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Background: Little data is available for the pygmy dipole resonance (PDR) in axially deformed nuclei. Photon-
scattering experiments are complicated by high level densities in the PDR region and the small energy difference
of transitions to the ground state and to excited states.
Purpose:We report on an experimental study of the low-energy dipole strength distribution of the well-deformed
nucleus 164Dy between 4.0–7.7 MeV.
Methods: The low-lying photoresponse of 164Dy has been investigated using the method of nuclear resonance
fluorescence using a quasimonochromatic linearly polarized γ -ray beam in the energy range of 4.0–7.7 MeV in
steps of 0.2 MeV.
Results: For excitation energies between 4 MeV and 5 MeV, sufficiently low level densities allow for the
identification of individual states, including level energies, reduced transition widths and branching ratios.
Energy-averaged mean decay branching ratios, mean population ratios and partial absorption cross sections were
determined above 5 MeV up to the neutron-separation threshold at 7.7 MeV. A Lorentzian-shaped enhancement
of the partial photo absorption cross section followed by decays back to the ground-state band is found at
6.10(5) MeV with a width of 0.77(23) MeV. A comparison with results from complementary measurements
is performed using the framework of the statistical model.
Conclusions: The experimental results for the mean population ratios deviate systematically from the statistical
model simulation by 30(6)%. However, they are in agreement within one standard deviation of the simulation.

DOI: 10.1103/PhysRevC.102.034323

I. INTRODUCTION

The electric dipole (E1) response of nuclei is dominated
by the isovector giant dipole resonance (IVGDR) [1,2], dis-
covered in 1937 by Bothe and Gentner [3] and systematically
studied by Baldwin and Klaiber [4]. For spherical nuclei, its
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shape resembles a Lorentzian distribution, above the neutron
separation threshold, with a centroid energy of about 15 MeV
for heavy nuclei, and about 24 MeV for light nuclei [5]. In
statically deformed nuclei, a splitting of the IVGDR into two
components corresponding to oscillations parallel (K = 0)
and perpendicular (K = 1) to the symmetry axis of the nu-
cleus has been observed [6–9]. Here, K is the projection of the
angular momentum quantum number on the intrinsic symme-
try axis. The resulting strength distribution can be described
as a superposition of two Lorentzian distributions. Should
triaxial deformation be present, the E1 distribution may even
separate into three Lorentzians [10,11].

On the low-energy end of the IVGDR in the vicinity of
the neutron separation threshold, an enhancement of dipole
strength over the Lorentzian extrapolation of the IVGDR has
been observed for many nuclei [12–14]. This so-called pygmy
dipole resonance (PDR) is often interpreted in a geometrical
picture as an out-of-phase oscillation of a neutron skin against
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an isospin saturated core, while alternative interpretations re-
fer to possible toroidal character [15] or α clustering [16,17].
Similarly to the IVGDR, a sensitivity of the PDR to the nu-
cleus’ symmetry axes is expected, suggesting the possibility
of a similar kind of K splitting for deformed nuclei [18,19].
However, the evolution of the PDR for deformed nuclei is still
barely investigated and significant experimental evidence for
K splitting of the PDR is missing [20,21].

The magnetic part of the low-lying dipole response in de-
formed atomic nuclei is primarily composed of the scissors
mode and the spin-flip mode. The scissors mode [22–24],
discovered experimentally in 1983 by Bohle et al. [25], results
in a concentration of orbital dipole strength located around
3 MeV for rare-earth nuclei. It is associated with a collec-
tive relative motion of a set of valence neutrons and protons
against each other.

For rare-earth nuclei, the spin-flip resonance [24] is usually
found in the energy region of 5–10 MeV. Its existence can be
motivated in a shell-model picture: A single-particle transition
between two orbitals with the same orbital angular momentum
l , but opposing spin orientation results in a change of the
spin quantum number (�S = 1) and total angular momentum
quantum number (�J = 1), but no change in orbital angular
momentum (�L = 0). For even-even nuclei with a 0+ ground
state, this results in Jπ = 1+ states with strong corresponding
magnetic dipole transitions due to the usually large spin g fac-
tors. Its excitation energy is related to the average spin-orbit
splitting.

This paper reports on the experimental investigation of
the dipole response of 164Dy. With a quadrupole deforma-
tion parameter of β = 0.3486(21) [26], it features one of
the most pronounced ground-state deformations found for
stable rare-earth nuclei. Hence, it is a possible candidate for
the observation of the energy splitting of the PDR due to
deformation. In previous photoexcitation measurements by
Wesselborg et al. [27] and Margraf et al. [28], 164Dy was
probed up to excitation energies of 4 MeV. In the photon-
scattering experiments presented in this work, excitation
energies ranging from 4.0 MeV to slightly below the neutron
separation threshold at 7.7 MeV have been probed with real
photons for the first time.

II. EXPERIMENTAL METHOD

The photoresponse of 164Dy was studied using the method
of nuclear resonance fluorescence (NRF) [29]. The experi-
ment was performed at the High Intensity γ -ray Source HIγS
[30]. It provides quasimonochromatic linearly polarized γ -
ray beams produced from laser Compton backscattering of
free-electron laser photons off ultrarelativistic electrons. The
resulting γ -ray beam was collimated by a cylindrical lead col-
limator with a diameter of 19.05 mm. The typical bandwidth
of the collimated γ -ray beam, described by the full width at
half-maximum (FWHM) of its energy spectrum, is about 3%
of the beam centroid energy with a typical peak photon flux
of 102 γ /(s eV) on target.

A combination of two targets was used that were placed
behind one another in an evacuated beam pipe. The first target
consisted of 98% enriched 164Dy2 O3 with a total mass of

770 mg. The second target, 95.6% enriched metallic 164Dy,
had a mass of 1.1 g.

For the detection of the γ radiation, the γ 3 setup [31]
at HIγS was utilized. It was equipped with four high-purity
germanium (HPGe) detectors with a relative efficiency of 55%
compared to a standard NaI detector at 1.33 MeV. The detec-
tors were arranged around the target position with distances
ranging from 7–12 cm. Their orientations are specified using
azimuthal (ϑ) and polar (ϕ) angles defined with respect to
the horizontally polarized γ -ray beam. Two detectors were
placed in the plane perpendicular to the direction of the γ -ray
beam (ϑ = 90◦), with one detector parallel (ϕ = 0◦) and one
detector perpendicular (ϕ = 90◦) to the plane of polarization
of the γ -ray beam. In addition, two detectors were placed at
backward angles (ϑ = 135◦ and ϕ = 225◦, 315◦). A further
123% HPGe detector, referred to as zero-degree detector, was
moved into the path of the attenuated beam about 2.5 m
downstream from the target position, in order to measure the
spectral distribution of the beam. Measurements were per-
formed with γ -ray beam energies ranging from 4.2–7.4 MeV
in steps of 0.2 MeV, with measurement durations of about
5 h each up to 4.8 MeV and about 2 h each for higher beam
energies.

Efficiency and energy calibrations were performed using
56Co, 60Co, and 152Eu calibration sources [32–34]. To obtain
reliable detection efficiencies for the studied γ -ray energy
range, efficiency curves determined in GEANT4 [35–37] sim-
ulations (available in Ref. [38]) were scaled to the efficiency
curves from the calibration measurements up to 3.5 MeV. Fur-
ther energy calibration points at high energies were available
from γ -ray beammeasurements at 5.0MeV and 7.4MeVwith
a 11B [39] target.

III. DATA ANALYSIS AND RESULTS

In the experimental spectra, it is possible to identify indi-
vidual transitions at excitation energies of up to 5.0 MeV (see
Fig. 1 as an example for Eγ = 4.2 MeV). At higher energies
the obtained statistics are not sufficient to resolve individual
peaks. Therefore, the data analysis consists of two parts that
focus on the properties of individual states and the nucleus’s
average behavior in the energy range defined by the energy
distribution of the γ -ray beam, respectively.

The estimation of uncertainties in this work follows the
standards outlined by the Guide to the expression of un-
certainty in measurement (GUM) [40]. Low statistics in the
present work (e. g., refer to Fig. 1 or Fig. 5) result in large
relative uncertainties that require a more general treatment
of the propagation of uncertainties. Asymmetric uncertainties
arise because of asymmetric probability distributions obtained
in Monte Carlo calculations during uncertainty propagation
[41]. For each calculation, the input quantities are resampled
according to their assigned probability distribution. By re-
peatedly applying this method, a sample of the probability
distribution of the output quantity can be determined. The
numerical results stated in this work correspond to the mode
of the determined probability distribution. Upper and lower
errors indicate the boundaries of the shortest coverage interval
which spans 68.3% of the calculated probability distribution.
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FIG. 1. The raw sum spectrum of all detectors is depicted for a
γ -ray beam energy of 4.2 MeV. No background has been subtracted.
Identified ground-state transitions are marked with an asterisk. The
peak at 4127.4(6) KeV has been identified as the transition to
the 2+

1 state originating from the state at 4200.8(6) KeV. All states
are newly observed, except for the one at Ex = 3985.9(8) KeV. The
dotted line shows the spectral distribution of the γ -ray beam.

A. State-by-state analysis

The excitation process in (γ , γ ′) photon-scattering exper-
iments on atomic nuclei is especially selective to electric
and magnetic dipole transitions [42]. Excitation energies Ex,
partial and total transition widths 	k and 	, branching ratios
	k/	0, and energy-integrated scattering cross sections

Is,k = π2

(
h̄c

Ex

)2

g
	0	k

	
(1)

of excited states can be deduced in NRF experiments [29].
Here, k refers to the final state Jπk

k .
For a fully linearly polarized γ -ray beam, as it is provided

by HIγS, it is possible to distinguish electric and magnetic
dipole-excited states because of the different angular distribu-
tions for ground-state transitions of even-even nuclei [43–45]:

W 0+→1±→0+
(ϑ, ϕ)= 3

4 [1 + cos(ϑ )2 ± cos(2ϕ) sin(ϑ )2]. (2)

In particular, the experimental azimuthal asymmetry [45]

ε = P(Eγ )Q(Eγ )� = I‖ − I⊥
I‖ + I⊥

(3)

can be determined (see Fig. 2), where P(Eγ ) refers to the
degree of polarization of the γ -ray beam with beam energy
Eγ , � is the analyzing power of the nuclear reaction, and
Q(Eγ ) is the polarization sensitivity of the experimental setup,
which, in this case, is a geometrical factor that corrects for the
finite solid angle and sensitivity of the setup. The photopeak-
efficiency corrected γ -ray intensities in the detectors located
either in the polarization plane of the incident γ -ray beam or
perpendicular to it are given by I‖ and I⊥, respectively. An
experimental asymmetry of 0.929(21) for ground-state tran-
sitions of Jπ = 1+ states and -0.943(17) for Jπ = 1− states
is expected from GEANT4 simulations for the geometry of the
setup used in the present experiment for γ -ray beam energies
below 5.0 MeV. The uncertainty of the expected asymmetries
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FIG. 2. Azimuthal asymmetries of ground-state transitions. For
comparison, the simulated expected asymmetries for ground-state
decays of 1+ and 1− states and decays of 1− states to 2+ states are
shown in gray. Transitions marked with full circles correspond
to ground-state decays of 1− states. Transitions marked with open
circles do not allow for a conclusive parity assignment for the
corresponding state. Transitions marked in gray (both open and full
circles) could (within two standard deviations) have a significant
probability of being caused by decays to the 2+

1 state but are listed as
ground-state transitions here.

corresponds to the combination statistical and geometrical
uncertainty of the performed simulation.

Although the statistics are not always sufficient, in most
cases, the asymmetry is suggesting Jπ = 1− states. Significant
deviations from the expected asymmetry can be explained by
overlapping transitions to the 2+

1 state that are present in the
same energy range. These overlapping transitions correspond
to states that primarily decay to the 2+

1 state at 73.393(5) KeV
instead of the ground state, such that the ground-state tran-
sition is not observed in this work. Indeed, all states without
parity quantum-number assignment in this work are located
within the energy range where transitions to the 2+

1 state
may occur. A different approach to this problem is taken in
Sec. III B, taking into account also unresolved strength.

For the calibration of the absolute photon flux that has
been developed in Ref. [46] for a similar case, a three-step
procedure was used. First, the spectral distribution of the
γ -ray beam was determined using the zero-degree detector,
which was placed in the (attenuated) γ -ray beam downstream
of the experimental setup. To correct for the detector response
of the HPGe detector, a deconvolution method was applied to
obtain the energy profile from the experimental spectrum. The
detector response was obtained in a GEANT4 simulation.

Next, the relative time- and energy-integrated photon flux
was determined for each beam energy setting by a normaliza-
tion based on the low-energy region of the spectra: The energy
region of the experimental spectra below 1MeV (see Fig. 3) is
dominated by nonresonantly scattered radiation of the γ -ray
beam that occurs in the target, but also other places where the
beam collides with matter. The shape and relative intensity
of this low-energy radiation can be related to the number of
incident photons. The applicability of GEANT4 simulations for
this purpose has been demonstrated in Refs. [46,47]. This
has been explored and quantified using a GEANT4 simula-

034323-3



O. PAPST et al. PHYSICAL REVIEW C 102, 034323 (2020)

400 600 800 1000 1200 1400
Energy (keV)

0
100

101

102

103

104

105

106

C
ou

nt
s

pe
r

bi
n

Ebeam = 7 MeV

Simulation

Experiment

Integrated
energy range

FIG. 3. Experimental and simulated spectrum of nonresonant
scattering of γ rays into the HPGe detectors induced by an incident
γ -ray beam with mean energy of 7 MeV. The energy range that is
used for the relative photon flux calibration is highlighted. Natural
background radiation was subtracted from the experimental spectrum
and a hardware threshold was applied below 600 keV. The bin sizes
are 1 keV and 20 keV, respectively, for the experimental and sim-
ulated spectrum. Comparison of the data to the simulation provides
information on the incident photon flux.

tion [46,47]. This simulation approximates the γ -ray beam,
assuming a circular profile with a diameter equivalent to the
installed collimator. The energy distribution of the beam was
approximated by a Gaussian distribution. An energy range
between 650–950 keV was selected to study the low-energy
scattering radiation (highlighted in gray in Fig. 3). The con-
tributions from natural background radiation were eliminated
by using time gates with respect to the pulsed γ -ray beam
and by subtracting natural background spectra. The ratio of
the area of the selected energy range of the experiment to the
simulation Nexp

γ (Eγ )/N sim
γ (Eγ ) was determined for each beam

energy setting. This ratio is used to normalize different beam
settings with respect to live time and beam intensity by scaling
the corresponding spectra. Thus, it was possible to normalize
all measurements with different γ -ray beam energies relative
to each other as demonstrated in Ref. [46].

To normalize the absolute energy-integrated cross sections
for states observed in this experiment, the results from another
experiment were used as a reference. The Jπ = 1− state at
3985.9(8) KeV was observed both in this work and a pre-
vious NRF experiment using bremsstrahlung [28]. Since the
photon-scattering cross section of this state was known from
the literature, the procedure described above was applied for
estimating the photon fluxes in all energy settings. Although,
the decay branch of the 3985.9(8) KeV state to the 2+

1 state,
reported in Ref. [28], was not observed in the present work
due to insufficient sensitivity because of too low photon flux
at that energy, the existence of this decay branch was prop-
erly taken into account for the photon-flux estimates. Since
the photon-scattering cross section of this state was known
from the literature, the procedure described above was applied
for estimating the photon fluxes in all energy settings. For a
detailed description of the method, refer to Ref. [46].

All other states in this work were newly identified, and no
further measurement of the state at 3985.9(8) KeV exists. The
accuracy of the normalization of absolute energy-integrated
cross sections and related absolute quantities is limited. For
the present work, this state was located at the low-energy end
of the spectral distribution of the γ -ray beam for the lowest
beam energy setting of 4.2 MeV. Because of the necessary
deconvolution procedure, the relative uncertainties on the low-
energy tail of the spectral distribution of the γ -ray beam are
close to one.

Similarly, for the NRF measurement using bremsstrahlung
in Ref. [28], the energy of the state was close to the endpoint
energy of 4.1 MeV. Thus, even a small fluctuation of the
endpoint energy could have resulted in a significantly altered
photon flux close to the endpoint energy. Consequently, the
absolute normalization of all photoreaction cross sections de-
termined here may be uncertain by a factor of about 2, while
relative information is more precise. For both experiments,
the state was only very weakly excited in consequence of the
small photon flux at the excitation energy.

In addition to the ground-state transition also the transition
to the 2+

1 state was observed for several excited states, which
allows us to determine the branching ratio 	2+

1
/	0. Deviations

of our data from the Alaga rules [48] can arise from mixing
of states with K = 0, 1 into the wave functions of the excited
states and can be addressed by two-state mixing [49,50] or
potentially multistate mixing at higher level densities [51,52].

Furthermore, reduced transition strengths B(σL)↑ were
determined. The experimental results for the state-by-state
analysis are listed in Table I.

A sensitivity limit was defined to identify statistically the
maximum intensity an unobserved transition could have in a
spectrum. The uncertainty �N of the area N of a peak is given
in first order by

�N = √
N + Nbg, (4)

where Nbg corresponds to the number of background-related
counts below the peak, which was obtained using a fit of a
line-shape model. In this work, only peaks with a significance
of three standard deviations were considered for newly ob-
served states, i.e., N/�N � 3.

B. Average quantities

To study the average behavior of the nucleus within the
excitation energy range, the binning of the experimental spec-
tra was reduced. The pulsed time structure of the γ -ray beam
was used to suppress contributions from natural background
radiation. Spectra were generated from in-beam and off-beam
events using the available timing information. Then, the off-
beam spectrum was subtracted from the on-beam spectrum,
correcting for the length of the respective time windows. To
correct for the detector response, a fit-based deconvolution
method was applied to the spectra.

The low-energy E2+
1

= 73.393(5) KeV of the 2+
1 state in

comparison to the bandwidth of the γ -ray beam of about
300 KeV makes it challenging to separate transitions to this
state from ground-state transitions in this approach. Still, for
a similar experiment performed at HIγS by Tamkas et al.
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TABLE I. States identified in 164Dy. Measured level energies Ex , energy-integrated cross sections Is,0+
1
and experimental azimuthal

asymmetries ε are listed. Using these quantities, transition widths 	0+
1
, 	2+

1
, branching ratios 	2+

1
/	0+

1
, total angular momentum and parity

quantum numbers Jπ and transition strengths B(σ1)↑ were deduced. For states with uncertain parity assignment, both B(E1)↑ and B(M1)↑
are given. All states are newly observed, except for the one at 3985.9(8) KeV.

Ex Is,0+
1

a 	0+
1

a 	2+
1

a B(E1)↑a B(M1)↑a

(KeV) (eV b) (meV) (meV) 	2+
1
/	0+

1
Jπ (10−5 e2 fm2) (10−3 μ2

N) ε

3985.9(8) 6+3
−4 9(5) − − 1− 40(21) − −0.64(20)

4074.8(9)b 1.8(5) 2.5(7) − − 1, 2+ 10.7(28) 9.7(26) −0.04(18)
4110.1(9)b 0.68(21) 0.99(31) − − 1, 2+ 4.1(13) 3.7(12) −0.35(29)
4188.9(5) 0.84(10) 1.27(15) − − 1− 5.0(6) − −0.50(12)
4200.8(6) 0.51(8) 3.1(7) 9+3

−4 3.1(6) 1− 12.2(27) − −0.81(14)
4233.06(34) 0.43(8) 0.67(13) − − 1− 2.5(5) − −0.86+0.26

−0.12

4251.7(11) 0.46(9) 0.72(14) − − 1− 2.7(5) − −0.87+0.21
−0.13

4264.3(13) 0.64(11) 1.01(18) − − 1− 3.7(6) − −0.99+0.35
−0.01

4297.5(8) 0.73(18) 1.17(29) − − 1− 4.2(10) − −1.00+0.26
−0.00

4380.5(10) 0.61(9) 3.6(8) 9+3
−4 2.6(6) 1− 12.3(26) − −0.58(14)

4385.5(11) 0.29(7) 0.49(12) − − 1− 1.7(4) − −1.00+0.10
−0.00

4403.2(4) 0.79(9) 4.2(7) 9.0+2.2
−3.0 2.2(4) 1− 14.1(23) − −0.74(12)

4412.6(6)b 0.30(7) 0.51(12) − − 1, 2+ 1.7(4) 1.5(4) −0.26(21)
4432.6(10)b 0.40(9) 2.4(7) 5.1+1.9

−2.9 2.5(7) 1− 7.9(24) − −0.41(21)
4449.0(9)b 0.42(9) 0.72(15) − − 1, 2+ 2.4(5) 2.1(4) −0.10(20)
4476.0(5)b 1.5(4) 2.6(7) − − 1, 2+ 8.4(21) 7.6(19) −0.25(21)
4487.0(8) 1.32(34) 2.3(6) − − 1− 7.3(18) − −1.00+0.35

−0.00

4489.2(7) 0.72(15) 1.25(27) − − 1− 4.0(9) − −1.00+0.16
−0.00

4511.2(8)b 0.94(21) 1.7(4) − − 1− 5.2(12) − −0.41(25)
4523.4(8)b 0.69(15) 4.6+1.4

−2.0 4+2
−4 1.7(10) 1− 11(5) − −0.59(27)

4558.8(9)b 0.26(9) 0.47(15) − − 1− 1.4(5) − −0.65+0.30
−0.21

4575.0(5) 0.58(10) 3.4(9) 7+3
−4 2.3(6) 1− 10.3(26) − −0.44(15)

4605.5(7) 0.65(9) 5.3(10) 16(6) 3.4(6) 1− 15.4(31) − −0.69(15)
4611.1(17) 0.43(8) 3.9(10) 14+5

−7 3.9(9) 1− 11.4(30) − −1.00+0.13
−0.00

4621.79(19) 2.48(17) 8.1(7) 6.0(11) 0.76(9) 1− 23.6(20) − −0.87(5)
4648.7(6) 0.82(11) 1.53(20) − − 1− 4.4(6) − −1.00+0.10

−0.00

4658.8(9) 0.62(10) 2.1(4) 1.7(6) 0.81(18) 1− 6.0(11) − −1.00+0.12
−0.00

4666.4(6) 0.79(12) 2.3(4) 1.2(4) 0.55(12) 1− 6.6(11) − −1.00+0.14
−0.00

4743.2(12) 0.35(8) 3.0(10) 10+4
−6 3.5(11) 1− 8.2+2.3

−3.0 − −0.75(19)
4753.0(8)b 0.48(7) 2.8(7) 4.0+1.6

−2.3 2.0(6) 1, 2+ 7.4(18) 6.7(16) −0.16(15)
4762.9(4) 1.18(10) 7.7(11) 18(5) 2.3(4) 1− 20.4(29) − −0.74(8)
4773.6(10)b 0.31(5) 0.61(11) − − 1, 2+ 1.60(28) 1.45(25) 0.17(20)
4791.2(6)b 0.23(5) 0.45(10) − − 1− 1.18(25) − −0.32(19)
4799.8(7)b 0.32(5) 0.64(11) − − 1− 1.65(27) − −0.39(22)
4851.5(12) 0.35(7) 1.36(31) 1.2+0.4

−0.6 0.91+0.20
−0.25 1− 3.4(8) − −0.95+0.24

−0.05
4869.2(5) 0.77(10) 1.58(21) − − 1− 3.9(5) − −0.80(12)
4882.4(9) 0.55(10) 1.8(4) 1.1(4) 0.60+0.12

−0.16 1− 4.5(10) − −0.57(23)
4895.5(5) 1.52(17) 4.1(5) 1.08(28) 0.28(5) 1− 9.9(12) − −0.85(10)
4917.5(9)b 1.01(21) 2.7(6) 0.65+0.22

−0.31 0.25(8) 1− 6.4(14) − −0.47(28)

aAbsolute quantities were normalized using the state at 3985.9(8) KeV previously observed in bremsstrahlung experiments by Margraf et al.
[28]. In addition to the statistical uncertainties given in the table, the normalization procedure results in an additional uncertainty of 56% that
has to be added quadratically. See discussion for the reliability of the results.
bIt can not be excluded by two standard deviations that the corresponding line is caused by a transition to the 2+

1 state instead, for which no
corresponding ground-state transition was observed.

[46] probing the dipole strength of 156Gd with E2+
1 ,156Gd =

88.970(1) KeV, the separation of contributions related to de-
cays to the 0+

1 state and to the 2+
1 state was possible using a

fitting procedure. This kind of analysis assumes that the exist-
ing strength has no pronounced structure within the excitation
energy range, i.e., the fragmentation of states is high. The

resulting strength distribution then corresponds to the smooth
shape of the beam profile both for transitions to the ground
state and to other low-lying states. The sum of two curves
with the shape of the spectral distribution of the beam were
fitted to the experimental spectrum, with a shift of E2+

1
in

between (refer to Fig. 4). Furthermore, the centroid energy of
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FIG. 4. Determination of mean branching ratios to the ground
state and first 2+

1 state for a beam energy of Ebeam = 5.8 MeV.
The original spectrum is shown in gray, the deconvoluted and
background-corrected spectrum in blue, including an uncertainty
band. Counts below the energy of the γ -ray beam correspond to the
tail of the nonresonant scattering radiation.

the resulting curve was chosen as a further free parameter. Due
to low statistics, this procedure was applied to a sum spectrum
of all detectors. This sum spectrum corresponds to a virtual
detector that covers a large solid angle of the experimental
setup. The solid angle coverage is such that the effects of
the angular distribution of the emitted γ -ray radiation vanish
almost completely [43,44].

In most cases, the centroid energy agreed with the mea-
sured beam energy by better than 5 KeV. But the large overlap
of contributions from decays to the 0+

1 state and to the 2+
1 state

prevented the visible distinction of two individual bumps, as
it was possible for 156Gd [46]. This is due to the lower energy
of the 2+

1 state of 164Dy and the much lower statistics in the
experimental spectra of the present experiment.

Mean asymmetries were determined for each energy range
excited by the γ -ray beam by integration of the spectra. This
is illustrated in Fig. 5. Ground-state transitions result in ex-
perimental asymmetries that are close to ε ≈ ±1. Thus, the
mean asymmetry for ground-state transitions can be used to
determine the ratio of E1 to M1 strength in the excitation
energy region. For 0+ → 1± → 2+

1 cascades, however, the
γ radiation is emitted almost isotropically. Hence, the ad-
mixture of transitions to the 2+

1 state that were present in
this experiment attenuated the mean asymmetries to smaller
absolute values. The results can be seen in Fig. 6. The ob-
served mean asymmetries are in the range from 〈ε〉 = −0.4 to
〈ε〉 = −0.7, closer to the expected value for pure E1 transi-
tions of 〈εE1〉 ≈ −1 than to the expected value for pure M1
transitions 〈εM1〉 ≈ +1. Because of the contributions from
transitions to the 2+

1 state, the absolute value of the measured
mean asymmetries is reduced. The experimental results can
be interpreted as lower limits for the absolute value of the
asymmetry for ground-state transitions. Hence, it was found
that E1 strength strongly dominates the studied energy region.
This is further supported by the absence of 1+ states with
significant excitation widths 	0 in the energy range of 4–5

horizontal164Dy

0

25

50

75

100

C
ou

nt
s

pe
r

20
ke

V

Beam

Beam−73.4 keV

vertical

6600 6800 7000 7200 7400 7600
Energy (keV)

0

25

50

75

FIG. 5. Experimental spectra used for the determination of mean
asymmetries for a beam energy of Ebeam = 7.2 MeV. The top (bot-
tom) spectrum belongs to the detector parallel (perpendicular) to the
plane of polarization. For the determination of mean asymmetries,
the highlighted region (white) was integrated. The original spectra
are shown in gray, the deconvoluted and background-corrected spec-
tra in blue. The energy distribution of the γ -ray beam is shown both
at its original energy and shifted by E2+

1
= 73.393(5) KeV to high-

light the energy regions, in which ground-state decays and decays to
the 2+

1 state are expected.

MeV that was found in the state-by-state analysis. Therefore,
for this analysis, it was concluded that M1 strength can be
neglected for the studied energy range.

Because of the uncertainty that is associated with the sep-
aration of contributions from decays to the 0+

1 state and to the
2+
1 state, a more robust definition of the mean branching ratios

〈Bk〉 was introduced, using the sum of both transitions to the
ground state and to the 2+

1 state in the energy region of interest
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FIG. 6. Evolution of mean azimuthal asymmetries. For compar-
ison, the simulated expected asymmetries for several cascades are
shown in gray. Discontinuities of these simulated values are caused
by different detector distances. The experimental asymmetries in-
clude both decays to the ground state and to the 2+

1 state. Energy
error bars correspond to the width (FWHM) of the γ -ray beam.
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TABLE II. Mean branching ratios (〈Bk〉) and mean population
ratios (〈Pk〉) for different excitation energies for 164Dy.

Ebeam (MeV) 〈B2+
1
〉a 〈B2+

1
〉b 〈P2+

2
〉 〈P3+

1
〉

4.2 0.55+0.04
−0.04 0.380+0.022

−0.024 − −
4.4 0.54+0.03

−0.05 0.235+0.031
−0.025 − −

4.6 0.489+0.023
−0.030 0.70+0.04

−0.04 − −
4.8 0.481+0.033

−0.028 0.439+0.012
−0.011 − −

5.0 0.51+0.06
−0.07 0.44+0.02

−0.04 − −
5.2 0.50+0.08

−0.07 0.53+0.05
−0.06 − −

5.4 0.46+0.07
−0.06 0.32+0.12

−0.12 − −
5.6 0.33+0.05

−0.07 0.41+0.06
−0.04 − −

5.8 0.40+0.06
−0.06 0.39+0.05

−0.03 1.39+0.04
−0.08 −

6.0 0.34+0.08
−0.05 0.45+0.05

−0.05 1.18+0.04
−0.06 −

6.2 0.34+0.06
−0.06 0.38+0.07

−0.05 0.98+0.03
−0.05 0.590+0.021

−0.031

6.4 0.32+0.05
−0.07 0.48+0.05

−0.05 1.46+0.06
−0.08 0.72+0.03

−0.04

6.6 0.34+0.08
−0.06 0.32+0.10

−0.08 1.71+0.09
−0.07 0.83+0.04

−0.03

6.8 0.44+0.06
−0.07 0.37+0.12

−0.07 1.83+0.08
−0.08 1.03+0.04

−0.05

7.0 0.42+0.07
−0.09 0.42+0.05

−0.04 2.47+0.12
−0.13 0.92+0.04

−0.05

7.2 0.35+0.08
−0.06 0.44+0.09

−0.07 2.40+0.11
−0.13 0.98+0.05

−0.05

7.4 0.34+0.07
−0.06 0.36+0.28

−0.09 2.85+0.13
−0.17 1.40+0.06

−0.08

aDetermined using the mean asymmetry between the vertical and
horizontal detector, assuming the absence of M1 strength.
bDetermined using a fit to the sum spectrum of all detectors.

for normalization:

〈Bk〉 =
〈
	k
	

	0+
1

〉
〈	0+1

	
	0+

1

〉 + 〈	2+1
	

	0+
1

〉 (5)

= 〈Is,k〉
〈Is,0+

1
〉 + 〈Is,2+

1
〉 (6)

=
∑

i Is,0+
1 →i→k∑

i

(
Is,0+

1 →i→0+
1

+ Is,0+
1 →i→2+

1

) . (7)

Mean branching ratios 〈B2+
1
〉 to the 2+

1 state were determined
by two different methods: (i) from the fit procedure described
above and (ii) from mean asymmetries. The number of counts

Ax ∼ 〈
B0+

1

〉
W 0+

n + 〈
B2+

1

〉
W 2+

n , (8)

observed in detector n in the energy region of the γ -ray beam
can be related to the mean branching ratio with the angular
distributionWJπ

n for the decay to the final Jπ state for detector
n. This quantity is obtained from a GEANT4 simulation and
also takes into account the detection efficiency and finite solid
angle coverage of the detector.

The results from both methods are listed in Table II. For
excitation energies above 5.5 MeV, the results are found to
be in good agreement within the experimental uncertainties.
Below that energy, the results from the fit-based method devi-
ate systematically from the asymmetry-based results. Because
of the lower fragmentation of states, the assumption that the
strength is distributed evenly within the excitation energy

range may no longer be valid. The asymmetry-based method,
however, does not rely on this assumption and is thus preferred
for low excitation energies.

The decay of low-lying states of 164Dy that were popu-
lated by decay cascades originating from excited states was
observed for several beam energies. For beam energies of 5.8
MeV and above, the population of the 2+

2 state at 762 KeV
was observed, and for beam energies of 6.2 MeV and above,
the population of the 3+

1 state at 828 KeV was observed. The
population of these low-lying states can be used to extract
information about dipole strength in the PDR energy region
[53].

The mean population ratio of a low-lying state Jπk
k from

a photoexcited energy region is defined as the ratio of all
decay chains originating from that region to the low-lying
state relative to the direct decays to the ground-state band. It
is accessible experimentally by the observation of depopulat-
ing transitions Jπk

k → Jπl
l of that low-lying state and can be

expressed by

〈Pk〉 =
∑k−1

l=0 A
k→l/ε(Ek − El )

Ax→0+
1 /ε(Ex ) + Ax→2+

1 /ε
(
Ex − E2+

1

) , (9)

assuming isotropic angular distributions. The numerator sums
over the efficiency-corrected intensities Ak→l/ε(Ek − El ) of
transitions of the low-lying state Jπk

k , which is populated by
decays originating from the photoexcited energy region, to
all lower-lying states up to Jπk−1

k−1 . For the low-lying 2+
2 state

at 762 KeV and the 3+
1 state at 828 KeV, the transition at

762 KeV (2+
2 → 0+

1 ) and 755 KeV (3+
1 → 2+

1 ) are observed,
respectively. Unobserved decays to other lower-lying states
are corrected for using the known branching ratios from
literature [54]. The denominator is the sum of the efficiency-
corrected intensities of decays from photoexcited states Jπx

x to
the ground state band, i.e., the 0+

1 and 2+
1 states.

IV. DISCUSSION

A. States

In a proton-scattering experiment performed at the medium
resolution spectrometer at TRIUMF, a 1+ state was identified
at 4.6 MeV [55] with a transition strength of B(M1)↑ =
0.27(4)μ2

N. Total angular momentum and parity quantum
numbers were assigned using the angular distribution. No
such state was identified in this work. Rather, all states identi-
fied in the energy range of 4500–4700 keV were conclusively
identified to be Jπ = 1− states. Using the sensitivity limit
determined in this work, a maximum transition strength of
B(M1)↑ = 0.0007(4)μ2

N can be given for 4.6 MeV. This ex-
cludes the claim from Ref. [55] by at least two orders of
magnitude.

B. Photon strength function

In a recent work by Renstrøm et al. [56], the photon
strength function (PSF) and nuclear level density (NLD) of
164Dy below the neutron separation threshold has been deter-
mined using the so-called Oslo method [57].
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FIG. 7. Partial photoabsorption cross section, including only de-
cays to the ground-state band. Energy error bars correspond to the
width of the γ -ray beam. The dashed line depicts a fit of the SLO
model on top of a linear background to the experimental results.

The extracted photon strength function includes contribu-
tions attributed to the IVGDR, the PDR and the scissors mode
(SM):

f = fIVGDR1 + fIVGDR2 + fPDR1 + fPDR2 + fSM. (10)

For the description of the PDR, the SLO model

fSLO(Eγ ) = 1

3π2h̄2c2
σSLOEγ γ 2

SLO(
E2

γ − ω2
SLO

)2 + E2
γ 	2

SLO

, (11)

has been used [58], with resonance parameters
(ωSLO, σSLO, 	SLO). Renstrøm et al. [56] identify a concentra-
tion of strength located at ωPDR1 = 6.33(14) MeV, 	PDR1 =
1.9(3) MeV.

The PSF can be related to the photoabsorption cross sec-
tion. A measurement of the photoabsorption cross section
requires the observation of all decay branches of the excited
states, which are not easily accessible in NRF experiments. An
approximation can be obtained by combining ground-state de-
cays and the observed decay of the 2+

1 state, which is expected
to collect cascades from higher-lying states [53,59]. In this
work, the low-energy threshold in the acquisition of the γ -ray
spectra prevented the decay of the 2+

1 state at 73 KeV to be
observed. Instead, an approximation of the photoabsorption
cross section is obtained by only including decays to the
ground-state band:

I ≈ Is,0+
1

+ Is,2+
1
. (12)

In the following, this quantity will be referred to as partial
photoabsorption cross section. The results can be seen in
Fig. 7. A resonancelike structure is visible. By fitting the SLO
model on top of a linear function to the experimental data,
a centroid energy of ωPDR = 6.10(5) MeV and a width of
	PDR = 0.77(23) MeV were determined. The centroid energy
is slightly lower in comparison to the Oslo results. The width
is about 60% smaller for the results of the present work. No
experimental evidence for a splitting of the PDR in 164Dy
built on the ground-state band is found within experimental
uncertainties in the probed energy range.

The PSF and NLD determined in the Oslo experiment were
used to perform a simulation in the framework of the statistical
model (for the parameters used for the simulations discussed
in the present work, refer to Table II– IV in Ref. [56]). The re-
sulting branching ratios and population ratios were compared
to the experimental results of this work.

A fundamental simplification usually assumed for statisti-
cal model calculations is the Brink-Axel hypothesis [60,61].
It states that the photon strength function between groups of
nuclear states for a given multipole character only depend on
the energy difference between initial and final states.

For the present work, a statistical model simulation code
based on MCγ [62,63] was used, which is inspired by
DICEBOX [64]. An extended reimplementation of the MCγ

code was created that is able to track the population of
low-lying states. The statistical model simulation code starts
by generating a nuclear level scheme sampled from a level
density model. At low excitation energies, where a nearly
complete knowledge of all existing levels is assumed, the
experimentally known level scheme is used. Next, for each
generated level, transition strengths to all lower-lying states
are sampled from a photon strength function model. Simul-
taneously, the resulting population of all lower-lying states
is tracked following the excitation of each state, which al-
lowed us to determine population ratios. Using a Monte Carlo
method similar to the DICEBOX code [64], this procedure is
performed multiple times. The repulsion of nuclear levels ap-
proximated by the Wigner distribution [65,66] and the empiri-
cally observed Porter-Thomas fluctuations of level widths [67]
are taken into account. To account for the experimental uncer-
tainties determined by Ref. [56], each Monte Carlo simulation
uses a resampled parametrization of NLD and PSF according
to the assigned probability distribution of each parameter.

A comparison of branching and population ratios from
simulation and experiment is shown in Fig. 8. For the decay
to the 2+

1 state 〈B2+
1
〉, the simulation clearly underestimates

the experimental results, which were determined from mean
azimuthal asymmetries, by a factor of 2, especially for en-
ergies below 5.5 MeV. This deviation could be explained
by a violation of the assumption that no contributions from
M1 strength are present in this energy range. If ground-state
transitions from 1+ states are present, the number of counts
for the horizontal detector that correspond to transitions to
the 2+

1 state is overestimated (see Fig. 6). Hence, significant
M1 contributions would have resulted in an overestimation of
mean branching ratios for the decay to the 2+

1 state. However,
as discussed above, the contributions of M1 excitations are
so small that this effect cannot account quantitatively for the
mismatch of data with the statistical model.

The population ratios for the 2+
2 and 3+

1 state are systemat-
ically underestimated by the simulation in comparison to the
experimental data. The experimental population ratios for the
2+
2 and 3+

1 state are larger by an average factor of 1.33(7)
and 1.28(8), respectively, resulting in a combined deviation
of 30(6)%. However, both shape and slope of both population
ratios are sufficiently reproduced and similar to each other.
The experimentally observed decrease of the 〈P2+

2
〉 population

ratio as a function of increasing excitation energy below 6
MeV cannot be reproduced by the simulation.
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FIG. 8. Comparison statistical model simulation population and
branching ratios. Energy error bars of the experimental values cor-
respond to the width of the γ -ray beam. The experimental mean
branching ratios were determined from mean azimuthal asymme-
tries, assuming the absence of M1 strength.

TheM1 PSF that was used for the simulation is only based
on the parametrization of the scissors mode by Renstrøm
et al. [56] and does not include any contributions from the
spin-flip resonance or a potential M1 upbend at low ener-
gies. Additional simulations with different parametrizations
of the M1 PSF were performed. The inclusion of a spin-flip
resonance using the SMLO M1 parametrization by Goriely
and Plujko [68] has no significant influence on the population
ratios, because its energy is too high to contribute to multistep
cascades that result in the population of the 2+

2 and 3+
1 states.

For this M1 PSF, the total strength of the scissors mode is the
same, however, its width 	sm is increased. Combinatorically,
this increases the probability for E1-M1 two-step cascades
that result in the population of the 2+

2 and 3+
1 states. The re-

sults of this modified statistical model simulation are in better
agreement with the experimental population ratios obtained in

this work than the results of the unmodified statistical model
simulation. Thus, the results of the present work indicate that
the width of the scissors mode contribution to the M1 PSF is
slightly underestimated by Renstrøm et al. [56].

V. CONCLUSION

The low-lying dipole strength of 164Dy has been investi-
gated using a quasimonochromatic γ -ray beam with γ -ray
beam energies ranging from 4.2–7.4 MeV in steps of 0.2 MeV.
Sufficiently low level densities allowed for a state-by-state
analysis below 5.0 MeV. The absence of observed resolvable
1+ states and the determined mean branching ratios indicate
that the studied energy region is dominated by E1 strength.

The experimental results for the population ratios 〈P2+
2
〉 and

〈P3+
1
〉 are in good agreement with statistical model calcula-

tions based on experimental results by Renstrøm et al. [56]
within 1σ . However, the simulation results are systematically
smaller in comparison to the experiment. A better descrip-
tion of the experimental results can be obtained by using the
SMLO M1 PSF by Goriely and Plujko [68] in combination
with the E1 PSF from Ref. [56]. This can be attributed to the
increased width of the scissors mode in the SMLO M1 PSF.
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