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Lifetimes of low- and high-spin states in the odd-A nucleus 177Hf were measured during the EXILL&FATIMA
campaign using a spectrometer equipped with eight HPGe-Clover detectors and 16 fast-timing LaBr3(Ce)
detectors. For the determination of lifetimes in the pico- to nanosecond regime, the well established Generalized
Centroid Difference method was used. Lifetimes of the 9/2−, 9/2+, 11/2−, 11/2+ states were re-measured, the
lifetimes of the 13/2−, 17/2−, 13/2+, 15/2+ and 17/2+ states were determined for the first time and an upper
limit for the 19/2+ state has been established. From these lifetimes absolute reduced transition probabilities
were extracted and compared to Particle-Rotor-Model calculations andQuasiparticle-Phonon-Model calculations
showing the importance of including multipole-multipole interactions in the description of odd-A nuclei in the
rare earth region.

I. INTRODUCTION

The rotational structure of 177Hf, arising from the decay of
177mLu, has been studied extensively in the past [1–6]. Two
rotational bands with opposing parity are populated at rela-
tively high spin and decay via a complex combination of inter-
and intraband transitions [2]. This makes the nucleus 177Hf a
prime candidate to be investigated and probed against nuclear
structure models. The general schematics of the level scheme
are well described in the framework of the Nilsson model.
Coupling rotational motion to single particle states gives a
satisfying description of the energies of the band structure by
associating the two bands with the 7/2−[514] and 9/2+[624]
neutron orbitals, respectively [6].
The description of the intertwined electric dipole transitions
between the bands ismore complex. The E1 transitions present
in 177Hf are relatively strong compared to the, usually, hin-

a Corresponding author: lknafla@ikp.uni-koeln.de

dered low energetic E1 transitions in the rare earth region [6]
and can not easily be described by the assumption of a par-
ticle coupled to rotational motion. In this model, calculated
E1 strengths are orders of magnitude smaller than the exper-
imental values. Calculations in the Nilsson framework were
expanded to include Coriolis coupling, pairing and octupole-
vibration particle coupling [4] laying the groundwork for a
successful description of E1 transitions in odd-A rare earth
nuclei. Hamamoto et al. [7] worked out, that even for nuclei
that are stable against octupole deformation, the E1 strengths
can only be accounted for by including a coupling to an oc-
tupole vibration [7–9]. Few lifetimes of excited states in 177Hf
were known and transition strengths were determined from
measured intensity ratios under the assumption of constant
quadrupole moment. A variety of different B(E1) transition
strengths are found in the literature [2–4, 6, 7].
With the recent advances in novel scintillator materials and im-
proved experimental methods, direct lifetimemeasurements of
excited states in 177Hf have become accessible. In combination
with an experimental setup combining the high resolution of
HPGe detectors and ultra-fast timing LaBr3(Ce) scintillators
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it was made possible to disentangle the complex decay pat-
tern and directly measure the lifetimes of higher-lying excited
states in both rotational bands. Absolute reduced transition
strengths directly derived from the newly measured lifetimes
are compared to calculations performed in the framework of
the Particle-plus-Rotor-Model (PRM) as well as compared to
Quasiparticle-Phonon-Model (QPM) calculations. Compar-
ing both calculations gives means to study the effect of the
more complex Hamiltonian of the QPM approach, including
multipole-multipole interaction.

II. EXPERIMENTAL DETAILS

The experiment was performed during the EX-
ILL&FATIMA campaign, conducted at the Institut Laue-
Langevin (ILL) in Grenoble, France. The EXIL&FATIMA
spectrometer consisted of 8 HPGe-clover detectors, mounted
in a central ring around the focal position, and 16 ultra-fast
LaBr3(Ce) (in the following denoted as LaBr3) timing detec-
tors mounted in forward and backward directions. The clover
detectors were surrounded by BGO shields and were mounted
at a distance of 14.5 cm around the source position, while the
LaBr3 detectors were mounted at 8.5 cm, as close as possible
to maximize efficiency. This hybrid setup of HPGe and LaBr3
detectors combines the high energy resolution of the clover
detectors with the excellent time resolution of the LaBr3 de-
tectors. In this configuration a γ-cascade of interest can be pre-
cisely selected by the HPGe detectors and the time difference
between the populating and depopulating transition of the state
of interest can be precisely measured by the LaBr3 detectors.
Time differences between γ rays detected in the LaBr3 detec-
tors were measured by Time-to-Amplitude-Converters (TAC).
A detailed discussion of the experimental setup and the trig-
gerless data acquisition is given in Ref. [10, 11].
The lifetimes of excited states in 177Hf were measured follow-
ing the β-decay of 177mLu. The 177mLu source consisted of
60mg Lu(NO3)3 powder that had been activated for 1 hour
in a thermal neutron flux of 3.6 · 1013cm−2s−1 in the FRM2
reactor in Garching, Bavaria. The source was left for 4 months
to let shorter-lived co-produced activities (176mLu and 177gLu)
decay. During the experiment, the activity of the source was
approximately 60 kBq and the measurement was conducted
at focal position for 72 h. The full projections of HPGe and
LaBr3 threefold coincidencesmeasured during this experiment
are shown in Fig. 1 and the dominant transitions in 177Hf are
labelled. The level scheme of the 177mLu decay is shown in
Fig. 2.

III. FAST-TIMING METHOD AND DATA ANALYSIS

For the measurement of lifetimes in the sub-nanosecond
regime, the well known GCD method was used [15]. This
method is based on the direct measurement of the time dif-
ference between two coincident γ rays populating and de-
populating a state of interest. The feeding or decaying tran-
sition of a state of interest can either be observed by a LaBr3
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Figure 1. (Color online) Full projections of the clover (red) and LaBr3
(black) threefold coincidences measured during the 72 h measure-
ment. The clover (LaBr3) spectrum is generated by using Ge-LaBr3-
Ge (Ge-LaBr3-LaBr3) events, respectively. The dominant transitions
in 177Hf are labeled.

detector connected to the start- or stop-input of a TAC. If the
feeding transition is detected in a start-detector and the decay-
ing transition is detected in a stop-detector, a so-called delayed
time distribution is generated. If the feeding and depopulat-
ing γ rays are detected in reverse a so-called antidelayed time
distribution is generated. This way, two independent time
distributions are generated. Under the assumption of no back-
ground contributions, the delayed time distribution D(t) is
defined as the convolution of the Prompt-Response-Function
(PRF) P (t) of the setup and an exponential decay [16, 17]:

D(t) = nλ

∫ t

−∞
P (t′ − t0)e−λ(t−t′)dt′ + nr, λ = 1/τ ,

(1)
where n is the number of counts in the time distribution, nr
are constant random counts and τ is the mean lifetime of
the excited state of interest. By definition the centroid of a
time distribution D(t) is shifted by the mean lifetime from
the centroid t0 of the PRF [18]. If the lifetime of the state of
interest is larger than the width of the PRF a slope develops
in the time spectrum that is correlated to the decay constant
λ. By the GCD method the lifetime of the state of interest can
be calculated from the centroid difference between the delayed
and antidelayed time distribution while taking into account the
combined time response of the system [15, 16]:

2τ = ∆C(Efeeder, Edecay)− PRD(Efeeder, Edecay). (2)

Two quantities have been introduced: The difference between
the centroid of the delayed and antidelayed time distribution
∆C and the Prompt Response Difference (PRD). The PRD
describes the combined γ-γ time response of the system [15]
and has to be calibrated to measure lifetimes. The calibration
of the energy dependent PRD is performed using a standard
procedure, utilizing a 152Eu source and the well known life-
times in its daughter nuclides. For a detailed description of the
PRD calibration procedure see Ref. [17]. The final PRD(Eγ)
curve is shown in Fig. 3 and was fitted using the function
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Figure 2. Level scheme of the 177mLu decay into 177Hf. Energies are given in keV and the width of the arrows corresponds to the intensity of
the γ rays. Adopted from Ref. [12–14]

[10, 17]:

PRD(Eγ) =
a√

Eγ + b
+ c ·E2

γ + d ·Eγ + e. (3)

The measured centroid difference is highly sensitive to the in-
fluence of Compton background from scattered coincident γ
rays. These scattered γ rays have their origin in other excited
states and show different, energy-dependent time responses.
For the lifetime determination, the experimental centroid dif-
ference ∆Cexp needs to be corrected for the background time
influence. In combination with the GCD method, an analytic
approach to the background correction has been established to
correct for the background affecting a peak of interest [16, 19]:

∆CFEP = ∆Cexp+ tcor = ∆Cexp+
∆Cexp −∆Cbg

p/b
. (4)

The background corrected centroid difference ∆CFEP is cal-
culated from the directly measured centroid difference∆Cexp,
combined with a correction term tcor. The background time
response ∆Cbg is interpolated from experimental data and the
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Figure 3. (Color online) Calibrated PRD curve for the
EXILL&FATIMA campaign [10] derived using Eq. 3. Due to the
low energy of the transitions of interest only the low energy part (be-
low 1 MeV) of the PRD is shown. The uncertainty of the PRD is
derived from a 3σ standard deviation and amounts to 5 ps.
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Figure 4. (Color online) (a) Gated spectra after applying a clover
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passes all contaminations around the 208 keV peak of interest.
(b) Time spectrum generated by applying a clover gate on the
21/2+ → 17/2+ (418 keV) transition, the first LaBr3 gate on the
9/2+ → 9/2− (208 keV) transition and a second LaBr3 gate con-
taining the 11/2+ → 9/2+ (105 keV) transitions as well as the
9/2− → 7/2− (113 keV) transition. The lifetimes of the 9/2+ and
9/2− states can be measured from the same time distribution.

peak-to-background ratio p/b is directly measured. As both
peaks of interest are usually contaminated by Compton back-
ground this correction of background-related timing influence
has to be applied to both the peaks correlated to the feeding
and decaying transitions of interest [19]:

t̃cor(Ef , Ed) =
p/b(Ed) · tcor(Ef ) + p/b(Ef ) · tcor(Ed)

p/b(Ed) + p/b(Ef )
.

(5)
This represents an average of the correction terms weighted
by the peak-to-background ratio and takes possibly large dif-
ferences in the p/b ratio into account. The subscripts f and d
denote the feeding and decaying transitions, respectively. As
strong variations between peak-to-background ratios are found
in the measurement presented here, a background correction
according to Eq. 5 has been applied in all cases. The back-
ground corrected centroid difference is calculated by Eq. 4
with the term tcor replaced by t̃cor(Ef , Ed). The uncertainty
is calculated using error propagation.
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Figure 5. (Color online) Time spectrum for the lifetime measurement
of the (a) 9/2− and (b) 9/2+ states. (a) Time Spectrum generated
by applying a clover gate on the 21/2− → 17/2− (466 keV) tran-
sition and placing LaBr gates on the 13/2− → 9/2− → 7/2− cas-
cade. (b) Time Spectrum generated by applying a clover gate on the
21/2+ → 17/2+ (418 keV) transition and placing LaBr gates on the
13/2+→ 9/2+→ 9/2− cascade.

A. Lifetime measurement of the 9/2- and 9/2+ states

The lifetimes of the 9/2− and 9/2+ states are longer than the
FWHM of the prompt time distribution and the convolution of
the prompt time distribution with the exponential decay leads
to the evolution of a slope in the time spectrum. Fitting an
exponential plus a constant background to this slope directly
yields the lifetime of the excited state.
Due to the entanglement of the level scheme the lifetimes
of the 9/2 states are not easily accessible. The feeding
11/2+→ 9/2+ (105 keV) transition lies close to the decaying
9/2−→ 7/2− (113 keV) transition and the two peaks can not
be resolved by the scintillation detectors (see Fig. 4a).
By placing a clover gate to clean up the spectra it is not
possible to fully remove the influence of the 105 keV and
113 keV peak from one another. Additionally, the strong
9/2+ → 9/2− (208 keV) transition is contaminated by
two different transitions. To circumvent this problem, a
clover gate is placed on the 21/2+ → 17/2+ (418 keV)
transition, bypassing the contaminants stemming from the
21/2+ → 19/2+ (214 keV) and 19/2+ → 17/2+ (204 keV)
transitions close to the 208 keV peak. Placing the first LaBr3
gate on the strong 9/2+ → 9/2− (208 keV) transition and
placing a second, broad, LaBr3 gate on the peak containing
both the 105 keV and 113 keV transitions, both lifetimes can
be measured from the same time spectrum simultaneously
(see Fig. 4b). The time distribution shows a slope on the
left as well as on the right side. Each slope corresponds to
a different energy combination with the 208 keV transition
connecting the two isomers. Considering a start-stop detec-
tor combination using a stop gate set on the 208 keV transi-
tion, the combination start(105 keV)-stop(208 keV) (delayed)
is responsible for the slope on the right side, while the com-
bination stop(208 keV)-start(113 keV) is responsible for the
slope on the left side of the time spectrum. Independently fit-
ting an exponential to each side of the time distribution yields



5

0

50

100

150

200

250
13/2−→11/2−

gates:
Clover: 466 keV
LaBr3: 250 keV

a)

−200
−100

0
100
200
300
400
500
600

100 150 200 250 300

b)

C
ou

n
ts

abc

∆
C

[p
s]

Eγ [keV]

PRD
∆CExp.

Background

0

100

200

300

400

500
11/2−→7/2−

gates:
Clover: 466 keV
LaBr3: 160 keV

c)

−300
−200
−100

0
100
200
300
400
500

200 250 300 350 400

d)

C
ou

n
ts

abc

∆
C

[p
s]

Eγ [keV]

PRD
∆CExp.

Background
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the lifetimes of the 9/2− and 9/2+ states which amount to
776(15) ps and 1143(33) ps, respectively. The delayed time
distribution shown contains around 105 counts and shows low
background contributions emphasizing the quality of the re-
sult. To confirm the results, the lifetimes of the 9/2− and 9/2+

states have been measured in isolation from each other. The
lifetime of the 9/2− state has been measured by applying a
clover gate on the 21/2− → 17/2− (466 keV) transition and
using the 13/2− → 9/2− → 7/2− cascade. The lifetime of
the 9/2+ state has been measured by applying a clover gate
on the 21/2+ → 17/2+ (418 keV) transition and using the
13/2+ → 9/2+ → 9/2− cascade. The resulting time spec-
tra and slope used for the determination of the lifetimes are
shown in Fig. 5. In both cases, the antidelayed time spectrum
has been mirrored and added to the delayed time distribution
to increase statistics. The measured lifetimes for the 9/2− and
9/2+ state amount to 755(31) ps and 1141(36) ps, respectively,
in agreement with the analysis shown in Fig. 4b.

B. Lifetime measurement of the 11/2- state

Compared to the FWHMof the prompt time distribution, the
lifetime of the 11/2− state is short and can be directlymeasured
using the GCDmethod. The lifetime analysis is performed us-
ing threefold Clover-LaBr3-LaBr3 coincidences. The clover
gates are used to select the cascade of interest, simplifying the
spectrum and significantly reducing the background. Due to
the complexity of the γ-ray spectrum, gates need to be properly
selected to remove disturbing peaks close to the transitions of
interest. To verify that no contaminations are present in the

LaBr3 timing spectra, threefold Clover-LaBr3-Clover coinci-
dences are used, taking advantage of the resolution of the
clover detectors to investigate the gated energy spectrum. The
lifetime of the 11/2− state is accessible using several differ-
ent γ-γ cascades. To verify and cross check the experimental
results, all combinations of feeding and decaying transitions
are analyzed, if possible. The analysis using the GCD method
is exemplarily shown for the 13/2− → 11/2− → 7/2− cas-
cade. For all other cascades that were analyzed, the results
of the lifetime measurement are shown with the respective
cascade in Tab. I. To select the cascade of interest in the neg-
ative parity ground state band, a clover gate is set on the
21/2−→ 17/2− (466 keV) transition. This gate cleans up the
spectra to a high degree and gives direct and isolated access to
the transitions of interest. The situation after applying a LaBr3
gate on the feeding (160 keV) or decaying (250 keV) transi-
tion, respectively, is shown in Fig. 6 (a,c). No contaminating
peaks close to the transitions of interest can be observed. Ap-
plying the second LaBr3 gate on the remaining transition of
interest generates the delayed and antidelayed time distribution
(shown in Fig. 7). From these time spectra the centroid differ-
ence was measured and amounts to 250(11) ps. To correct for
the Compton background in Fig. 6, the background time re-
sponse is interpolated for the measured energy. This is done by
measuring the centroid difference in several background gates
around the peak-of-interest. By fitting an appropriate poly-
nomial the background time response at the Full-Energy-Peak
(FEP) is determined. To successfully describe the background
time response it has been shown that a second order polyno-
mial or a function similar to Eq. 3 best describesmeasured data
[19]. This interpolated background time response is combined
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with the peak-to-background ratio to correct the experimental
centroid difference according to Eq. 5. In this example the
lifetime of the 11/2− state, after correcting for the background
and taking into account the PRD, amounts to 130(7) ps.

IV. EXPERIMENTAL RESULTS

Following these procedures, the lifetimes of the 9/2−, 9/2+,
11/2−, 11/2+ states were re-measured, the lifetimes of the
13/2−, 17/2−, 13/2+, 15/2+, 17/2+ states were determined for
the first time and an upper limit for the lifetime of the 19/2+

state has been established. All transitions and γ-γ cascades
that were used for the analysis are listed in Tab. I. Due to mul-
tiple interband and intraband transitions most levels of interest
can be accessed by multiple γ-γ cascades, making the analysis
more complex while at the same time providing an ideal way
for cross-checking the measured lifetimes. If more than one
cascade was used for the lifetime determination, the final life-
time is calculated from the weighted average of all results. The
final uncertainty is calculated from the 1σ standard deviation.
The measured lifetime of the 9/2− state (τ = 771(13) ps) is in
excellent agreement with the recommended value of the latest
ENSDF evaluation (τ = 781(20) ps [14]) which is calculated
from the results of Refs. [20–23]. The lifetime of the 9/2+ state
measured in this work amounts to τ = 1142(24) ps. As shown
in Fig. 4, the peaks of interest show a high peak-to-background
ratiowith no contamination from other neighbouring cascades.
Furthermore, the high statistics of 105 counts in the time dis-
tribution underline the quality of the result. Additionally, two
independent cascades have been investigated to determine the
lifetime. The independently measured lifetimes for the 9/2+

state amount to 1143(33) ps and 1141(36) ps and are in excel-
lent agreement with each other.
Our measurement of the 9/2+ level lifetime differs consider-
ably, by about 5σ, from the recommended value in the last
ENSDF evaluation: 960(23) ps [14]. The latter is based on

Table I. Gates used for the analysis and the resulting lifetimes. The
column labeled "HPGe gates" gives the transition on which a germa-
nium gatewas placed to clean up the spectra and in the column "LaBr3
gates" the cascade of interest is shown. In cases where multiple cas-
cades were used for the lifetime determination, the final lifetime τf is
calculated as the weighted average with corresponding 1σ standard
error.

State HPGe gate LaBr3 gates τ [ps] τf [ps]

9/2− 21/2+→ 17/2+ 9/2+→ 9/2−→ 7/2− 776(15)
772(14)

21/2−→ 17/2− 13/2−→ 9/2−→ 7/2− 755(31)

11/2− 19/2−→ 15/2− 15/2−→ 11/2−→ 9/2− 149(13)

137(3)

21/2−→ 17/2− 13/2−→ 11/2−→ 7/2− 130(7)

19/2−→ 15/2− 15/2−→ 11/2−→ 7/2− 136(3)

17/2−→ 13/2− 13/2−→ 11/2−→ 9/2− 162(20)

17/2+→ 13/2+ 13/2+→ 11/2−→ 7/2− 141(6)

19/2−→ 15/2− 11/2+→ 11/2−→ 7/2− 137(10)

13/2− 21/2−→ 17/2− 17/2−→ 13/2−→ 9/2− 41(3)
42(3)

21/2−→ 17/2− 17/2−→ 13/2−→ 11/2− 53(12)

17/2− 13/2−→ 9/2− 21/2−→ 17/2−→ 13/2− 9(3) 9(3)

9/2+ 21/2+→ 17/2+ 11/2+→ 9/2+→ 9/2− 1143(33)
1142(24)

21/2+→ 17/2+ 13/2+→ 9/2+→ 9/2− 1141(36)

11/2+ 19/2+→ 15/2+
15/2+→ 11/2+→ 11/2− 76(10)

72(9)
11/2−→ 7/2−

19/2+→ 15/2+
13/2+→ 11/2+→ 11/2− 62(16)

11/2−→ 7/2−

13/2+ 9/2+→ 9/2− 17/2+→ 13/2+→ 11/2+ 34(6)

36(3)9/2+→ 9/2− 15/2+→ 13/2+→ 11/2+ 37(4)

21/2+→ 17/2+ 17/2+→ 13/2+→ 9/2+ 24(22)

15/2+ 9/2+→ 9/2− 19/2+→ 15/2+→ 13/2+ 13(6)

19(2)9/2+→ 9/2− 19/2+→ 15/2+→ 11/2+ 19(3)

9/2+→ 9/2− 17/2+→ 15/2+→ 11/2+ 21(4)

17/2+ 13/2+→ 11/2+ 21/2+→ 17/2+→ 13/2+ 10(3)
10(3)

11/2+→ 11/2− 21/2+→ 17/2+→ 15/2+ <27

19/2+ 15/2+→ 11/2+ 23/2+→ 19/2+→ 15/2+ <12 <12

a weighted average of 5 mutually consistent measurements
[1, 24–27]. It is unusual to find such a large discrepancy from
a well-established value, which renders a closer inspection of
possible reasons necessary. The slope method provides a di-
rect result and does not require PRD corrections. We also note
that the 9/2+ level has the longest lifetime of all the levels
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populated in the 177mLu decay into 177Hf. Thus, the acci-
dental inclusion of other weak transitions or their Compton
background into any of the gates, would lead to a reduction of
the apparent lifetime, not to a prolongation.
All previous experiments were performed with fast-slow co-
incidence measurements, mainly using 177gLu sources. The
β− decay of 177gLu populates the 9/2+ level in 177Hf with
an endpoint energy of 175.5(8) keV and an average beta en-
ergy of 47 keV. The M1 + E2 9/2− → 7/2− transition is
converted with α = 2.23. Thus 2.23/(1+2.23)=69% of all
208 keV gamma rays are followed by emission of a conver-
sion electron with energies ranging from 47.6 keV to 112.9
keV. In addition 0.25% K Auger electrons with 44.8 keV and
8.5% L Auger electrons with 8.6 keV are emitted. Altogether,
this spectrum of secondary atomic electrons covers a similar
energy range as the primary beta spectrum and thus similar
efficiencies are expected for their detection by a beta detector.
Also the 112.9 keV γ ray itself and the X-rays emitted after
the conversion electron emission will have a finite probabil-
ity to trigger the beta detector. Thus, for every “good” start
signal from a populating beta there will be 0.7 to 0.9 (depend-
ing on the exact efficiency curve of the beta detector) “false”
start signals from an electron below the 9/2− state. These
false start signals are delayed by the lifetime of the 9/2− state
(τ = 780 ps), i.e. they cause a left tail on the coincidence
timing curve which is usually clearly separable from the right
tail. Only the measurement by Vartapetyan et al. [28] had to
consider a convolution of this effect. The other experiments
had better intrinsic timing resolution which clearly separated
the left and right tail.
Berlovich et al. [24] and Rougny et al. [25] used 177gLu sources
and measured beta-gamma coincidences between a plastic
scintillator detecting the beta and a NaI(Tl) scintillator detect-
ing the depopulating 208 keV γ-ray respectively. They found
lifetimes of 995(43) ps and 938(87) ps. Hauser et al. [1] used
the same method, but gated specifically on the high-energy
part of the beta spectrum to minimize the influence of con-
version electrons from the (delayed) 9/2− → 7/2− transition.
They found a value of 909(72) ps.
Three more literature values are available which were not in-
cluded in the evaluated ENSDF average: Vartapetyan et al.
[28] used a triple-coincidence setup of one plastic scintillator
and two NaI(Tl) detectors. The additional NaI(Tl) detector
was used to impose an additional coincidence with the 113
keV gamma ray at the bottom of the cascade. This effectively
removes the false triggers from conversion andAuger electrons
and thus the left tail. From the centroid shift with respect to
the unconditioned beta-gamma coincidence Vartapetyan et al.
derived a lifetime of 700(200) ps for the 9/2+ level, but with
limited statistics.
West et al. [29] used EC decay of a 177Ta source to popu-
late γ-ray cascades in 177Hf. The lifetime of the 9/2+ level
was measured via a 424.7 keV – 208.4 keV coincidence where
both γ-rays were detected by NaI(Tl) detectors. They derived
a lifetime of 750(50) ps for the 9/2+ level.
Finally, Zhu et al. [30] performed an experiment combining
the Gammasphere Ge detector array with additional LaBr3 de-
tectors and used a 177mLu source. Hence, the characteristics

of their experiment are close to our experiment. They found
a lifetime of 1050(32) ps for the 9/2+ level, higher than all
other measurements but still 2.2 σ lower than our result.
A careful investigation of the decay schemes of 177gLu, 177Ta
and 177mLu respectively has provided no evidence for a system-
atic bias towards shorter or longer lifetimes in any of the mea-
surements. To fully understand and resolve the origin of this
persisting discrepancy a new independent measurement would
be required, e.g. repeating the experiments from five decades
ago with a 177gLu source, but complementing the beta(plastic
detector)-208 keV (LaBr3 detector) coincidence by an addi-
tional Ge gate on the 113 keV gamma to eliminate any bias
from “late” electrons stemming from the 9/2− → 7/2− tran-
sition.
Previous measurements of the lifetime of the 11/2− state
were performed using Coulomb excitation [31] or utilizing the
Mößbauer effect [32] and resulted in a lifetime of 154(16) ps
and 153(30) ps, respectively. Both values show quite large
uncertainties but are consistent with the lifetime of 137(3) ps
measured in this work. This was the first direct measurement
of the lifetime of the 11/2− state and was determined using six
independent γ-γ cascades.
In the context of a technical demonstration of the conjunc-
tion of Gammasphere with LaBr3 detectors the lifetime of
the excited 11/2+ state has been measured and amounts to
58(4) ps [30]. The lifetime measured in this work amounts to
72(9) ps. To fully isolate the relatively weak band crossing
11/2+ → 11/2− transition, fourfold coincidences have been
used. This leads to a reduction of statistics by a significant
amount, which finally results in a larger uncertainty but on
the other hand guarantees extremely clean spectra. Neverthe-
less, the lifetime determined in the Gammasphere experiment
barely lies outside a 1σ uncertainty of the lifetime measured
in this work. Additionally, the lifetimes of the 13/2−, 17/2−,
13/2+, 15/2+, 17/2+ states in 177Hf have been measured for
the first time and an upper limit for the lifetime of the 19/2+

state has been established.

V. PRM AND QPM CALCULATIONS

Calculations utilizing the Particle-Rotor-Model (PRM) have
been performed to describe the basic structure of the 7/2[514]
and 9/2[624] band as well as B(E2;∆I=1,2) strengths. Due
to the importance of the multipole-multipole interaction in the
description of the electric dipole structure [7], additional QPM
calculations have been performed.
The PRM is utilized as described in Ref. [33] and the cal-
culations were performed with the computer codes GAMPN,
ASYRMO, PROBAMOand E1PROBAM that are described in
detail in Ref. [34]. The Hamiltonian of the particle-plus-rotor
system is a sum of the contributions of the collective rotational
part, single-particle motion and pairing force:

H = Hsp +Hpair +Hcore (6)

The single-particle Hamiltonian Hsp describes the single-
particle motion in a deformed Modified Harmonic Oscillator
(MHO) potential defined by deformation parameters ε2, ε4
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and γ and the Nilsson parameters µ and κ. The collective
rotational motion is described by the core Hamiltonian Hcore

that includes a Coriolis term [35]. Pairing force is treated
within the standard BCS approximation and is included by the
Hpair term. From the Nilsson states generated for a given de-
formation, the strong coupling base states are calculated and
all single-particle matrix elements required for the particle-
rotor Hamiltonian and the calculation of transition strengths
are computed [34]. For the calculations using the PRM ap-
proach only ε2 is used as deformation parameter. Taking into
account higher order deformation as well as γ-deformation
did not improve on the theoretical description and are omitted
in the calculation. A first estimate for the ε2 is taken from
Ref. [36] and subsequently adapted to reproduce experimen-
tal transition strengths. For the separate calculations of the
two rotational bands with opposing parity, 14 orbitals around
the Fermi surface are selected to be included in each calcu-
lation. The pair-gap parameter ∆ = 0.625 MeV is calculated
from the odd-even mass difference. The moment-of-inertia
is governed by the 2+

1 energy of the assumed even-even rotor
core (176Hf) and has been reduced slightly. Using this pa-
rameter, the energies of the different states are scaled down
and it was modified in a way, to reproduce the level energies
and band structure of interest. To reduce the effect of Coriolis
coupling, the attenuation factor ξ = 0.7 is multiplied to all
off-diagonal matrix elements [34]. The effective charge used
for the calculation of reduced E1 strengths is calculated to be
eeff = -0.122e. For the calculation of the B(M1) transition
strength, the collective gyromagnetic ratio gR and effective
spin g-factor geffs /gs needed to be altered. The quadrupole
deformation ε2, the moment-of-inertia and the Coriolis atten-
uation factor have been adjusted to reach agreement with the
experimental level energies and to correctly reproduce the en-
ergy of the 9/2+[624] band-head energy. Additionally, the
adjustment of the parameters aims at reproducing the experi-
mental strength of the mixed M1/E2;9/2−→ 7/2− transition.
The following Parameters are used for the PRM calculations:
µ = 0.4055, κ = 0.0636, ε2 = 0.235, ∆ = 0.625 MeV,
E(2+) = 0.082 MeV, ξ = 0.7, eeff = -0.122e, geff

s /gs = 0.7,
gR = 0.19.
The total Hamiltonian for the QPM calculations is written as

H = Hintr +Hrot, (7)

where Hrot is the rotational Hamiltonian. The intrinsic part
Hintr of the Hamiltonian can be decomposed as [37]

Hintr = Hpair +Hsp +Hmulti. (8)

TheHsp part describes the deformed average mean field as in
the Nilsson model. The short range monopole pairing interac-
tion is accounted for by the pairing Hamiltonian Hpair [38].
The multipole-multipole interaction, namely the quadrupole-
quadrupole (λ = 2) and octupole-octupole interaction (λ = 3)
is described by

Hmulti = −1

2

∑
τ=p,n

∑
λ,µ

κτλ,µQ
τ+
λ,µ(r̂)Qτλ,µ(r̂). (9)

The deformation parameters are set to be ε2 = 0.260,
ε4 = −0.062 and the neutron pairing gap ∆n = 0.886 MeV.
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Figure 8. (Color online) Comparison of experimental and calculated
level energies. The position of the experimental levels is marked
as black (dotted) line and the predictions of the PRM and QPM are
shown as blue (dark gray) line and red (dashed) line, respectively.

The chosen hexadecapole deformation ε4 differs from that pre-
dicted by the Finite Range Droplet Model (ε4 = 0.07) [36] but
is supported by ourmicroscopic Skyrme+BCS calculations us-
ing the code SKYAX for the global parametrizations SV-bas
and SV-min [39] that predict ε4 = −0.04 and by the fact that
the negative ε4 better fits the experimentally assigned config-
urations in the QPM. The oscillator-shell dependent Nilsson
parameters κ and µwere taken from [40] and slightly modified
for the neutron shells N = 5 and N = 6 to reproduce the ex-
perimental bandhead energies (for more details see Ref. [38]).
The strengths of the multipole-multipole interaction were set
to be κ20 = 1.02 · 10−3 MeV fm−4, κ22 = 1.28 · 10−3 MeV
fm−4, κ30 = 2.12 · 10−3 MeV fm−6, κ31 = 2.15 · 10−5 MeV
fm−6, κ32 = 2.17 · 10−5 MeV fm−6, and κ33 = 2.40 · 10−5

MeV fm−6 to fit energies of the lowest vibrational states in
176Hf or taken from systematics. The inertia parameters
(A = 12.5 keV for the 7/2−[514] band and A = 10.2 keV
for the 9/2−[624] band) and the Coriolis and recoil attenua-
tion factors, ηcor = 0.217 and ηrec = 0.388 were fitted to best
reproduce the rotational bands in 177Hf. To the improve de-
scription of high-spin states the quadratic term proportional to
[I(I+1)]2 was added in the rotational part of the Hamiltonian
for the 7/2−[514] and 9/2−[624] bands. Their strengths were
found to be B = −4 eV and B = 2 eV, respectively.
In the QPM framework, first the microscopic structure of
the 176Hf core vibrational excitations is obtained (see Ta-
ble II) and electromagnetic transition amplitudes between
states were calculated. From Table II one can see that the
octupole phonon intrinsic stateK = 1− contains about 5% of
the two-quasiparticle configuration ν9/2+[624]ν7/2−[514].
Subsequently, intrinsic wave functions with vibrational ad-
mixtures (see Table III) and intrinsic electromagnetic tran-
sition amplitudes are obtained. Finally, the coupling of the
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Figure 9. (Color online) Comparison of experimental and calculatedB(M1) andB(E2) transition strength for themixedM1/E2 I→ I-1 transitions
in the (a,b) 7/2−[514] negative parity band and (c,d) 9/2+[614] positive parity band. (a,b) No mixing ratio for the B(M1/E2;17/2− → 15/2−)
transition is given in the literature. The filled squares give the transition strengths in the limit of pure M1 or E2 transition, respectively.

intrinsic and rotational degrees of freedom was taken into ac-
count. The resulting total spin-dependent wave functions are
used in the calculations of the electromagnetic transitions in
177Hf. The 7/2−[514] band is slightly Coriolis mixed with
5/2−[512] (less than 1%). The 9/2+[624] band is Coriolis
mixed with 11/2+[615] and 13/2+[606], the mixing gradu-
ally increases with increasing spin up to 19/2+ and reaches
30% for 11/2+[615] and 15% for 13/2+[606].
Fixed effective charges taking into account the center-of-mass
motion were e1peff = 0.593e and e2peff = 0.991e for protons
and e1neff = −0.407e and e2neff = 0.002e for neutrons [40].
The core intrinsic quadrupole moment Q0 = 734 fm2 and the
gyromagnetic factor gR = 0.27 were fixed by the experimen-
tal values for the first 2+ state in 176Hf. The remaining free
parameter geff

s /gs was set to 0.7.
The PRM predicts the ground state to be mostly generated
by the 7/2−[514] orbital with a small admixture of 5/2−[512]
(≈6%). Further admixtures of 5/2−[523] and 9/2−[505] are
predicted with increasing spin, but all admixtures stay below
15% up to the 19/2− state. The 9/2+ state is predicted to be
generated by the 9/2+[624] orbital with some admixture of
7/2+[633] (≈12%). Compared to the ground state band the
admixture is stronger. For increasing spin the PRM predicts
an additional small admixture of 5/2+[642] and a stronger ad-
mixture of 11/2+[615] (25% admixture for the 19/2+ state).
Both the negative 7/2− and positive 9/2+ rotational bands are
well described by the PRM calculations with the 9/2+ band
head placed at the correct energy (see Fig. 8). A Coriolis
attenuation factor was required to reproduce the structure of
the positive parity band. The 9/2+[624] orbital origins from
the i13/2 intruder and is therefore strongly affected by Coriolis

coupling compared to the ν7/2−[514] orbital originating from
f7/2 [6]. As the two bands are differently affected by Coriolis
coupling, the attenuation is too strong for the high spin nega-
tive parity band members. Nevertheless, the theoretical PRM
description of the 7/2−[514] band remains in good agreement
with the experimental energies. The directly measured life-
times presented in this work were used to calculate absolute
reduced transition strengths. All branching and mixing ratios
were taken from Ref. [14] and conversion coefficients were
calculated by BrIcc [41]. In Fig. 9 the comparison of experi-
mental B(M1/E2) to the theoretical values from the PRM and
QPM calculations are shown. The experimental B(M1) and
B(E2) transition strengths in the negative parity band are well
described by the PRM calculations. For both the B(M1) and
B(E2) strengths, the experimental values are reproduced and
the theoretical values follow the trend of the experimental data.
TheQPMcalculation for the negative parity band slightly over-
estimates the B(E2) strengths and is orders of magnitude too
large for the description of the B(M1) strengths. By artifi-
cially lowering the gs and gR factors, the theoretical B(M1)
values could be reduced by a factor of 5. An about 50 times
lower strength is obtained by removing the admixture of the
7/2−[503] orbital in 7/2−[514] that is predicted by the QPM.
No mixing ratio for the 17/2− → 15/2− transition is known
in the literature. To put the measured lifetime in the context
of the calculations, the transition strengths in the pure M1 and
pure E2 limits have been calculated and are shown in Fig. 9
as black squares. A mixing ratio of |δ| ≈ 3 would be re-
quired to reproduce the B(M1;17/2−→ 15/2−) strength in the
PRM framework. Such a mixing ratio is consistent with the
knownmixing ratios of the 11/2−→ 9/2− and 13/2−→ 11/2−
transitions [14]. We verified moreover that a consistent appli-
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Table II. Microscopic structure of the lowest vibrational states in
176Hf. Only components higher than 2% listed.

Vibrational state Qλµ 2qp configuration percentage

Q20 ν7/2−[503]ν7/2−[514] 3.6%

ν11/2+[615]ν11/2+[615] 2.2%

π5/2+[402]ν5/2+[402] 46%

ν1/2+[411]ν1/2+[411] 28%

Q22 ν5/2−[512]ν1/2−[510] 9.7%

ν7/2−[514]ν3/2−[512] 5.4%

π5/2+[402]π1/2+[411] 48%

π5/2+[402]π1/2+[400] 6.0%

π7/2+[404]π3/2+[402] 5.2%

π3/2+[411]π1/2+[411] 4.8%

π9/2−[514]π5/2−[532] 2.3%

Q30 π7/2−[523]π7/2+[404] 98%

Q31 ν9/2+[624]ν7/2−[514] 4.6%

π7/2−[523]π5/2+[402] 84%

Q32 ν11/2+[615]ν7/2−[514] 28%

ν11/2+[615]ν7/2−[503] 8.9%

ν9/2+[624]ν5/2−[512] 4.2%

π9/2−[514]π5/2+[402] 46%

π7/2−[523]π3/2+[411] 2.5%

Q33 ν11/2+[615]ν5/2−[512] 31%

ν13/2+[606]ν7/2−[514] 19%

ν13/2+[606]ν7/2−[503] 10%

ν11/2+[615]ν5/2−[523] 2.4%

π11/2−[505]π5/2+[402] 16%

π7/2−[523]π1/2+[411] 7.0%

π9/2−[514]π3/2+[411] 6.5%

cation of δ = 3(1) for the 15/2− → 13/2−, 17/2− → 15/2−
and 19/2−→ 17/2− transitions provides, within experimental
uncertainties, matching gamma intensity balances for all lev-
els of the negative parity band (all other involved E1 and E2
transitions with unknown mixing ratio were assumed as pure).
The theoretical calculations are able to describe the experi-
mental B(M1/E2;I→ I-1) strengths in the positive parity band.
Both the PRMandQPMcalculations underestimate the B(M1)
strengths slightly, but the theoretical values are the same order
of magnitude. The strength of the B(M1/E2;19/2+ → 17/2+)

Table III. Intrinsic structure of the two lowest bandheads in 177Hf
calculated in the framework of QPM. Only components higher than
2% listed.

Bandhead intrinsic configuration percentage

7/2−[514] 7/2−[514] 73%

7/2−[503] 20%

13/2+[606]⊗Q33 3%

9/2+[624] 9/2+[624] 93%

5/2−[512]⊗Q32 3%
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Figure 10. (Color online) Comparison of experimental and calculated
B(E2;I→ I-2) transition strengths in the (a) 7/2−[514] negative parity
band and (b) 9/2+[614] positive parity band. Only a lower limit is
given for the B(E2;19+→ 17/2+) value.

is given as a lower limit, calculated from the upper limit of
the lifetime of the 19/2+ state. This makes it difficult to iden-
tify the trend of the B(M1) strengths for high spins. The
B(E2;I→ I-1) strengths can be interpreted as decreasing with
increasing spin while the assumption of increasing magnetic
contribution to the transition is not supported by the data.
The structure of the E2;I → I-2 transitions is well described
by both calculations (see Fig. 10). As no lifetime measure-
ments for the 15/2− state are feasible the corresponding data
point is, unfortunately, missing. The B(E2;I→ I-2) transitions
of the negative parity band are well reproduced by the PRM
calculation while the QPM calculation slightly overestimates
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Figure 11. (Color online) Comparison of experimental and theoretical
(a) B(E1;I→ I-1) and (b) B(E1;I→ I) values. Note the logarithmic
scale of the y-axis. The experimental strengths deduced in this work
are compared to values gathered by Hagemann et al. [8].

the strengths. For the positive parity band, the QPM calcu-
lations describe the experimental data in a similar way to the
PRM calculations. Still, only a lower limit for the strengths
of the B(E2;19/2+ → 15/2+) transition can be determined.
Comparison between the B(E2;I → I-2) and B(E2;I → I-1)
strengths appears to show an inversely proportional relation-
ship. With increasing spin the B(E2;I→ I-2) strengths clearly
increase while the B(E2;I→ I-1) strengths can be interpreted
as showing a decreasing trend. Assuming the B(E2;I→ I-1)
strengths are decreasing for increasing spin, the B(E2;I → I-
2)/B(E2;I→ I-1) ratio is similar to the ratio of squaredClebsch-
Gordan coefficients, closely following the behavior indicated
by the Alaga rules. The B(E1) strengths discussed in this work
are calculated from directly measured lifetimes. Previous dis-
cussions of the E1 strengths in 177Hf were based on B(E1)
values estimated on the assumption of constant quadrupole
moments and measured B(E1)/B(E2) branching ratios and a
broad range of different B(E1) values are found in the liter-
ature [2–4, 6, 7]. In Fig. 11 the transition strengths directly
deduced from measured lifetimes are compared to the theo-
retical predictions of the PRM and QPM as well as to B(E1)
values compiled by Hagemann et al. [8] which are based on
the values from Ref. [6]. Transition strengths calculated un-
der the assumption of 177Hf being a good rotor with constant
quadrupole moment systematically underestimate the experi-
mental strength of the B(E1;I→ I-1) and B(E1;I→ I) transi-
tions. As discussed by Hamamoto et al. [7] the calculations
using a model with a quasi-particle coupled to a rotor can-

not account for the B(E1) strength in 177Hf. E1 transition
strengths from the PRM calculations are orders of magnitude
smaller than experimental values. In contrast, the QPM cal-
culation, invoking vibrational excitation, is able to reproduce
the magnitude of the B(E1) strengths to a high degree. The
strengths of the E1;I→ I transitions are excellently reproduced
by the QPM calculations and follow the trend of the experi-
mental strengths. In the case of the E1;I → I-1 transitions,
the QPM calculation does not reproduce the observed increase
in transition strengths for increasing spin. As discussed in
Refs. [6, 7, 42], this Ii(Ii + 1)− If (If + 1) dependency is
understood in terms of Coriolis mixing. For higher Ii the
effect of this dependency is reduced and the magnitude of
B(E1;I→ I-1) strengths is again well reproduced by the QPM
calculations.
The successful description of the electric dipole transitions by
the QPM calculations underlines the importance of including
octupole-vibrational admixtures.

VI. CONCLUSIONS

Several lifetimes of excited states in the 7/2−[514] and
9/2+[624] bands of 177Hf were measured following the β-
decay of 177mLu, using the GCD fast-timing method with the
EXILL&FATIMA spectrometer. The lifetimes of the 9/2− and
11/2− states are in agreement with previous known measure-
ments. The measured lifetime of the 9/2+ state is significantly
larger than previously measured but high statistics and clean
spectra emphasize the result of this work. Additionally, life-
times of the 13/2− and 17/2− states in the 7/2−[514] negative
parity band have been measured for the first time. Concern-
ing the 9/2+[624] positive parity band, lifetimes of the 13/2+,
15/2+ and 17/2+ states were measured for the first time and
an upper limit for the lifetime of the 19/2+ state has been
established. These directly measured lifetimes were used to
calculate transition strengths to probe against PRM and QPM
calculations. The simple PRM approach gives satisfying de-
scription of the general structure concerning pure E2;I→I-2
and mixed M1/E2;I→I-1 transitions, but breaks down in the
description of the strengths of E1 transitions. The success-
ful description of the experimental E1 strengths by the QPM
calculations again underlines the importance of considering
the effect of multipole-multipole interaction, namely octupole-
octupole interaction, in the description of electric monopole
strengths in the rare earth region.
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