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Lifetimes of excited states of 157Dy were measured by Recoil distance Doppler-shift (RDDS) and
Doppler-shift attenuation (DSAM) methods. The γ-ray coincidence data were analysed by the
Differential decay curve method. The level scheme and the newly deduced transition strengths were
simultaneously described in the framework of the Particle plus triaxial rotor model (PTRM) and
the rigid-rotor model.

PACS numbers: 21.10.Tg, 23.20.-g, 23.20.Lv,27.70.+q

I. INTRODUCTION

The 156,157,158Dy isotopes have neutron numbers of N
= 90 to 92 and thus lie close to the onset of prolate de-
formations which takes place around N = 88–90 [1]. It
is natural to expect a variety of collective phenomena
to occur in this transitional region. Indeed, an anoma-
lously high moment of inertia have been observed after
the backbending in both the ground state band and the
β-band of 156Dy [2–8], while in the same time the in-
traband B(E2) transition strengths in the first excited
band (β-band at lower spins and S band at higher ones)
of this nucleus follow the predicted X(5) behaviour pat-
tern [9, 10]. It is still not clear whether the backbending
phenomenon can be explained consistently just by a two-
bands crossing scenario involving rotational alignment of
of i13/2 quasineutrons or also involves significant change
in nuclear shape. At the same time well pronounced ro-
tational behaviour has been observed in the ground state
band of 158Dy. However, it is different after the back-
bending as a reduced collectivity at high spin is reported
[11]. This indicates a crossing with a less deformed struc-
ture. All these peculiarities suggest that the rotational
behaviour of these nuclei is governed by the competition
between different quasiparticle configurations related to
different soft and well deformed nuclear shapes. One can
speculate that the low-spin states of 156Dy have partially
X(5) like behaviour while more deformed configuration
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takes over after the backbending. An opposite scenario
can be surmised in the case of 158Dy [11]. In this respect,
it is interesting to study the rotational behaviour of the
odd-even nucleus 157Dy. Such study requires knowledge
on the electromagnetic reduced transition probabilities
in the yrast band for low- and medium-spin states. Here,
we report on results from an experiment devoted to mea-
sure lifetimes of excited states of 157Dy at medium and
high spin.

II. EXPERIMENTAL DETAILS AND DATA

ANALISIS

Two experiments (RDDS and DSAM) were performed
using the reaction 124Sn(36S,3n) with beams provided by
the XTU Tandem of the Laboratori Nazionali di Leg-
naro, Italy. The emitted γ-rays were detected by the
GASP detector array [12]. The HpGe detectors from the
GASP array are grouped in 7 rings with respect to the
beam line. For our analysis four rings where appreciable
Doppler-shifts can be observed were used, namely ring
0 (mean angle with respect to the beam axis of 34.6◦),
ring 1 (59.4◦), ring 5 (120.6◦) and ring 6 (145.4◦). The
same set up was used in analogous lifetime measurements
for excited states of 156,155Dy Refs. [10, 13–15]. Basic
ideas about the used experimental methods can be found
e.g. in [16] and references therein (for RDDS see also the
newer review [17]).
For the RDDS measurement a beam of 36S was accel-

erated to an energy of 155 MeV and then delivered to a
target consisting of 0.9 mg/cm2 Tin, enriched to 97.7%
in 124Sn. The 124Sn was evaporated onto a backing foil
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of 1.8 mg/cm2 Ta . The recoiling nuclei were stopped on
a 12.0 mg/cm2 Au foil. Data have been recorded when
at least two Ge detectors and two elements of the BGO
inner ball fired in coincidence. The measurement was
performed at 23 target-to-stopper distances. Coincident
events where two γ-rays are registered from detectors be-
longing to a particular two-ring combination were stored
to γ-γ coincidence matrices for each distance. The data
for different distances were normalized by using coinci-
dence events corresponding to pairs of strong transitions
(cf. also Ref. [18]). Final spectra used to determine the
areas of shifted (γ rays emitted in-flight) and unshifted
(γ rays emitted in the stopper) components of transitions
decaying the levels of interest were generated by setting a
gate from above, on the shifted component of a transition
directly feeding the respective level. Equivalent gates on
the same Dopper-shifted γ-rays events observed at the
different rings were used. The resulting gated spectra in
which the decaying transitions were observed in a cer-
tain ring were summed up. Thereby, four final spectra
corresponding to the rings 0,1,5, and 6 were prepared for
further analysis. All calibrations for energy, full width at
half maximum (FWHM) and efficiency were made with
a 152Eu source.
For the DSAM measurement a beam of 36S accelerated

to energy of 145 MeV was impinged on a 0.9 mg/cm2

Sn enriched to 95.3% in 124Sn and evaporated on a 13.4
mg/cm2 Ta backing foil to stop the recoils. Data was
recorded when at least two Germanium detectors fired
in coincidence. The recorded γ rays were sorted in four
γ-γ matrices, with one of their axes corresponding to the
energies of γ rays detected in one of the rings of interest
(0,1,5 and 6), respectively, while the other axis being as-
sociated with energies of the coincident γ rays detected
in any ring of GASP. For the further analysis spectra
were generated in the so-called gating “from below” pro-
cedure, namely gates were set at the latter axis on the
full line shape peaks of lower-lying transitions. Exam-
ples of DSAM spectra obtained in this way are shown in
Fig. 1. All calibration, as for the RDDS measurement
experiment, were performed by using a 152Eu source.

A. Analysis of the RDDS data

The procedure described in [21] was used for extract-
ing the lifetimes of interest from the RDDS spectra. This
procedure represents a further extension of the Differen-
tial decay-curve method (DDCM) [22, 23] and takes into
account the velocity distribution of the recoils and their
finite slowing-down time in the stopper. The latter adds
complementary Doppler components to the line of the
fully stopped peaks of γ rays decaying states with life-
times shorter or comparable to the stopping time of Dy
ions in gold (∼ 1.5 ps). The procedure for accounting for
such contributions is described in Ref. [19]. The slowing-
down process and the resulting DSA contributions were
modelled in a Monte-Carlo simulation [24]. The electron
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FIG. 1: (Color online) DSAM spectra of transitions in the
yrast band of 157Dy obtained by setting a gate on the full γ
line shape of the transitions lying below the levels of interest.
The gates (γ-ray energies in keV) and the detector rings of
observation are also indicated.

stopping powers were derived from the semiempirical ta-
bles of Northcliffe and Schilling [25] as described in Ref.
[26]. The used nuclear stopping powers result from the
LSS theory [27] after a reduction by a factor of 0.7.
An example of line-shape analysis is shown on the l.h.s.

of Fig. 2 where the Doppler-shift attenuated (DSA) frac-
tion due to emissions during the slowing-down is also
displayed. The final value for each lifetime is determined
by averaging the results obtained using all analysed two-
ring combinations. Additional corrections of the data
for relativistic effects, efficiency and solid angle effects
can be neglected in the present analysis. The deorienta-
tion effect was shown [28] to have no influence on results
from coincidence RDDS measurements when the DDCM
is used for analysing the data.
The results derived from the analysis of the RDDS

data are summarized in Table I. In total, 5 level life-
times were determined in the yrast band. The lifetimes
of the 17/2+ level is determined for the first time. The
obtained lifetimes are in agreement with the earlier re-
sults of Ref. [6, 29] but are more precise due to the better
statistics and the use of the coincidence technique. In
Fig. 3, we present as an example the analysis of the 411
keV transition as performed in ring 6 (145.4◦).

B. Analysis of the DSAM data

For the DSAM analysis the γ-rays spectra observed at
angle θ can be presented as:

Sγ
ij(Eγ) =

∫
∞

−∞

dE′

γ

c

Eγ0

Φ(E′

γ , Eγ)×

∫
∞

0

dtPθ(t, vθ(E
′

γ))bijλini(t). (1)

The detailed description of the equation can be found
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FIG. 2: (Color online) Example of lifetime determination for
the 21/2+ level in yrast band of 157Dy using gated spectra
measured with the detectors at 34.6◦. The gate is set on the
shifted component of the 411-keV transition which directly
feeds the level of interest. The left part of the figure presents
fits of the line shape of the analysed 311-keV γ-ray transi-
tion at different distances. The solid black line is the full
fit. The fractions of the line shape related to the unshifted
peak (dashed green line) and DSA effects (dotted red line)
are shown. The right part of the figure illustrates the life-
time determination. On top, the τ -curve derived is displayed
together with a fit with a horizontal line within the region
of sensitivity. The uncertainties of the latter are also shown.
For details see the text.

in Ref [14]. Specific corrections related to the present ex-
perimental geometry, angular correlations and kinematic
effects (cf. Ref. [16]) are also included in Eq. 1.

The approach which was used for analyzing singles
DSA line shapes and deriving lifetimes is presented in
Refs. [23, 26]. For the calculation of the matrix Pθ(t, vθ)
which describes the stopping process) we used a modi-
fied version of the computer code DESASTOP [30, 31]
by G. Winter. The used version allows for a numerical
treatment of the electron stopping powers at relatively
higher ion energies (see [14]). To determine the numer-
ical electron stopping power for 157Dy ions in the target
and stopper materials an interpolations from tabulated
data [25] was utilized. For the influence of the atomic
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FIG. 3: (Color online) The same as in Fig.2 but for the 411
keV transition which depopulates the 25/2+ level. The gated
spectra are measured with the detectors at 145.4◦.

TABLE I: Lifetimes and reduced electromagnetic transition
probabilities in the yrast band of 157Dy derived in this work
from the RDDS data. The energy and the spin/parity of
the corresponding level are shown in columns 1 and 2, respec-
tively. The next column shows the energy of the depopulating
γ-ray transition. In the fourth column, the derived lifetime
is displayed. The reduced transition probabilities B(E2) are
shown in e2b2 and in Weisskopf units.

Elev Iπ Eγ τ B(E2) B(E2)
[keV ] [keV ] [ps] [e2b2] [W.u.]
435.6 17/2+ 196.9 160.5(16) 1.373(20) 272.9(39)
746.7 21/2+ 311.1 18.56(63) 1.426(49) 283.5(98)
1157.4 25/2+ 410.7 4.80(11) 1.418(33) 281.9(65)
1652.6 29/2+ 495.2 1.98(18) 1.362(124) 270.8(246)
2218.9 33/2+ 566.3 0.98(5) 1.414(72) 281.1(144)

structure of the medium was accounted for by introduc-
ing an additional correction as described in Refs. [32, 33].
This correction accounts for deviations from the rela-
tively smooth dependence on Z predicted by the North-
cliffe and Schilling tables [25]. For adjustment of the elec-
tron stopping power of the Sn target, we used the RDDS
measurement, namely the line shapes of the shifted peaks
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at large distances which are representative for the veloc-
ity distribution of the recoils leaving the target. The
nuclear stopping process was modelled according to the
LSS theory [27] and the parameterization of the universal
scattering function for a Thomas-Fermi potential given in
Ref. [24]. The effect of micro-channeling in the stopping
medium, was corrected via reduction of the nuclear stop-
ping power by a factor fn = 0.7 (cf. Refs. [32, 34] for
more details).

In order to obtain the line shapes of the investigated
γ-ray transitions gates were set in the γ-γ coincidence
matrices on fully stopped peaks of lower-lying γ-ray tran-
sitions. Four line shapes (at the four different ring angles)
for each transition of interest were obtained and analyzed
independently according to the procedure outlined in de-
tails in Refs. [23, 26]. In l.h.s of Fig. 4, the procedure is
illustrated for the 762-keV transition in yrast band.

The lineshape analysis yields the decay functions of the
level of interest i. This function together with the one for
the preceding, higher-lying levels h are used to determine,
the lifetime τ according to the differential decay-curve
method (DDCM) [22] in the case of DSAM measurements
[23]:

τi(t) =
−λi

∫ t

0
dt′ni(t

′) +
∑

h bhiλh

∫ t

0
dt′nh(t

′)

λini(t)
(2)

where the summation over h includes all direct feeders of
the level i.

Due to the fact that the lineshapes are analysed in
spectra generated by setting a gate on lower-lying tran-
sitions, care is taken to account for the influence of un-
known side-feeding on the extracted lifetimes. For this
purpose we adopted the often used hypothesis that the
lifetime of the unknown feeding is the same as that of the
known one. Examples of τ -curves obtained for the 762
keV transition in yrast band at the four detector angles
are shown in Fig. 4 on the right-hand side. The decay
functions used for the calculation of the values of the τ -
curves are displayed in the middle of this figure. The
weighted average values τθ within the sensitivity region
and their statistical uncertainties ∆τθ were calculated us-
ing error propagation and taking into account the corre-
lations between the different quantities in Eq. 2. The
final result for τ was obtained as an unweighted mean
of the values determined independently at the different
rings. For the uncertainty of its value, we adopted the
square root of the variance of the results obtained at the
4 different rings.

The analysis of the DSA data yields 4 lifetimes in the
yrast band of 157Dy, summarized in Table II. The life-
times of the 49/2+ and the 53/2+ levels were determined
for the first time. The obtained lifetimes are in agreement
with the earlier results of Ref.[6, 29] but are more precise
due to the better statistics and the use of the coincidence
technique.

TABLE II: Lifetimes and reduced electromagnetic transition
probabilities in 157Dy derived in this work from the DSA data.
In columns 1 and 2, the energy and spin of the levels inves-
tigated are shown, respectively. The energies of the analysed
depopulating γ-ray transitions are presented in column 3. In
the fourth column, the derived lifetime is displayed. The re-
duced transition probabilities B(E2) are shown in e2b2 and
in Weisskopf units.

Elev Iπ Eγ τ B(E2) B(E2)
[keV ] [keV ] [fs] [e2b2] [W.u.]
3521.2 41/2+ 676.4 425.8(306) 1.344(94) 267.2(190)
4241.8 45/2+ 720.6 275.0(180) 1.518(100) 301.8(198)
5004.1 49/2+ 762.3 198.5(70) 1.589(57) 315.8(112)
5806.9 53/2+ 802.8 179.2(94) 1.341(71) 266.6(141)

III. DISCUSSION

The new experiments provide full information on the
electromagnetic properties of the ground state band.
This allows the properties of the rotational behaviour
of 157Dy to be understood more thoroughly. To describe
the yrast band at low spins in the present work, we used
the Particle plus triaxial rotor model (PTRM) described
in Ref. [35] and implemented in the computer codes
GAMPN, ASYRMO, PROBAMO and E1PROBAM pre-
sented in Refs. [36, 37]. The version of the PTRM used in
this work accounts for the quadrupole deformation of the
core and of the complex structure of the physical states
built by the contributions of different single-quasiparticle
orbitals. The performed PTRM calculations are analo-
gous to the ones described in [14] where more details of
utilizing the model are presented. Here, we restrict our-
selves to a brief description of the model’s parameters
used in the present study.

The model used a set of Nilsson orbitals which are
generated for certain initial deformation parameters ǫ, γ,
and ǫ4. From these states the particle plus rotor strong-
coupling basis for a given parity is constructed. In this
basis all single-particle matrix elements necessary for the
particle plus rotor Hamiltonian and the calculation of
transition strengths are computed. In this approach to
the pairing, the Fermi level and the pairing gap are de-
rived quantities, although the codes used by us offers the
possibility to treat them as adjustable parameters. In
our calculations, we used 15 orbitals lying closest to the
Fermi level for each parity. The pairing BCS calculation
yielded a Fermi level λ=51.56 MeV and a pairing gap ∆
= 1.03 MeV. To describe the spectrum of the excitation
energies and the transition strengths we varied ǫ, γ, ǫ4
as well as the excitation energy E(2+1 ) of the 2+1 state
of the core and the attenuation ζ of the Coriolis interac-
tion. In this way, a search for the best set of deformation
parameters which describe the data was performed. In
the present work, deformation parameters for the best
description of the experimental data were found to be
ǫ=0.26, γ=0◦, ǫ4=0.0 which insured a reasonable repro-
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FIG. 4: (Color online) The lineshape analysis of the 762 keV transition from yrast band of 157Dy (Ii → If transition) and
extraction of the lifetime of the Iπ = 49/2+ level at 5004.1 keV (cf. Eq. 2). On the l.h.s. are shown fits of the lineshapes
measured at the angles of 35◦, 59◦, 121◦ and 145◦ with respect to the beam axis. Dashed lines show the background as
well as small contaminant peaks. The decay functions are presented in the middle with their statistical uncertainties. The
decay function of the feeding transition of 803 keV is also shown as determined. It is determined independently and its area
is normalized to that of the decay function of the 762 keV transition. The τ -curves and their statistical uncertainties are
presented on the r.h.s. The lifetimes τθ derived at the four detector angles and their statistical errors are also displayed. The
final adopted value of the lifetime is < τ > = 199 ± 7 fs.
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duction of the positions of the band-heads observed at
lower spin in 157Dy and of the intraband B(E2,I→I-2)
values. The final results for the calculated level scheme
were obtained by a fine tuning of the moments of iner-
tia and the attenuation of the Coriolis interaction. They
were fixed by the values E(2+1 )=0.085 MeV, ζπ=+=0.8
and ζπ=−=0.7. For the calculations of M1 transition
strengths and magnetic moments, the neutron gs-factor
was reduced to 0.7 of its free value and the core factor
gR was fixed to Z/A.
The comparison of the results of the PTRM calcula-

tions to the experiment are shown in Fig. 5. An overall
agreement is observed. Both model calculations and the
experimental results show no indications for a reduction
of the collectivity in the yrast band with increasing spin.
The yrast band in 157Dy has two signatures. In Ta-

ble III we present the PTRM wave functions decomposed
in the Nilsson basis. The wave functions of the both sig-
natures are mostly dominated by the low-Ω 1/2+[660],
3/2+[651] and 5/2+[642] orbitals. The 1/2+[660] and
the 3/2+[651] orbitals dominate the wave functions of
the favoured signature while in the wave functions of the
unfavoured signature the contribution of the 1/2+[660]
is strongly reduced at the expense of 5/2+[642] orbital.
This reduction is the reason for the relatively smaller
calculated B(E2) values in the unfavoured signature (cf.
Fig. 5).
Assuming that at higher spin the deformation param-

eters do not change dramatically one can expect that the
overall behaviour of the B(E2) values as a function of
spin should be reproduced in the framework of the semi-
clasical rigid rotor model. Though limited, this approach
could indicate to what extent the rotational behaviour of
157Dy for higher spins is due to changes of the deforma-
tion of a soft core. To check that hypothesis we calculated
the E2 transition strengths by using:

B(E2, I → I − 2) =
5

16π
e2Q2

0 < IK20|I − 2K >2 (3)

For the intrinsic quadrupole moment a value of
Q0=6.51 eb is assumed [41]. Two different values of
the projection K=Ω of the angular momentum on the
symmetry axis were considered in accordance to the re-
sults from the wave functions analysis in the PTRM. The
comparison between the calculated and the experimental
B(E2) values (see Fig. 6) shows qualitative agreement up
to spin Iπ=53/2+ indicating that the nuclear shape at
higher spins remains stable and similar to the one for the
ground-state band.

IV. SUMMARY

In the present work, RDDS and DSAM lifetime mea-
surements were carried out. Nine lifetimes were deter-
mined, three of them for the first time. The experimen-
tal data on the level energies and the deduced transition

strengths were compared to the results of particle plus
triaxial rotor model and rigid rotor calculations. Both
models, within their limits, describe the experimental
data reasonably well. This indicates that in 157Dy, the
addition of one odd neutron to the soft even-even core
156Dy stabilizes the nuclear shape.
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FIG. 5: (Color online) Comparison of the experimental and calculated within the PTRM level schemes of 157Dy. The numbers
on the arrows of the ∆I=2 transitions are the B(E2) values in units e2b2. For the theoretical ∆I=1 transitions of mixed
multipolarity the B(E2) values are given in e2b2 (top) and the B(M1) values are in µ2

N (bottom). See also text.
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FIG. 6: Reduced B(E2,I → I-2) transition strengths in the yrast band. The results of the RDDS (filled circles) and the DSAM
measurements (open squares) are presented together and compared to the results from the rigid-rotor model with the indicated
parameters.

TABLE III: Squared amplitudes of the of the different Nilsson orbitals in the PTRM wave functions for the states in the
ground-state band.

Spin 1/2+[660] 3/2+[651] 5/2+[642] 7/2+[633]
[~]
1/2 100
5/2 54 43 3
7/2 9 73 17 0.3
9/2 57 37 6
11/2 9 64 26 1
13/2 58 35 7 0.3
15/2 8 59 31 3
17/2 59 34 8 0.5
19/2 8 55 34 4
21/2 59 33 8 0.7
23/2 7 51 36 6
25/2 59 32 8 0.9
27/2 7 49 37 7
29/2 58 32 9 1


