3 (πh2

11/2 ⊗ νh−1
11/2)27/2− states

are isomeric, also decaying by E2 transitions. However, the
10+ isomers in the odd-odd N = 81 isotones 146Tb, 148Ho,
and 150Tm [12,17,18] behave differently, decaying by E3
transitions with millisecond half-lives. They are interpreted as
having a υ = 2 (πh11/2 ⊗ νh−1

11/2) structure.
Isomers have also been observed in the N = 83 isotones,

with an unpaired f7/2 neutron coupled to the proton config-
uration. Although the υ = 3 (πh2

11/2 ⊗ ν f7/2)27/2− isomer

in 153Yb decays with a 15 µs half-life via an E2 transition
like the N = 82 isotones [10,19], the corresponding isomers
in 149Dy [4,20,21] and 151Er [21–23] have half-lives of ≈0.5 s
and decay instead mainly by internal E3 transitions with small
competing β-decay branches. The υ = 4 (πh3

11/2 ⊗ ν f7/2)17+

isomers in the odd-odd isotones 150Ho [24], 152Tm [24], and
154Lu [9,10,25] behave similarly to the 27/2− isomers in their
respective N = 82 isotopes, decaying via E2 transitions.

Of the isomers discussed above, those in 153,154Lu have the
smallest known E2 transition strengths, with B(E2) values of
0.45(9) and 0.19(2) e2fm4, respectively [9,10,25]. However,
the depopulating transition energies for 153Yb and 154Hf could
not be measured, so the B(E2) values are only estimates for
these cases straddling the point where the πh11/2 orbital is
thought to be half-filled and seniority cancelling occurs [2].
For these seniority isomers close to N = 82, no B(E2) val-
ues have been measured in any nuclide with Z > 71, where
they are expected to increase again and a measurement could
unambiguously establish the minimum.

The next N = 83 isotone above 154Lu is 155Hf, but prior to
the present work only the half-life of its β-decaying ground
state was known [26,27]. In this work, a microsecond iso-
mer has been identified and assigned as the υ = 3 (πh2

11/2 ⊗
ν f7/2)27/2− isomer in 155Hf. A level scheme has been con-
structed on the basis of the measured γ -ray intensities, γ -γ
coincidences, and comparisons with neighboring nuclei. The
energy of the E2 transition depopulating the isomer has been
identified and combining this information with the measured
half-life has allowed the B(E2) value to be deduced for a se-
niority isomer with a more than half-filled πh11/2 orbital. The
level scheme and the B(E2) value are compared with shell-
model calculations performed using an interaction optimised
for this region of the nuclear chart that was used previously
for excited states in the adjacent isobar 155Lu [28].

II. EXPERIMENTAL DETAILS

The 155Hf nuclei were produced in the fusion-evaporation
reaction 102Pd(58Ni, 2p3n) 155Hf in two separate measure-
ments at the Accelerator Laboratory of the University of
Jyväskylä. The 58Ni beam provided by the K130 cyclotron
bombarded the self-supporting isotopically enriched 102Pd tar-

FIG. 1. GEANT4 visualization of the arrangement of the Ge detec-
tors at the focal plane of MARA. The evaporation residues emerged
from the MARA separator from the left and were implanted into the
DSSD shown in the blue outline. The clover detector was mounted
to the left of the DSSD as viewed from the beam direction, and the
BEGe detectors were mounted above, behind, and to the right of the
DSSD. The vacuum chamber is indicated by the cuboid outline.

get foil of thickness 1 mg/cm2. Beam energies at the front
of the target of 295 and 315 MeV were used for periods
of 118 and 155 hours, respectively, with intensities of 3–5
particle nA. The cross section for the production of 155Hf is
expected to be similar to that for 159W produced in the reaction
106Cd(58Ni, 2p3n), which was estimated in a previous study to
be ≈10 µb [27].

The 155Hf ions recoiled out of the target, passed through a
carbon foil of nominal thickness 50 µg/cm2 mounted ≈10 cm
downstream of the target to reset the ionic charge-state distri-
bution of the evaporation residues, and were transported using
the Mass Analysing Recoil Apparatus (MARA) [29–32]. The
flight time to the focal plane of MARA was estimated to be
≈0.6 µs. The ions passed through a multiwire proportional
counter (MWPC) and were implanted into a double-sided
silicon strip detector (DSSD). The energy signal in the DSSD
and the time of flight between the MWPC and the DSSD al-
lowed evaporation residues to be distinguished from beamlike
particles. The DSSD had an active area of 128 mm × 48 mm
and was 300 µm thick. The strips on its front and back surfaces
were orthogonal and the strip pitch of 0.67 mm on both faces
provided 13824 pixels.

A clover detector and three broad-energy germanium
(BEGe) detectors were mounted around the vacuum chamber
enclosing the MWPC and DSSD to measure the energies of
x rays and γ rays. The arrangement of the Ge detectors at
the focal plane is illustrated in Fig. 1. The distances of the
front surfaces of the Ge detectors to the center of DSSD
were 7 cm for the top BEGe detector, 6 cm for the BEGe
detector mounted behind the DSSD, and 10.5 cm for both the
clover detector and the BEGe detector mounted to the right
of the DSSD. The prompt time response peaks for the Ge
detectors at 122 keV were found to be well approximated by
a Gaussian distribution using a 152Eu calibration source. The
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clover detector and BEGe detector peaks had full widths at
half maximum of ≈70 ns and ≈400 ns, respectively.

Determining the intensities of γ -ray transitions of nuclei
implanted into the DSSD requires knowledge of the detector
efficiencies for their extended spatial distributions. To achieve
this, the absolute efficiencies of the detectors were first mea-
sured using a standard 152Eu and 133Ba calibration source.
These efficiencies were modeled using GEANT4 [33] to ensure
the correct materials were included in the simulations. The
simulations were then extended to model γ -ray emissions
from the isomeric states in 153Yb, 156Lu, and 158Ta produced
in the experiment, using the spatial distributions measured in
the DSSD. The γ -ray intensities deduced using the simulated
efficiencies were found to be consistent with the literature
values [10,34–36]. The efficiency of the Ge detector array
for the extended source distributions in the DSSD was found
to have a maximum of ≈27 % at 90 keV, reducing to ≈5%
at 1 MeV. The efficiencies of the individual Ge detectors
were sufficiently low that summing losses were not significant
compared with the statistical uncertainties.

Charged particles emitted at the target position during
evaporation-residue formation were detected using JYTube
[37], which comprised 120 plastic scintillator detectors ar-
ranged in a hexagonal-cylindrical geometry. Each detector
was 2 mm thick and was directly coupled to a silicon pho-
tomultiplier on its back surface. The efficiency of JYTube for
detecting a single proton was estimated to be ≈70%. Analyz-
ing the yields of γ rays as a function of the number of hits
recorded in JYTube allowed assignments of the atomic num-
ber to be made for different isomeric states. Also surrounding
the target position were 14 Compton-suppressed Ge detectors
that were used to measure prompt γ radiation emitted by
the recoiling evaporation residues. These single-crystal Ge
detectors were a subset of the JUROGAM3 spectrometer and
were deployed in rings at angles of 133.6◦ and 157.6◦ to the
beam direction [38].

All detector signals were passed to the triggerless data
acquisition system [39], where they were time stamped with
a precision of 10 ns. The data were analysed using the GRAIN

[40] software package.

III. RESULTS

Selecting the 155Hf nuclei produced in the experiment is
challenging because it is produced with a much lower cross
section than its less exotic isobars and, unlike α emitters,
there is no characteristic energy signal provided by its β

decays. However, the β decay of 155Hf is known to populate
both the πh11/2 ground state [Eα = 5655(5) keV, t1/2 = 70(1)
ms] and low-lying πs1/2 isomeric state [Eα = 5584(5) keV,
t1/2 = 136(9) ms] of 155Lu [27,41]. The half-life of 155Hf was
determined indirectly to be 840(30) ms by analyzing the time
differences between the observation of α decays of 159W and
155Lu [26,27]. Therefore correlations with 155Lu α decays that
were delayed by the intervening β decays can be used to
assign isomeric γ decays to 155Hf. The energy spectrum of α

particles used for selecting the 155Hf isomeric decays is shown
in Fig. 2(a).

FIG. 2. (a) Energy spectrum of α particles occurring within 4.5 s
of the implantation of an ion into the same DSSD pixel. The energies
corresponding to the α-particle energies of the ground-state and
low-spin isomer decays of 155Lu are indicated. (b) Energy spectrum
of α particles following the implantation in the same DSSD pixel
of an evaporation residue associated with a 759 keV γ ray emitted
in the decay of the 19− isomeric state in 156Lu [34]. (c) Same as
(b) but for the 1258 keV γ rays emitted in the decay of the isomeric
state in 155Hf identified in the present work. Background has been
subtracted in (b) and (c) by selecting a region of the γ -ray spectrum
above the respective selected transitions. The dotted lines indicate
α-decay energies of 155,156Lu and are drawn to guide the eye.

Figure 3 shows the energy spectra of γ rays observed in
the Ge detectors at the focal plane of MARA within 8 µs of
an evaporation-residue implantation into the DSSD that was
followed within 4.5 s by an α decay of 155Lu in the same pixel
of the DSSD. The same γ rays can be seen when selecting on
(a) α decays of the πh11/2 state and (b) the πs1/2 state of 155Lu,
although the spectrum of Fig. 3(b) is dominated by other γ -ray
peaks that are attributed to decays of the known isomeric state
in 156Lu [34]. This isomer has a half-life of 179 ns and was
strongly populated in the experiment. It feeds the πh11/2 state
in 156Lu that decays by emitting 5565 keV α particles that
satisfy the energy criterion set for the 5584 keV α decays of
155Lu (see Fig. 2).
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FIG. 3. Energy spectra of γ rays observed in the focal-plane Ge
detectors within 8 µs of an evaporation-residue implantation into
the DSSD that was followed within 4.5 s in the same DSSD pixel
by (a) a 5655 keV α decay of the ground state of 155Lu and (b) a
5584 keV α decay of the low-spin isomer of 155Lu. A background
spectrum of γ rays observed up to 8 µs before the implantation
of these evaporation residues has been subtracted. Transitions as-
signed to 155Hf are labeled with their energies in keV in (a) and
the dotted lines are drawn to guide the eye to highlight the γ -ray
peaks assigned to 155Hf that appear in both spectra. The peaks at
76 and 170 keV indicated by the green diamonds are attributed to
background from decays of the known 456 ns isomer in 158Lu [42]
that was strongly populated in this experiment. Peaks attributed to
γ rays emitted in decays of the known 19− isomer in 156Lu [34]
are indicated by the blue triangles. The peaks at 511 and 1460 keV
indicated by the red and black squares, respectively, are from back-
ground. Other weak peaks that are unlabeled could not be definitively
assigned.

Comparison of the distribution of evaporation residues cor-
related with the new γ -ray lines across the MARA focal plane
with known α and isomer decays established that the isomer
was from an A = 155 isobar. The atomic number was deter-
mined to be Z = 72 from analysis of the number of signals
registered in JYTube in association with these evaporation
residues. This assignment is supported by the energies of
the K x-ray peaks in Fig. 3(a). On this basis, the γ rays
are assigned as transitions depopulating an isomeric state
in 155Hf.
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FIG. 4. Coincidence energy spectra of γ rays observed in the Ge
detectors at the focal plane of MARA. All γ rays were recorded
within 8 µs of an evaporation-residue implantation into the DSSD
that was followed in the same DSSD pixel by a 5655 keV α decay
within 4.5 s. The panels show coincidence spectra for γ rays of
energy (a) 45 keV, (b) 105 keV, (c) 370 keV, and (d) 1258 keV. Hf
K x-ray peaks are indicated and γ -ray peaks are labeled with their
energy in keV.

Further evidence in support of this assignment can be
seen in Figs. 2(b) and 2(c), which show projections from a
delayed coincidence matrix of γ rays emitted within 6.5 µs
of an evaporation residue implanted into the DSSD and the
subsequent α decays in the same DSSD pixel within 4.5 s.
Figure 2(b) shows the clear α-decay peak of 156Lu obtained
when selecting 759 keV γ rays emitted in the decay of its 19−
isomeric state, while Fig. 2(c) is the corresponding spectrum
obtained for the 1258 keV γ rays assigned to the decay of
the isomeric state in 155Hf. The α decays of both the ground
state and low-spin isomeric state in 155Lu are evident in the
latter spectrum, as would be expected following the β decay
of 155Hf [27].

The data were used to construct a γ -γ coincidence matrix
from events selected using correlations with the 5655 keV
α decay of the ground state of 155Lu. Examples of coinci-
dence spectra are shown in Fig. 4. Panel (a) shows the energy
spectrum of γ rays observed in coincidence with those in the
peak at 45 keV, in which many of the γ -ray peaks visible in
Fig. 3(a) can be seen. It is worth noting that this peak at 45 keV
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2581.5(10) keV

FIG. 5. The proposed decay scheme of the 27/2− isomeric state
in 155Hf. All spin-parity assignments are tentative. The arrow widths
are proportional to the transition intensities, with the black portion
indicating the γ -ray intensity. The unobserved 18.8 keV transition
is included tentatively in the level scheme to account for the obser-
vation of 141 and 185 keV γ rays in coincidence with the 45 keV
transition. The upper panel of the inset in the bottom left corner
shows the decay curve for the 105 keV transition measured with
the BEGe detectors, with the red line showing the fit to the data
assuming an exponential decay convoluted with a Gaussian function
to model the detector timing response. The lower panel shows the fit
residuals.

is from a γ ray and does not arise from the escape of a Ge K
x ray following photoelectric absorption of a Hf K x ray: no
corresponding escape peak was observed in the energy spectra
of the isomers of 156Lu [34] or 158Ta [35,36] that were also
measured in this experiment.

Figure 4(b) shows γ rays in coincidence with the 105 keV
transition, which also shows coincidences with many of the
peaks in Fig. 3(a). Figures 4(c) and 4(d) show γ rays in
coincidence with the 370 and 1258 keV transitions, respec-
tively. These spectra demonstrate that the 370 and 888 keV
transitions are in parallel with the 1258 keV transition. The
excitation level scheme shown in Fig. 5 was constructed on
the basis of γ -ray coincidence spectra and the intensities
presented in Table I. The level of statistics was such that
some of the transitions that might be expected from the level
scheme did not appear in all of the coincidence spectra. For
example, the 1013 keV transition is absent from Fig. 4(d), but
from the number of counts in the 1258 keV peak and the Ge
detector efficiency at 1013 keV, one would expect on average
to observe only ≈4 counts.

From the analysis of the time differences between the
implantation of the 155Hf ions and the detection of 105 keV
γ rays, the half-life of the isomeric state was measured as
510(30) ns (see inset to Fig. 5). The decay curve for the clover
detector had lower statistics than that for the BEGe detectors,
but yielded the same half-life within uncertainties. The effect

TABLE I. Gamma-ray energies, multipolarity assignments and
intensities relative to that of the 45.3 keV transition for transitions
below the 27/2− isomer in 155Hf. The intensities in column 4 have
been corrected for internal conversion using BRICC [43] assuming
pure multipolarities presented in column 3 and the γ -ray detection
efficiencies simulated using the observed distribution of 155Hf decays
in the DSSD.

Energy Intensity Intensity (%)
(keV) (%) Multipolarity (ICC corrected)

45.3(5) 100(14) E1 100(14)
105.4(5) 28(8) E2 70(21)
140.9(5) 18(3) E2 23(4)
159.5(5) 31(5) M1 41(7)
185.5(5) 49(9) E1 34(6)
204.3(5) 22(4) E2 18(3)
344.6(5) 10(2)
369.6(5) 56(9) M1 39(6)
529.8(6) 14(4)
809.5(5) 71(13) M1 46(8)
888.3(5) 57(10) M2 37(7)
968.5(6) 11(2) E2 7(1)
1013.1(6) 31(6) E1 20(4)
1257.7(6) 68(13) E3 44(8)
1569.1(7) 6(1)
1578.9(7) 7(2)

of choosing different fitting functions for the Ge detector
response is included in the uncertainty on the half-life.

Figure 6 shows the energy spectrum of prompt γ rays
measured using the Ge detectors at the target position

FIG. 6. Energy spectrum of prompt γ rays measured at the target
position that were correlated with an evaporation residue implanted
into the DSSD that was followed in the same DSSD pixel by a
5655 keV α decay within 4.5 s. A further requirement was that a
γ ray from the decay of the seniority isomer in 155Hf was detected
in the Ge detectors at the focal plane of MARA within 8 µs of
the ion implantation. Peaks assigned as γ -ray transitions populating
the isomeric state in 155Hf are labeled with their energies in keV.
Contaminant peaks from the strongly produced nuclides 155Lu [28]
and 156Lu [42] are indicated by the red circles and blue triangles,
respectively.
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TABLE II. Energies and efficiency-corrected intensities of γ -ray
transitions populating the 27/2− seniority isomer in 155Hf. Intensities
are normalized to that of the 569 keV transition.

Energy (keV) Intensity (%)

217.1(6) 32(3)
412.9(8) 28(6)
569.2(8) 100(10)
1305.8(9) 68(8)
1397.5(9) 14(4)

associated with the delayed γ rays shown in Fig. 3(a). A few γ

rays were identified that were not background from 155,156Lu
and are assumed to be transitions that populate the 27/2−
isomer in 155Hf. The energies and relative intensities of these
γ rays are presented in Table II. The level of statistics was
insufficient to allow γ -ray coincidences to be analyzed, so a
further experiment with a full array of Ge detectors will be
required to confirm the assignments of these γ rays to 155Hf
and construct a level scheme above the isomer.

IV. DISCUSSION

The strongest transitions populating the 7/2− ground states
in the N = 83 isotones 149Dy, 151Er, and 153Yb are stretched
E3 decays from the yrast 13/2+ states [4,10,19–23]. The
1258 keV γ ray observed in this work is interpreted as the
corresponding transition in 155Hf. In the lighter isotones these
13/2+ states have half-lives of ≈10 ns, but it was not possible

to measure a lifetime for this state in 155Hf from the time
stamps.

The excitation energy of the 13/2+ state in 155Hf fits in
well with the trend of increasing values with increasing Z [see
Fig. 7(a)]. In 151Er and 153Yb, the yrast 9/2− state drops below
the 13/2+ state and opens up an alternative decay path to the
ground state, which is also observed in 155Hf. The excitation
energy of this 9/2− state also fits in well with the falling trend
with increasing Z that extends to 157W [46].

The strongest feeding of the 13/2+ state is from the
810 keV γ -ray transition, which is the second in the cascade
of presumed M1 transitions from the 17/2+ state. Unlike in
149Dy and 151Er, this cascade is significantly more intense than
the parallel stretched E2 transition. The excitation energy of
the yrast 17/2+ state in 155Hf is very similar to those in its
isotones [see Fig. 7(a)], suggesting that it is likely to have
a similar ν f7/2 ⊗ 5− structure. The 13/2+ state is also fed
by a 1013 keV γ -ray transition that is assumed to be the
counterpart of the E1 transition from the yrast 15/2− state in
153Yb. The placement of the 1013 keV transition in the level
scheme was supported by the observation of coincident γ rays
having energies of 141, 370, and 888 keV.

The transitions and energy levels discussed so far account
for the strongest γ rays observed above 350 keV in Fig. 3(a).
The lower-energy γ rays in this spectrum were considered
as candidates for the expected E2 transition depopulating the
27/2− isomer. The strongest of these γ rays has an energy
of 45 keV, but if it were an E2 transition its intensity af-
ter allowing for internal conversion would be too high to
match the intensities of γ rays feeding the ground state [43].

FIG. 7. (a) Systematics of excitation energies of yrast 9/2−, 13/2+, 17/2+, and 27/2− levels above the 7/2− ground states in odd-A N = 83
isotones for Z = 66–72. The data for Z = 72 shown by the thicker lines are derived from this study, while other data are taken from [10,20,44–
46]. The rectangle represents the estimated range of likely values for the excitation energy of the 27/2− state in 153Yb. Comparison of yrast
energy levels deduced from experiments with those from shell-model calculations for (b) 155Hf and (c) 153Yb. The experimental energy levels
are in the center, with the negative-parity states to the left in blue and the positive-parity states to the right in red. The dotted lines connect the
calculated energy levels with the associated observed levels. The experimental energy levels of 153Yb are from [10,19], while those of 155Hf
are from the present work. See text for details of the shell-model calculations.
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However, its intensity would be consistent within uncertain-
ties if it were an E1 transition (see Table I). Given the
coincidences with many other γ rays present in Fig. 4(a), the
45 keV γ -ray transition is interpreted as the counterpart of
the 23/2−–21/2+ transition in 153Yb that has a similar energy
[10,19].

A similar conclusion regarding intensity balances was
reached for the 185 keV γ -ray transition, which is proposed
as the 19/2−–17/2+ transition. The next strongest unplaced γ

ray has an energy of 105 keV. Its intensity after correcting for
internal conversion assuming it is an E2 transition provides a
good match for the total observed γ -ray intensity feeding the
ground state. Other transitions do not have sufficient intensity,
so the 105 keV γ -ray transition is proposed as the transition
depopulating the 27/2− isomer. With all these transitions
placed in the level scheme there is a complete path to the
ground state from the isomer, the excitation energy of which
is deduced as 2581.5(10) keV.

Shell-model calculations were performed for 155Hf and
153Yb using the same approach as in Ref. [28], in which an
inert 146Gd core was assumed. The model space encompassed
the proton s1/2, d3/2, and h11/2 orbitals, and the neutron h9/2,
f7/2, f5/2, p3/2, p1/2, and i13/2 orbitals. The realistic charge-
dependent Bonn nucleon-nucleon potential [47] was renor-
malized using the perturbative G-matrix approach to take into
account the core polarisation effect [48]. The monopole part
of the effective interaction was further optimized by fitting
to the excitation energies of 190 low-lying yrast states in N =
82–86 nuclides in this region with a Monte Carlo optimization
procedure [49]. Parts of the multipole interaction matrix ele-
ments were adjusted following the prescription of Ref. [50].
The single-particle energies were taken from experimen-
tal data: πs1/2 = 0.0 MeV, πd3/2 = 0.253 MeV, πh11/2 =
0.0506 MeV, ν f7/2 = 0.0 MeV, νi13/2 = 0.997 MeV, νh9/2 =
1.397 MeV [51]. The unknown single-particle energies of
the other neutron orbitals were determined by the fitting pro-
cess. Calculations with this optimised interaction reproduced
experimental energy levels of nuclei in this region with an
average deviation of 190 keV [28].

The calculations for 155Hf and 153Yb are compared with
the experimental data in Figs. 7(b) and 7(c), where it can
also be seen that the excitation level schemes for these two
isotones are expected to be similar. One transition that is
absent in the level scheme for 155Hf is the E2 transition
between the 23/2− and 19/2− states, the counterpart of which
in 153Yb has an energy of 97 keV. This can be understood
as being due to the long partial lifetime associated with its
lower transition energy of 64 keV in 155Hf. Observing a γ

ray of this energy would also be hampered by interference
from Hf K x rays. It was also not possible to assign the 9/2−
and 11/2− states that would be expected at ≈1.5 MeV and
are attributed to the ν f7/2 ⊗ 2+ configuration [23]. The weak
γ -ray lines at 1569 and 1579 keV are candidates for these, but
there were insufficient statistics to establish their placement
in the 155Hf level scheme through coincidence measurements.
It should also be noted that transitions with similar energies
are known in the decays of microsecond isomers in 149,150Er
[6,15]. Overall the energy levels in 153Yb (ten excited lev-
els) and 155Hf (nine excited levels) are reproduced by the
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FIG. 8. (a) B(E2) values for the isomeric transitions in N = 83
isotones plotted as a function of atomic number. The solid line join-
ing the data points is drawn to guide the eye. E2 transition amplitudes√

B(E2) for (b) N = 83 and (c) N = 82 isotones. The solid lines
show the average trends of the data (b) for the odd-Z isotones and for
the even-Z isotones separately, and (c) for all isotones from 148Dy
to 153Lu, inclusive. The values for the even-Z N = 82 isotones have
been scaled up by a factor of 1.944 to account for the different geo-
metric factors. The red data points denote the values for 155Hf from
the present work, while the hollow data points indicate estimated
values for 153Yb and 154Hf, for which the transition energies are
unknown. Other data are taken from refs. [3,4,6,7,9–11,15,24,25].
Error bars are plotted where they are larger than the symbol size.

calculations with average deviations of 180 and 200 keV,
respectively.

The partial lifetime and energy of the 105 keV γ -ray tran-
sition depopulating the 27/2− isomer in 155Hf correspond to
a reduced transition probability of B(E2) = 0.45(3) W.u. or
22(2) e2fm4. This value is an order of magnitude larger than
the value deduced for the corresponding transition in 153Yb,
establishing unambiguously that the minimum in B(E2) val-
ues arising because of seniority cancellation has been passed
[10,19]. This can be seen in Fig. 8(a), where the parabolic
variation of B(E2) values with Z expected from shell-model
considerations can be seen borne out in the systematics for
N = 83 isotones.
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The shell-model calculations performed in the present
work predict a B(E2) value for 155Hf of 119 e2fm4, which is
substantially larger than the measured value. The correspond-
ing calculated value of 37.5 e2fm4 for 153Yb is also larger than
the estimated value for that nuclide [10,19]. These differences
may possibly point to the role of core excitations across the
Z = 64 subshell gap that slightly shift the location of half
occupancy of the πh11/2 orbital, as discussed in Ref. [52].

Previous studies have shown that the isomeric E2 transition
amplitudes

√
B(E2) for isotonic chains around N = 82 vary

approximately linearly with Z [9,10,24,25]. Assuming that
the B(E2) values are dominated by contributions from πh11/2

configurations, one would expect that
√

B(E2) ∝ (2 j + 1 −
n)/(2 j + 1 − ν), where n is the occupation of the orbital
being filled, j is its total angular momentum quantum num-
ber, and ν is the seniority. Figure 8(b) compares the present
measurements for 155Hf with the linear trend for the odd-Z
N = 83 isotones, assuming there is a sign change for

√
B(E2)

around Z = 71, and for the odd-odd cases it is assumed that
the unpaired neutron acts as a spectator. The corresponding
trend for the N = 82 isotones is shown in Fig. 8(c), where
the plotted values for the even-Z isotones have been adjusted
for the expected geometric factors so that they are on the
same scale. For both the N = 82 and N = 83 isotone chains,
including the new datum for 155Hf, the zero crossing point
where the πh11/2 orbital is half-filled is close to Z = 71. How-
ever, there is a slight shift between the trends for the N = 82
and odd-odd N= 83 isotones, an observation that has been
ascribed to a (πhn

11/2)27/2ν f7/2 component of the 15+ states
of the odd-odd nuclei, in addition to the (πhn

11/2)23/2ν f7/2

component [25]. This mechanism might also explain the shift
between the trends for the odd-Z and even-Z N = 83 isotones.

It is interesting to compare the behavior observed around
N = 82 with that of states around Z = 50 formed by coupling
h11/2 neutrons. Similar seniority isomers involving νh11/2 con-
figurations have been observed in the chain of tin isotopes and
the measured E2 transition amplitudes were found to vary lin-
early over a wide range of neutron numbers [53,54], with the
νh11/2 orbital becoming half-filled close to N = 73 [55]. For
the Sb isotopes, which are analogous to the N = 83 isotones
of interest in this work, the unpaired proton is thought to affect
both the neutron seniority and the neutron angular-momentum
mixing in the odd-A cases [56]. However, it should be noted
that the unpaired particle is in a different orbital in the two re-
gions and further measurements are probably required before
a definitive conclusion on the importance of these effects near
N = 82 can be reached.

V. SUMMARY AND CONCLUSIONS

The cascades of γ rays emitted in the decay of an isomeric
state in 155Hf have been identified and an excitation level
scheme has been constructed. The isomer is assigned as a
27/2− state similar to those in its lighter N = 83 isotones.
The measured half-life of 510(30) ns and depopulating tran-
sition energy of 105.4 keV correspond to a B(E2) value of
0.45(3) W.u. or 22(2) e2fm4. This B(E2) value fits in well
with the parabolic trend for N = 83 isotones, confirming that
the πh11/2 orbital is more than half filled above Z = 71. To de-
termine whether the parabolic trend of B(E2) values continues
to heavier elements will require extending these isomer-decay
measurements to even more exotic isotones. For the adjacent
isotone 156Ta [41,57] this should be feasible, provided the
isomeric ratio and half-life are favorable. However, studying
the heaviest currently known isotone 157W [46] will be chal-
lenging because of the much lower expected production cross
section.
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