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Systematics of low-lying dipole strengths in odd and even Dy and Gd isotopes
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Photon scattering experiments on the odd, deformed nuclei '*"'%*Dy and '*’Gd provided detailed informa-
tion on the excitation energies and transition probabilities of low-lying dipole excitations. In the case of the
even-even nuclei '92!%Dy in addition spins and parities of the excited states could be determined model
independently by measuring the angular distributions and the linear polarization of the scattered photons using
a Compton polarimeter. The results are compared with the systematics obtained for the neighboring even-even
isotopes '*Dy and !°%158160Gd in previous photon scattering experiments. Whereas in the odd Dy isotopes a
concentration of dipole strength is observed, which fits nicely into the systematics of the orbital M1 mode, the
dipole strength in '5’Gd is completely fragmented into about 90 transitions.

PACS number(s): 25.20.Dc, 23.20.Js, 23.20.Lv, 27.70.+q

I. INTRODUCTION

Low-lying dipole excitations in heavy nuclei are of great
interest in modern nuclear structure physics. Nuclear reso-
nance fluorescence (NRF), photon scattering off bound
states, represents a highly selective and sensitive tool to in-
vestigate these low-lying dipole excitations [1]. The discov-
ery of a new class of enhanced magnetic dipole excitations in
heavy deformed nuclei in high resolution electron scattering
experiments by Richter and co-workers [2] opened a new
field in nuclear spectroscopy and initiated a large number of
both experimental and theoretical work [3—10]. This low-
lying, predominantly orbital mode, often referred to as the
scissors mode, today is known as a rather general phenom-
enon in deformed even-even nuclei of the rare earth and
actinide mass region. These isovector M 1 excitations, which
originally have been predicted in the framework of the two-
rotor model [11] and discussed in the proton-neutron version
of the interacting boson model (IBM-2), nowadays can be
explained microscopically by quasiparticle random phase ap-
proximation (QRPA) calculations, performed by several
groups (for references see, e.g., [3-5,7,12,13]).

The systematics and fragmentation of the M1 strength in
the rare earth even-even nuclei is well established by system-
atic electron, photon, and proton scattering experiments (see,
e.g., [6,7]). NRF data are available for different Nd, Gd, Dy,
Er, Yb, and W isotopes obtained by the Stuttgart-Giessen-
Cologne collaboration (see [6] and references therein) and
Sm nuclei investigated by the Darmstadt group [14,15]. The
total M1 strength B(M1)7 in the energy range 2.6 — 4 MeV
reaches a saturation value around midshell of =3 u2 . The
qualitative behavior of saturation is the same as observed for
the systematics of B(E2) values in this mass region [16] and
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has also been observed in the other region of strongly de-
formed nuclei, the actinides [17]. The rise of the summed
M1 strength from spherical to well-deformed nuclear shapes
has been studied in detail in the Sm [14,15] and Nd isotopic
chains [18,19]. It turned out that the summed M1 strength
scales with the square of the nuclear deformation parameter
8 (6% law”) [14]. This behavior can be explained by differ-
ent theoretical approaches (for references see [15]) and is
one of the most exciting findings in the last years.

Recently, Loludice and Richter [20] derived a new, simple
sum rule for the M1 strength of the scissors mode:

4Nz 5/3 2 82 2
B(M1)T ~ 00042 =7 wsc A¥(g,~g,)? [ ux] (1)

with wg, the energy of the scissors mode (~ 3 MeV), & the
nuclear deformation parameter, and the g factors g,,=0 and
gp=2Z/A. This formula contains no free parameters and
predicts the absolute strength for the scissors mode. There is
an excellent agreement with the experimental data, ranging
from the hardly deformed Nd and Sm nuclei to the well-
deformed Gd and Dy isotopes (see [6,7]). Only the results for
the W isotopes [21] and for Hf nuclei fall below the sum rule
predictions and hint to a reduced M1 strength in these nuclei
at the transition from axially symmetric rotors to more
y-soft rotors [22]. The overall exhaustion of the sum rule by
the experimentally observed strength points to the fact that in
the photon scattering experiments nearly all orbital M1 ex-
citations in these nuclei have been observed.

In odd, deformed nuclei a fragmentation of the orbital M 1
strength is expected due to different couplings of the un-
paired nucleon to each of the M1 excitations in the even-
even core and due to the mixing with single-particle levels. A
first photon scattering experiment on the odd-proton nucleus
165Ho by the Darmstadt group [.3] showed no strong exci-
tations in the region around 3 MeV. Theoretically, the orbital
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M1 strength should be separated more clearly from the
single particle excitations in nuclei with an odd neutron num-
ber. Therefore, at the Stuttgart facility the odd-neutron iso-
tope Dy was investigated [24], which has the additional
advantage that in both neighbouring even-even nuclei the
strength is concentrated in two or three very strong excita-
tions [25-27]. The observed concentration of dipole strength
in excitation energy around 3 MeV fits into the systematics
of the scissors mode in the neighboring even-even Dy iso-
topes. Furthermore, recent calculations in the framework of
the interacting boson fermion model (IBFM) support the in-
terpretation of these excitations as a first observation of the
scissors mode in an odd nucleus [24].

The aim of the present investigations was twofold. First of
all, the existence of the scissors mode in odd nuclei and its
fragmentation should be established by further measure-
ments on '®'Dy and '"’Gd. Both odd isotopes are neighbors
of strongly deformed even-even nuclei within the well-
investigated Dy and Gd isotopic chains [2,25-31]. In the
even-even isotopes °2!1%Dy NRF experiments of improved
sensitivity including the measurement of the linear polariza-
tion of the scattered photons should enable model indepen-
dent parity assignments and provide information on the frag-
mentation of the scissors mode in these isotopes. In addition,
the parity determinations allow to identify and to study in
more detail low-lying electric dipole excitations in the en-
ergy range 1-4 MeV. Enhanced E1 transitions are expected
and observed in deformed nuclei [32—40,26]. These excita-
tions can be interpreted in terms of different collective exci-
tation modes [32] or two-phonon excitations [33,41]. In Sec.
II the experimental method of the nuclear resonance fluores-
cence technique is explained in some detail. Section I
shows the experimental setup at the Stuttgart Dynamitron. In
Secs. IV and V the obtained results are presented and dis-
cussed.

II. NUCLEAR RESONANCE FLUORESCENCE
TECHNIQUE

Nuclear resonance fluorescence (NRF) represents the
resonant absorption of real photons exciting a nuclear level
and its decay by reemission of a photon. Due to the small
momentum of real photons only dipole and with much
smaller probability E2 transitions are induced. This spin se-
lectivity enables dipole excitations to be investigated in en-
ergy regions, where the level density is already very high.
The use of a continuous photon source, such as bremsstrah-
lung, allows the strength distribution of dipole excitations to
be measured simultaneously in detail in the energy interval
covered by the photon source [1].

The cross section o for the absorption and subsequent
reemission of a photon from the ground state with spin and
parity J§ to some excited state (J™) and back to the ground
state or a low-lying state (J}T) is measured. The resonance
shape of the cross section is of Doppler-broadened Breit-
Wigner type. Since a continuous photon source (bremsstrah-
lung) is used the energy integrated cross section I is deter-
mined in the NRF experiments:

2 .
27+1 h_c) Ty, W(O) o
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J and J, are the spins of the excited and ground state, re-
spectively, and W the angular distribution. 'y, 'y, and I" are
the decay widths to the ground state, to the final level, and
the total decay width, respectively. In the case of elastic scat-
tering (I'y=T'y) the scattering cross section is proportional to
T3/T. If the decay to other states can be observed or is
known, then the ground state width Iy can be determined.
Iy is proportional to the reduced transition probabilities
B(IIL,E.)T (II=E or M):

C—gn i (L+1)(E,/he)* 1 2J0+1
0 21 L[QL+DN]F  2J+1
XB(IIL,E.)7. (3)

The angular correlation function W (®) of the scattered
photons y, with respect to the incoming photon y; (beam)
(measured by polarization insensitive devices), restricting
ourselves to the reasonable cases L,<2, can be written as
[42]

W(®):V§24 A, (1)A,(2)P,(cos@). 4)

The expansion coefficients are given by

1
A (D)= {F(LL\J; J)+26,F,(L\L,"J; J)
1+
+81F (Ly'L,"J; J)},
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Here J;=J,, J, and J; are the spins of the initial (in NRF
ground states), intermediate, and final states, respectively.
L,, L', (withL', = L,+1, and n = 1,2) refer to the mul-
tipolarities of the transitions involved. The mixing ratios &,
are defined as usual:

YL, 1)
A AT AR ©)

The F coefficients can be found in various compilations (e.g.
[43,44]).

In the case of even-even nuclei the spins of the excited
states can be determined easily from the measured angular
distributions, since only pure dipole or quadrupole cascades
with spin sequences 0-1-0 or 0-2-0 occur. It is sufficient to
measure the scattered radiation at least at two different
angles. The most favorable configuration is ® = 90° and
127°. The intensity ratio W(90°)/W(127°) amounts to
0.734 and 2.28 for dipole and quadrupole transitions, respec-
tively. These values are slightly reduced for realistic geom-
etries and finite solid angles used in the experiments [29].

Unfortunately, in the case of odd-A nuclei the angular
distributions are, due to the half-integer spins involved,
nearly isotropic. Therefore, it is difficult to extract conclusive
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information on the spins of the excited levels. This can be
achieved in the present setup only in a few favorable cases
(e.g., Jo = 1/2) [24].

The photon-excited states can decay to the ground state or
to low-lying excited states (with spins J, and J;, respec-
tively). The ratio of the corresponding reduced transition
probabilities defines the branching ratio Ry .

r, e

_ i yJO _ B(J—)Jf)
Rexpt - 1"]0 EZ]f - B(J—’.Io) (7)

In the rotational limit for deformed nuclei the branching
ratio Ry, is given by

V2T FT sk LE-K LR |
M0 | 2T+ 1 (Jo.Ko,L.K—Ko|J,K)|

and allows the K quantum number K of the excited state to
be measured assuming the validity of these so-called Alaga
rules [46].

In the case of even-even nuclei the photon-excited states
have spin 1 and can decay to the 0* ground state or the first
excited 2" state. For the decay of J=1 states into the ground
state band of deformed nuclei, one expects within the valid-
ity of the Alaga rules B(1—2)/B(1—0)=2 or 0.5 for K=0
or K=1 states, respectively. For odd-A nuclei the branching
ratio can provide some valuable information on the spin of
the photoexcited state.

In the case of a polarization sensitive detector for the
scattered photon 7, , like a Compton polarimeter, the angular
distribution function [Eq. (4)] depends additionally on the
angle v between the electric field vector E and the reaction
plane (7y;— ¥,). The linear polarization correlation function
can be written as [42]

®)

W(O,7)=W(0)+(£)1, 2 A(1AL2)

X P{?)(cos®)cos(2y) )

with

A;(Z):( T 5%){“ Ky (LoLy)F (Lo LoJ s J)

+28,k,(LyLy)F (LyLyJ s J)
+ 85k, (LALY)F (LyLyJ s J)}. (10)

The unnormalized associated Legendre polynomials P(,,z)
and the coefficients «, (L, ,L,) are given in [42]. The fac-
tors () L are +1 and — 1 for electric and magnetic transi-
tions, respectively. The degree of linear polarization P(®) is
defined by the relative difference of the scattering cross sec-
tions resulting in radiation with the electric field vector E
parallel and perpendicular to the reaction plane (y; — ;) and
follows from Eq. (9):

()2 0=24 AL(1AL(2) PP (c0sO)
21/=().2,4 A V( 1 )A ,,(2)P,,(COS®)

P(O) = (11)
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FIG. 1. The bremsstrahlung facility at the Stuttgart Dynamitron
accelerator [29,45]. The excellent quality of the well-collimated
bremsstrahlung beam allows one to run two NRF experiments si-
multaneously. At the first setup the angular correlation and cross
section measurements take place, while at the second setup the
polarization measurements are performed (see text).

The experimentally observed asymmetry £(®) as mea-
sured using a polarimeter with a polarization sensitivity Q
amounts to

£(®) = P(®)Q(E,). (12)

The polarization sensitivity Q(E,) of a Compton polar-
imeter arrangement (including its apparative asymmetries)
can be determined experimentally using y— y cascades with
known spins and mixing ratios or using photons of known

linear polarization from appropriate (p,p’ %) reactions [47].

In the most important and favorable cases of pure dipole
or quadrupole transitions (elastic scattering off even-even
nuclei; spin sequences 0-1-0 or 0-2-0) the maximal polariza-
tion of |P|=1 is observed for a scattering angle ® = 90°.
The angular distributions for electric and magnetic dipole
transitions are identical, however, the sign of the polarization
changes. This enables model independent parity assignments
for levels in even-even nuclei. Fur odd nuclei, as mentioned
above, the angular distributions are nearly isotropic. There-
fore, following Eq. (11), the degree of polarization P(®) is
nearly zero and parity assignments are not possible.
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TABLE I. Target compositions and specifications.

Total masses (mg)

Isotope Composition Enrichment (%) Isotope 2TAl Major impurities
164y Dy,0, 96.0 4805 1510 183Dy (2.7%); '©*Dy (0.8%)
Dy metal 95.6 1052 163Dy (1.9%); 9°Dy (2.2%)
163py Dy,05 92.8 2777 517 184Dy (4.5%); '’Dy (2.1%)
161py Dy,0; 92.1 1834 765 192Dy (5.5%); %Dy (1.2%)
157Gd Gd, 04 92.3 1850 510 158Gd (5.4%); °Gd (1.9%)

III. EXPERIMENTAL SETUP

The NRF measurements reported on have been performed
at the bremsstrahlung facility of the Stuttgart Dynamitron
accelerator [29,45]. The setup is shown schematically in Fig.
1. The high current dc electron beam with a maximum en-
ergy of 4.3 MeV is bent by 120° and focused on the brems-
strahlung radiator target consisting of a water cooled gold
plate thick enough to completely stop the electrons. The re-
sulting bremsstrahlung beam is formed by a lead collimator
with a hole of 10 mm diameter and 98 cm length. The radia-
tion production is well separated from the experimental set-
ups by 2 m of concrete, resulting in a low level of back-
ground radiation. The photon beam is guided in a vacuum
tube to the NRF setups. The excellent beam quality and the
very high flux of typically 10° photons per keV and second
for 3 MeV photons enable to run NRF experiments at two
different setups simultaneously.

The first NRF site consists of three carefully shielded
Ge(HP) detectors placed at scattering angles of 90°, 127°,
and 150° with respect to the incident beam. At the second
site the sectored Ge(HP) Compton polarimeter is installed at
slightly backward angles of 97° with respect to the photon
beam for background reasons. This detector measures the
polarization of the resonantly scattered photons utilizing the
Compton effect. The outer electrode of this true coaxial ger-
manium crystal is carved into four electrically insulated sur-
faces, dividing the crystal into four detectors. This enables,
by requiring coincidence conditions between the four seg-
ments, the measurement of the direction of the Compton
scattering in the detector and thus the polarization of the
photons. The device is described in detail in [47]. Its polar-

ization sensitivity determined in (p,p’ ;/) reactions amounts
to =~ 20% at 0.5 MeV and remains ~ 9.5% at 4.4 MeV. The
overall detection sensitivity of the polarimeter could recently
be increased considerably by improving its response function
using a BGO anti-Compton shield [48].

For both setups the NRF targets consist of pills of isoto-
pically enriched material sandwiched between aluminum
disks of the same diameter. Typically 1-2 g of enriched iso-
topes are needed for setup 1 and 5 g for the polarization
measurements. The target compositions and specifications
are summarized in Table I. The nucleus 2’Al has three well-
known excitations [49] between 2 and 4 MeV, which serve
for several on-line calibration purposes in these experiments.
Due to the half-integer spins, the photons from the 2982 keV
excitation are emitted nearly isotropically and are nearly un-
polarized. They serve as an on-line calibration for the angu-
lar distribution and the polarization. In addition, the well-
known decay widths and decay branching ratios of the levels

at 2212, 2982, and 3957 keV are used for the photon flux
calibration. The results are in very good agreement with
Monte Carlo calculations of the bremsstrahlung shape [50]
and experimental determinations. Furthermore, the measure-
ment of the NRF cross section relative to the excitations in
Z7Al eliminates all effects due to changes in beam energy
and intensity. The accuracy of the measured cross sections is
mainly limited by the error of the aluminum standard. There-
fore, we recently performed a NRF self-absorption experi-
ment on these levels [51], to determine absolutely the corre-
sponding total widths I (or lifetimes). The obtained results
are in excellent agreement with the literature values [49]. In
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FIG. 2. Photon scattering spectra off 60:16L162163.164nyy iy the
energy range of the scissors mode, measured at a scattering angle of
90°, see text.
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FIG. 3. Results for the
(v,7') experiment on '®Dy. (a)
Spectrum of photons detected at a
scattering angle of 90°. Peaks

marked by Al belong to the pho-
ton flux standard, peaks marked
by an asterisk belong to strong
ground state transitions in %Dy,
see text. (b) Experimentally ob-
served decay branching ratios
R cxpt for the decays to the first ex-
cited state and the ground state.
The lines marked with K=0 and
K=1 give the values expected
from the Alaga rules [46]. Full

symbols correspond to M1 transi-
tions with determined parities. (c)
Ground state decay widths I'j, ex-
tracted from the present experi-
ment. Full bars belong to M1
transitions, shaded bars to FE1
transitions. Open bars indicate
that no parity could be extracted
for the respective levels from the
present polarization measure-
ments. (d) Azimuthal asymmetry
e of the scattered photons mea-
sured with the Compton polarim-
eter. The dashed lines give the ex-
pectation values for completely

linearly polarized photons. Posi-
tive asymmetries correspond to
M1 transitions, negative asymme-
tries to E'1.
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particular, we succeeded in cutting the error for the width of
the most important level at 2982 keV to 2.4%.

IV. EXPERIMENTAL RESULTS
A. Results for the Dy isotopes 161162163164y

Figure 2 shows a general view of the measured spectra of
photons scattered off various Dy isotopes (at a scattering
angle of 90°). It is evident that the spectra for the even
isotopes are dominated by a few strong transitions, whereas
numerous weaker transitions were observed for the odd nu-
clei (the strong line in all spectra marked by 2’Al belongs to
a well known transition in 2’Al used for the photon flux
calibration). Already this figure demonstrates the needed in-
creased experimental sensitivity when investigating odd iso-
topes in NRF experiments.

Figure 3 shows the experimental data for '®*Dy (1, y') as
a typical example for the information obtained from photon
scattering experiments on even-even nuclei. In the upper part
the spectrum of photons is depicted scattered under 90° with
respect to the incoming photon beam. Once again the strong
line marked by 2’Al belongs to a transition in the photon flux
standard 2’Al. Peaks marked by an asterisk correspond to
ground state transitions in '*Dy. Each ground state transi-
tion is accompanied by a satellite peak 73 keV lower in
energy, which stems from the decay of the excited state to
the first J7=2% level of the ground state rotational band.
The intensity ratio of these two decay branches contains the
information on the K quantum number. This can be seen in
the second part of Fig. 3, where the experimentally observed
branching ratios R ., are plotted. The dashed horizontal
lines marked with K = 0 and K = 1 give the values expected
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TABLE II. Results for the reaction '®2Dy(y,7’). The measured excitation energies E, , the integrated scattering cross sections /,,
decay branching ratios R,y , and azimuthal asymmetries ¢ are summarized. From these quantities the ground state transition widths I'y, the
spins and parities J7, the K quantum numbers and reduced transition probabilities B(M1)T and B(E1)7 were deduced and given in the

table.

E, I, r, R expt € K Spin B(M1)] B(E1)T
(keV) (eV b) (meV) (%) JT (u2) (1073 €2 fm?)
2395 36.3%1.9 273*1.6 0.57+0.03 163+ 7.6 1 1t 0.52%+0.03 -
2520 22.9+1.4 27.7%2.0 1.31+0.08 —14.6* 8.3 0,1) 1- - 5.0 *0.4
2537 5.120.9 3.6+0.7 0.29+0.13 - 1 1’ 0.06+0.01 0.63+0.01
2569 10.9*+1.0 8.7+0.9 0.43%+0.08 16.5+13.6 1 1" 0.13%0.01 -
2815 47+1.2 6.1+1.8 0.98+0.31 - 0 1’ 0.07+0.01 0.78%0.01
2900 144 *9 153 =*9 0.50+0.02 102+ 3.3 1 1+ 1.63%0.10 -
2909 3.7+09 7.6+2.3 1.95+0.53 - 0 1? 0.08+0.02 0.88+0.02
2929 12.6*1.1 14.6+1.4 0.61+0.08 —8.1+13.7 1 1- - 1.7 202
2965 8.8+1.0 9.6+1.2 0.46%0.10 20.2+19.1 1 1t 0.10%0.01 -
3061 90.6+6.1 95.0+8.2 0.31%0.08 8.9+ 4.2 1 1t 0.86+0.08 -

from the Alaga rules [46]. The full symbols correspond to
M1 transitions for which the positive parities could be de-
termined by the present polarization measurements. It is evi-
dent that the three very strong excitations around 3.1 MeV
have branching ratios R, =~0.5. This determines the K
quantum number to K = 1 for the excited levels. This is
expected for the mixed symmetry J™ = 1% states of the
scissors mode. In the third part of Fig. 3 the strength distri-
bution (ground state transition widths I'y) is plotted. Full
bars correspond to M1 transition, shaded bars to E1 transi-
tions. Open bars belong to dipole transitions for which no
parities could be determined. The parity assignments come
from the present measurements of the linear polarization of
the scattered photons using a Compton polarimeter. The
measured azimuthal asymmetries £ are shown in the lowest
part of Fig. 3. The dashed lines correspond to the expected
asymmetries for completely polarized photons and are given
by the polarization sensitivity Q(E ) of the polarimeter [47].
Positive asymmetries correspond to M1 excitations and
negative asymmetries are expected for E1 excitations. In the
figure full circles belong to M1 transitions, open circles to
E1 transitions. The open rhombs show the data points for the
nearly unpolarized transitions in YAl These data are in
agreement with an asymmetry &€ =~ 0, which proves the
good apparative symmetry of the polarimeter device. There
are clearly two groups of strong M1 excitations around 2.5
and 3.1 MeV, respectively. The upper group is attributed to
the scissors mode. In the Tables II and III the numerical
results of the NRF experiments including linear polarization
are summarized. The excitation energies E, of the observed
dipole transitions are given together with the corresponding
integrated scattering cross sections I, the ground state tran-
sition widths 'y, the decay branching ratios R ., and the
azimuthal asymmetries € measured by the Compton polarim-
eter device (for the stronger transitions). The assigned K
quantum numbers, spins and parities J7, and the extracted
reduced transition probabilities B(M1)T and B(E1)T are
quoted in the last four columns of both tables. In the case of
the odd isotopes '>'%'Dy due to the half-integer spins of the
levels involved and the resulting nearly isotropic angular dis-
tributions it was not possible to determine the spins and pari-
ties of the excited levels in the present photon scattering

experiments. Therefore, the products gI'; of the ground state
transition  widths I’y and the spin  factors
g=(2J+1)/(2Jy+ 1) are given together with the excitation
energies E,, the observed integrated scattering cross sections
I, and the decay branching ratios R, . Furthermore, the
final states are quoted to which decays from the photoexcited
states could be detected (the ground states of '®*Dy and
181Dy have spins of 5/2 7 and 5/2%, respectively). The given
reduced transition probabilities B(M 1) T were calculated un-
der the assumption of M1 excitations and do not depend on
the spin of the excited state.

B. Results for 15’Gd

The results for '’Gd, the third odd-neutron nucleus,
which was investigated in the present (7y,y’) experiments,
differ dramatically from those observed for the odd Dy iso-
topes. Already the raw data show no concentration of dipole
strength but an extreme fragmentation. This can be seen in
Fig. 4 where the (v,7') spectra for the reactions !'6'Dy
(7,v") and "Gd (7, y") are compared. Peaks belonging to
transitions in the photon flux standard (*’Al), target impuri-
ties ('*2Dy), or background (**®Pb) are marked by the corre-
sponding symbols. Whereas in the upper spectrum for
161Dy a clear concentration of dipole excitations around 2.8
MeV is visible, for 3’Gd no strong excitations could be
observed. A detailed analysis [52] of all data, taken in two
separate experimental runs, each measuring under 3 scatter-
ing angles simultaneously, revealed data for in total 90 exci-
tations. The numerical results are summarized in Table IV.
The given quantities are the same as in Tables V and VI. The
quoted reduced transition probabilities are calculated assum-
ing negative parities (M1 excitations).

V. DISCUSSION

A. M1 strength distributions in the Dy isotopes
160,161,162,163,164py

The even-even Dy isotopes 6%162164Dy have been inves-
tigated already in 1988 in high resolution photon scattering
experiments at the Stuttgart facility [25]. A concentration of
dipole strength near 3 MeV, in the energy range of the scis-
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TABLE III. Results for the reaction '*Dy(y, ;/’)‘ The quoted quantities are explained in the caption of Table II.

E, ’ I, r, Rexpt € K Spin B(M1) B(E1)
(keV) (eV b) (meV) (%) JT () (1073 ¢? fm?)
1675 44.69+4.23 283+ 3.5 1.83+0.24 232+ 83 0 1- - 17.24+2.13
1841 5.90+1.05 3.6= 0.8 1.24+0.31 - o1 17 - 1.67+0.37
2052 3.60+0.70 3.0+ 0.7 1.43+0.35 - 0 1-2 - 1.000.24
2330 23.16+1.93 294+ 3.3 1.87+0.22 -10.5% 4.9 0 1- - 6.67+0.74
2412 3.23+0.51 57+ 1.2 2.73+0.51 - 0 1-2 - 1.16+0.24
2531 27.52+2.12 225+ 1.9 0.51+0.06 9.5+ 4.1 1 1t 0.360+0.031 -
2540 23.59+1.83 19.8+ 1.7 0.55+0.06 47+ 4.1 1 1+ 0.314+0.027 -
2578 36.94+2.80 304+ 2.5 0.47+0.05 13.0% 4.1 1 1t 0.460+0.038 -
2653 7.76+0.72 47+ 0.4 - - - - 0.066+0.006 0.73+0.07
2671 20.75+1.58 28.4+ 27 1.32+0.14 -10.7* 5.6 0,1) 1- - 4.27+0.41
2694 43.93+3.23 407+ 3.3 0.51+0.05 7.5+ 25 1 1t 0.539-+0.044 -
2828 2.52+0.44 1.8+ 0.3 - : - - 0.020+0.003 0.22+0.04
2862 14.32+1.12 133+ 1.1 0.33+0.05 6.9+ 8.0 1 1t 0.147+0.012 -
2986 3.39+0.53 8.5+ 1.7 2.43+0.43 - 0 1-2 - 0.92+0.18
2990 9.26+0.73 122+ 1.1 0.75+0.09 - 1 1+ 0.1180.011 -
3027 17.07+1.16 13.6+ 0.9 - - - - 0.127+0.009 1.40+0.10
3070 3.79+0.44 3.1 04 - - - - 0.028+0.003 0.31+0.04
3112 112.48+7.14 138.6+ 9.9 0.50+0.05 7.6+ 1.3 1 1" 1.192+0.085 -
3159 101.03+6.48 131.7+ 94 0.54+0.05 9.1+ 1.5 1 1+ 1.083+0.077 -
3173 91.78+5.90 111.3% 7.7 0.42+0.04 7.1 1.6 1 1t 0.903+0.062 -
3185 3.35+0.42 3.0= 0.4 - - - - 0.024+0.003 0.26+0.03
3228 7.70+0.70 19.9+ 23 1.99+0.23 ~10.4* 9.6 0 1- - 1.69+0.20
3231 7.22+0.67 6.6+ 0.6 - 114+ 94 - - 0.050+0.005 0.56+0.05
3270 4.83+0.50 109+ 1.4 1.52+0.20 - (0) 1= - 0.89:+0.12
3279 3.15+0.47 43+ 0.7 0.48+0.13 - 1 1*tP 0.031%0.005 -
3293 4.68+2.02 44% 1.9 - - - - 0.032+0.014 0.35+0.15
3316 5.65+0.60 9.9+ 1.2 0.88+0.13 14.5+16.5 1) 10 0.070+0.009 -
3365 4.60+0.96 6.9+ 2.5 0.56+0.50 - 1 1t® 0.047+0.017 -
3414 8.61+0.80 135+ 1.5 0.59+0.09 - 1 1t 0.088+0.009 -
3603 4.59+0.57 52+ 0.6 - -16.7*+16.7 - - 0.029+0.004 0.32+0.04
3621 3.85+0.62 12.6* 2.6 2.00+0.38 - 0° 1 0.069+0.014 0.76+0.15
3667 4.35+0.57 73% 1.1 0.47+0.11 - 1 1 0.038+0.006 0.43+0.06
3695 10.61+1.13 18.1= 2.1 0.47%0.08 - 1° - 0.093+ 0.011 1.03+0.12
3704 3.74+0.55 8.8+ 1.6 1.04+0.21 - 0,1 172 - 0.50+0.09
3718 8.15+0.82 125+ 14 0.29+0.06 17.1%11.5 1 1t 0.063=+ 0.007 -
3754 5.55+0.67 16.1= 2.4 1.45+0.23 - (0) 1= - 0.87+0.13
3765 9.32+0.93 149+ 1.7 0.31+0.08 - 1 1+ 0.072+ 0.008 -
3785 26.83+2.31 89.4+10.2 1.78+0.21 -59+ 59 0 1~ - 4.72+0.54
3836 10.10+1.09 129+ 14 - - - - 0.059+ 0.006 0.65+0.07
3853 8.44+0.95 109+ 1.2 - - - - 0.049% 0.006 0.54%+0.06
3868 11.55+1.25 425+ 6.1 1.94+0.28 - 0 1-2 - 2.11+0.30
3877 13.56+1.41 51.9+ 7.2 2.04+0.29 -16.5*= 9.0 0 1~ - 2.55+0.35
3914 4.89+0.98 18.7+ 4.7 1.98+0.46 - 0° 1= - 0.89+0.22
3987 6.34+1.02 239+ 5.0 1.83+0.38 - 0° 1~ - 1.08+0.23

*Tentative parity assignment based on K=0.
PTentative parity assignment based on K=1.

“Chain of transitions enfolded under the assumption of certain X numbers.

sors mode, could be detected in these experiments. Positive
parities were proposed from the K=1 assignments and com-
parison with (e,e’) data for %Dy [27,53] at low and high
transfers of momentum. The present NRF experiments on
162164py including linear polarization measurements, con-
firmed these parity assigments and, furthermore, the ex-

tracted strengths are in perfect agreement with the previous
NREF data [25]. Due to the improved sensitivity and the much
longer measuring times in the polarization measurements
weaker transitions could be detected and the overall uncer-
tainties could be reduced. This confirmation of the previous
NREF results [25] gives further confidence into these data, in
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FIG. 4. Comparison of the photon scattering spectra off the odd
neutron nuclei '°'Dy and '3’Gd. Calibration lines (>’Al), lines from
room background (*°Pb) and from target impurities ('*’Dy,
158Gd) are marked.

particular in view of the lower B(M 1) values reported from
a recent (n,n’7y) experiment [54]. This is even more note-
worthy, since the (n,n’y) data for 92Dy [54] are in a good
agreement with the NRF results from [25] and the present
work.

The summed B(M1)7] strengths for '9>!%Dy in the en-
ergy range of the scissors mode are in a good agreement with
the systematics of observed M1 strengths in the even-even
rare earth nuclei [6] (for Dy the measured total M1
strength has been reduced by the amount of M1 spin contri-
butions as measured in intermediate energy proton scattering
by Frekers et al. [55]). The group of M1 excitations in
164Dy around 2.5 MeV is not included in the systematics of
the scissors mode, because a '®>Ho(t,a) experiment [56]
reported a nearly pure two-quasiparticle M1 excitation in
this energy region. It should be emphasized that the mea-
sured summed B(M 1) strengths [6] are in a nearly complete
agreement with the values given by the sum rule recently
derived by Loludice and Richter [20] [Eq. (1)].

After these systematic investigations of the even-even Dy
isotopes the question of the existence of the scissors mode in
odd nuclei and its expected fragmentation were studied in
the present NRF experiments on '9*1%'Dy performed at the
Stuttgart facility [24,57]. These problems have been studied
theoretically by Van Isacker and Frank [58,59] in the frame-
work of the interacting boson fermion model (IBFM) and in
the particle-core coupling model by Raduta et al. [60]. The
theoretical works predict a fragmentation of the orbital M1
strength due to different couplings of the unpaired nucleon to
each of the M1 excitations in the even-even core and due to
the mixing with single particle levels.
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Figure 5 shows the strength distributions for all five in-
vestigated Dy isotopes. For even-even nuclei the ground
state transition widths I'j for AK=1 transitions are plotted.
For transitions marked by crosses the parities are known
from the present polarization measurements to be positive.
For the odd isotopes the products gI" are depicted since the
spins of the excited states could not be determined, as dis-
cussed above. One states that for both odd isotopes '%*Dy
and '®'Dy the energetic position as well as the magnitude of
summed strengths (21" and %gT",, respectively, given in
the right corners of the figures) fit quite well into the system-
atics in the neighboring even-even nuclei. However, it should
be noted that if one compares the summed B(M1)7
strengths, the total strengths observed in the odd isotopes
seem to be reduced by a factor of roughly 3 as compared to
the even-even nuclei.

For 93Dy the data can be compared with recent theoreti-
cal IBFM calculations [24] as given in Table VII. Inspection
of the second column shows that for different spins of the
excited states different decay branching ratios are expected.
If the experimental data are classified according to this
scheme, the respective number of states and their summed
strengths can be calculated. There is obviously a good agree-
ment between experiment and theory, so that a first observa-
tion of the scissors mode in a deformed odd-A nucleus can
be stated. This interpretation is supported by the new mea-
surements on $!Dy [57]. These studies complete the experi-
ments on the Dy isotopic chain. The strength in '%!Dy is
somewhat more fragmented than in 3Dy and the centroid is
shifted to lower energies. However, both, strengths and en-
ergies, fit well into the systematics. This is true not only for
the excitations near 3 MeV but also for the group around 2.5
MeV.

B. M1 strength distributions in the Gd isotopes 56157158160 q

As already shown in Fig. 4 where the photon scattering
spectra for '®'Dy and '"’Gd were compared, the dipole
strength distribution is dramatically different in '’Gd. This
is shown in more detail in Fig. 6, where the dipole strength
distribution in '%’Gd is compared with the data for the well-
investigated neighboring, even-even Gd isotopes. As in Fig.
5 the ground state transition widths I’y and gI' are plotted.
For marked transitions in even Gd isotopes the positive pari-
ties are known from electron scattering experiments (open
symbols [28,31]) and NRF polarization mesurements (full
symbols [30]). The dipole strength in “’Gd is distributed
over more than 90 transitions in the whole energy range 2—4
MeV where the present NRF experiments have a good sen-
sitivity. Furthermore, the total sum 3 gI' is higher than in
the neighboring even-even Gd isotopes, in contrast to the
observations in the odd Dy isotopes. Since in ’Gd more
than 100 transitions (including inelastic transitions) have
been observed in the energy interval 2—4 MeV it cannot be
ruled out completely that by chance two ground state transi-
tions are separated by the energy of an excited level. This
can lead to a misinterpretation of one of these ground state
transitions (the lower energetic one) as a branching to the
respective excited level. But this would have no influence on
the general conclusions drawn here.



TABLE IV. Results for the reaction ¥’Gd(y,y'). Results for the excitation energies E, , the integrated
cross sections /;, and the reduced transition probabilities B(M1)T are given. All states decay to the ground
state (J7=3/27). If a decay branching to another low-lying state (besides the ground state) was observed, the
branching ratio R, and the spin and parity J{ of this final state is given in columns 4 and 5, respectively.
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E, I, g;To Rt Final state B(M1)1?
(keV) eV b) (meV) JE (43)
1956 2.55%0.39 2.54%0.39 - - 0.029+0.004
1976 1.73%0.36 1.76+0.37 - - 0.020%+0.004
2073 3.58+0.41 4.01*+045 - - 0.039+0.004
2131 3.28+0.37 3.87+0.44 - - 0.035£0.004
2180 1.73%£0.32 2.14%0.39 - - 0.018%+0.003
2200 4.23+0.38 5.33%£0.48 - - 0.043£0.004
2250 1.91+0.50 2.51+£0.67 - - 0.019£0.005
2253 1.45*0.35 1.92+0.46 - - 0.015%0.003
2290 2.14+0.33 2.92+0.45 - - 0.021%+0.003
2306 2.01%£0.29 2.78%0.40 - - 0.020+0.003
2335 1.82+0.30 2.58+0.43 - - 0.018+0.003
2346 1.59%0.36 2.27+0.51 - - 0.015+0.003
2397 1.57+0.28 2.35+0.42 - - 0.015%0.003
2402 1.67+0.28 2.51*+0.41 - - 0.016+0.003
2446 1.24+0.28 1.93+0.44 - - 0.011£0.003
2488 2.10£0.30 3.38+£0.48 - - 0.019£0.003
2504 2.32+0.28 3.78+0.46 - - 0.021%0.003
2509 1.74%0.31 2.84+0.50 - - 0.016+0.003
2519 1.02%+0.29 1.68+0.47 - - 0.009%+0.003
2527 1.62%0.36 2.70£0.60 - - 0.014%0.003
2537 1.80+0.30 3.02+0.50 - - 0.016+0.003
2542 1.76£0.35 2.96+0.59 - - 0.016%0.003
2547 3.11+0.32 5.25+0.55 - - 0.027%0.003
2556 2.13%0.29 3.62+0.49 - - 0.019%0.003
2564 1.58+0.31 2.71+0.54 - - 0.014%£0.003
2581 1.23+0.33 2.14+0.57 - - 0.011+0.003
2592 3.37+0.30 5.89+0.53 - - 0.029+0.003
2594 2.99+0.28 5.24%0.50 - - 0.026+0.002
2633 4.87*0.38 8.87+0.69 - - 0.042+0.003
2657 3.81+0.33 7.01%0.61 - - 0.032+0.003
2674 1.78%0.25 6.76+1.04 1.11 = 0.24 512~ 0.031£0.005
2689 1.32+0.28 2.48+0.52 - 0.011+0.002
2694 1.32+0.29 2.49+0.54 - - 0.011+0.002
2706 2.46%0.29 11.55+1.23 1.69 + 0.26 712~ 0.050£0.005
2721 1.41+x0.24 2.72+0.47 - - 0.012+0.002
2744 2.65*0.28 5.20*0.55 - - 0.022+0.002
2760 1.87£0.30 3.70%0.59 - - 0.015%+0.002
2778 1.51£0.25 6.54+1.02 1.32 = 0.29 72* 0.026+0.004
2787 1.51%£0.29 3.04%0.58 - - 0.012%0.002
2798 3.32+0.31 6.77+0.62 - 0.027%0.002
2827 3.84+0.33 13.92+1.38 0.80 = 0.12 512" 0.053+0.005
2841 3.75+0.33 7.87+0.70 - - 0.030+0.003
2846 1.30%0.33 2.74+0.69 - - 0.010+0.003
2858 3.77+0.33 8.01+0.71 - - 0.030+0.003
2863 1.48+0.23 3.15*0.50 - - 0.012+0.002
2883 1.68+0.24 3.63+0.52 - - 0.013£0.002
2906 1.83+0.24 4.02x0.52 - - 0.014+0.002
2916 2.23+0.25 9.77%1.19 1.12 = 0.19 712~ 0.034+0.004
2925 3.47+0.31 10.43+1.18 0.37 = 0.07 5127 0.036+0.004
3020 4.10%=0.36 15.52+1.49 0.63 = 0.09 5/2~ 0.049=+0.005
3035 2.10%£0.26 5.04%0.63 - - 0.016%+0.002

2437



2438

J. MARGRAF et al. 52

TABLE 1V. (Continued).

E, I g, Rexpt Final state B(M1)1*
(keV) (eV b) (meV) J7 (1)
3040 2.48+0.27 5.95+0.65 - - 0.018£0.002
3049 1.27+0.26 8.77+1.82 2.07 = 0.60 7/12* 0.027£0.006
3057 1.45%0.26 3.52+0.64 - - 0.011%0.002
3078 1.69+0.24 7.44+1.18 0.90 = 0.21 712" 0.022+0.003
3084 2.87+0.30 15.94+1.54 1.31 = 0.18 5/27 0.047+0.005
3088 2.06+0.26 5.10%0.65 - - 0.015%0.002
3100 1.87+0.24 4.69+0.60 - - 0.014%0.002
3106 2.64+0.38 6.63£0.95 - - 0.019£0.003
3131 3.16+0.30 8.060.77 - 0.023%0.002
3154 1.56%+0.24 4.03+0.61 - - 0.011x0.002
3158 1.68+0.29 12.51*+1.53 1.99 = 0.39 52* 0.034+0.004
3162 1.100.28 2.87%+0.72 - 0.008+0.002
3228 0.88+0.20 2.39+0.54 - - 0.006*0.001
3233 1.04*=0.24 2.82+0.66 - - 0.007£0.002
3239 1.88+0.22 5.14+0.61 - - 0.013£0.002
3251 0.73£0.18 2.01%+0.50 - - 0.005%x0.001
3268 0.71+0.21 1.99+0.59 - - 0.005+0.001
3272 0.71£0.20 1.99+0.57 - - 0.005*0.001
3288 1.17%0.19 3.29+0.53 - - 0.008x0.001
3333 1.17+0.23 3.39+0.65 - - 0.008+0.002
3346 1.47+0.22 4.28£0.65 - - 0.010x0.001
3356 1.32%+0.27 3.86%0.80 - - 0.009x0.002
3375 0.90+0.21 2.67+0.62 - - 0.006%0.001
3413 1.64+0.28 4.96+0.85 - - 0.011%0.002
3456 1.24+0.26 3.84+0.81 - - 0.008+0.002
3472 1.04%+0.23 3.25+0.72 - - 0.007x0.001
3479 0.72+0.24 2.27*0.76 - - 0.005%0.002
3506 1.74+0.26 5.57%0.82 - - 0.011£0.002
3528 1.01+0.23 3.26+0.74 - - 0.006+0.001
3663 1.79%+0.35 6.26+1.22 - - 0.011£0.002
3680 2.04+0.40 7.20%£1.40 - - 0.012+0.002
3684 1.58+0.32 5.58*+1.13 - - 0.010%0.002
3713 1.84+0.33 6.62x1.17 - - 0.011x0.002
3717 2.33%0.35 8.36x1.24 - - 0.01420.002
3734 1.58+0.45 5.74+1.64 - - 0.010+0.003
3739 1.27%+0.31 4.64+1.13 . - 0.0080.002
3775 1.17%£0.39 4.35+1.43 - - 0.007x0.002
3821 1.29+0.34 10.01%2.80 1.09 = 043 527 0.016x0.004
3842 1.41+0.55 542+221 - 0.008+0.003

*Assuming M1 transitions.

This totally different behavior of '*’Gd as compared to
the odd Dy isotopes, where a concentration of strength is
observed in the region of the scissors mode, cannot simply
be explained by the different possibilities for the decays of
the excited states to various states in the low-lying collective
bands. This is illustrated in Fig. 7 where the lowest bands in
157Gd, 6Dy, and '%3Dy are shown. States which were popu-
lated in the present photon scattering experiments are
marked by asterisks. As can be seen, for '®'Dy there are
three low-lying bands where states can be populated by the
decay from the photoexcited levels. In °’Gd, however, there
are only two bands near the ground state. Nevertheless, the
sensitivity of the '®'Dy experiments was sufficient to detect a
pronounced concentration of dipole strength. Up to now, the

reason for this different behavior of the Dy and Gd isotopes
is not clear (first preliminary NRF results on '*>Gd [61] con-
firm the '’Gd findings of an extreme fragmentation). Theo-
retical calculations and more systematic experimental data
on odd mass nuclei are needed to provide a deeper insight
into the structure of these excitations.

C. E1 strength distributions in 2Dy and '*Dy

The systematics of K=0, J7=1" states in rare earth nu-
clei observed in our previous systematic photon scattering
experiments [37] show that the K”=0" strength is mainly
concentrated in one or two transitions near 1.5 MeV with
summed strengths of SB(E1)T =~ 20x1073 2 fm? (cor-



TABLE V. Results for the reaction '**Dy(y,y’). Results for the excitation energies E, , the integrated
cross sections /, and the reduced transition probabilities B(M1)T are given. All states decay to the ground
state (J7=5/27). If a decay branching to another low-lying state (besides the ground state) was observed, the
branching ratio R, and the spin and parity J7 of this final state is given in columns 4 and 5, respectively.

SYSTEMATICS OF LOW-LYING DIPOLE STRENGTHS IN ODD ...

E, I, Jg Rexpt Final state B(M1)1*
(keV) (eV b) (meV) J7 (3
1942 11.3+1.7 11.1+= 1.7 - - 0.131 = 0.021
2104 2.2+0.6 25* 0.6 - - 0.023 = 0.006
2180 16.4+2.1 259+ 4.1 0.26 = 0.06 712" 0.216 *= 0.041
2213 13.9%2.2 23.6*+ 4.6 029 = 0.07 72" 0.188 = 0.043
2472 6.3x1.0 10.0*= 1.6 - - 0.057 = 0.009
2542 8.0x1.2 13.5= 2.0 - - 0.071 = 0.010
2566 59+1.0 102 1.7 - - 0.052 = 0.008
2587 13.7+1.8 23.8% 3.2 - - 0.119 = 0.016
2918 4.6*0.8 10.1= 1.8 - - 0.035 = 0.006
2958 23.4+2.9 66.4* 8.6 0.36 = 0.09 712" 0.222 =+ 0.033
2967 5.1=09 11.6+= 2.0 - - 0.038 = 0.006
2976 4.5+0.7 10.5= 1.8 - - 0.034 = 0.006
3037 10.3%1.5 42.3%£10.6 0.25 = 0.04 72" 0.130 = 0.036
3045 11.7£1.6 28.3*+ 3.9 - - 0.087 = 0.012
3057 6.2+0.9 15.0% 2.3 - - 0.045 = 0.007
3087 4.5+0.8 39.0£10.4 2.67 = 0.59 712" 0.115 = 0.036
3099 8.8%t1.2 41.2*+10.9 091 = 0.18 712" 0.120 * 0.033
3107 4.7%0.8 31.0x11.4 1.40 = 0.34 712" 0.089 = 0.030

dAssuming M1 transitions.

responding to a rather high value of ~ 4X1073 W..),
whereas the strength at higher energies is rather fragmented.
These low-lying 1~ states are discussed in terms of K=0
rotational bands based on an octupole vibration as suggested
by Donner and Greiner [33]. This explanation is supported
by the observed linear correlation of the energies of the

TABLE VL. Results for the reaction '*'Dy(y,y’). Results for the excitation energies E, , the integrated
cross sections 7, and the reduced transition probabilities B(M 1) are given. All states decay to the ground
state (J™=5/2"). If a decay branching to another low-lying state (besides the ground state) was observed, the
branching ratio Ry, and the spin and parity J7 of this final state is given in columns 4 and 5, respectively.
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K=0, J=1, states with the energies of closely lying
J=3" states [37]. The strengths of these K=0 E1 excita-
tions could be explained by an admixture of the giant dipole

resonance (GDR) to these low-lying 1~ states [38].

As in our previous polarization measurements in photon
scattering off '°Nd and '®°Gd [26,30] also in the present

E, 1 g, Iy Rexpt Final state BM1)1?
(keV) eV b) (meV) 7 (1)
2237 3.14+0.39 4.09+0.51 - - 0.032 = 0.004
2250 6.69+1.38 13.34:£2.38 0.53x0.13 5/2” 0.101 * 0.018
2346 3.92+0.53 5.62+0.76 - - 0.038 = 0.005
2740 1.67+0.25 3.26+0.48 - - 0.014 = 0.002
2748 2.95+0.44 5.79+0.86 - - 0.024 = 0.004
2753 6.26+0.85 12.34=1.68 - - 0.051 = 0.007
2775 7.19%0.85 19.06+2.88 0.35+0.10 327 0.077 = 0.012
2812 2.84+0.62 13.16+2.11 1.35+0.33 327 0.051 = 0.008
2820 11.88x1.24 34.11x3.80 0.41%0.07 7/2* 0.131 * 0.015
2838 4.09+0.68 24.73+3.63 2.04=0.44 3/2° 0.094 = 0.014
2849 3.14%0.67 6.64+1.41 - - 0.025 = 0.005
2864 11.48+1.22 31.57+4.24 0.31%0.08 327 0.116 = 0.016
2905 2.88+0.61 13.99+1.81 0.63+0.17 3/27 0.049 = 0.009

0.82+0.23 9/2*
2994 2.18%0.58 5.09%0.72 - - 0.016 = 0.003
3113 1.59+0.24 9.64+1.56 1.36+0.32 5/2° 0.027 = 0.005
3155 1.91+0.28 4.94+0.51 - - 0.013 = 0.001
3644 2.87+0.33 9.92+1.16 - - 0.018 = 0.002

“Assuming M 1 transitions.
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FIG. 5. Dipole strength distributions in the isotopes

160'161'162'163'164Dy. For the even-even isotopes the ground state
widths I'j of AK=1 transitions are plotted. For transitions in
162,164Dy marked by crosses the positive parities could be deter-
mined in the present NRF polarization measurements. In the case of
the odd nuclei '°1''93Dy, because of the unknown spins of the ex-
cited states, the products of the ground state decay widths I'y and
the spin factor g=(2J+1)/(2Jy+ 1) are plotted.

experiments on '9%1%Dy enhanced, isolated E1 excitations
could be detected at excitation energies of 2.520 MeV and
2.670 MeV, respectively [see Fig. 3(c), Tables III and II]. A
common feature of these strong E1 excitations around 2.5
MeV in these deformed nuclei is the observation of an un-
common decay branching ratio R, . The measured branch-
ing ratios lie in between the values of 0.5 and 2 as expected
from the Alaga rules for pure K = 1 and K = O states. Since

TABLE VII. Comparison of the experimental results for M 1
excitations in '*Dy with recent IBFM calculations [24]. The non-
symmetric scissors mode states are denoted by ns.

Decay

branching B(M1)T2° B(M1)T9%% vev
Ji—Js R, (1) 0759) States
512, 32, 0.0 0.41 0.24+0.04 5
512, 52, 220 0.20 0.20%0.07 2
512, 72, 036 0.62 0.47+0.10 3
52y (I s 1.23 0.91+0.21 10
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FIG. 6. Dipole strength distributions in the isotopes

156.157.158.160Gd, For the even-even isotopes the ground state widths
Iy, of AK=1 transitions are plotted. For transitions in '9Gd
marked by crosses the positive parities could be determined in pre-
vious NRF polarization measurements [30]; for transitions in
156.18Gd marked by open symbols the positive parities are known
from electron scattering experiments [28,31]. In the case of the odd
nucleus '’Gd, because of the unknown spins of the excited states,
the products of the ground state decay widths I"; and the spin factor
g=(2J+1)/(2Jy+ 1) are plotted.

in general the branching ratios observed in these strongly
deformed nuclei are in an excellent agreement with the Alaga
rules, these deviations may be interpreted as a possible K
mixing [62].

In Table VIII the experimental results for these E1 exci-
tations are summarized [excitation energies E, , ground state
transition widths I'y, decay branching ratios Ry, and re-
duced transition probabilities B(E1)7]. The transition ener-
gies and the rather high B(E1)7 strength of 3 to 5 X
1073 €2 fm? may suggest an interpretation in terms of en-
hanced electric dipole excitations in deformed nuclei due to
reflection asymmetric shapes like octupole deformations or
cluster configurations [32-35,40]. Both pictures are able to
explain the right order of magnitude of the observed E1
strength (see, e.g., [30]). Another interpretation of these
strong E'1 transitions is the explanation as two-phonon exci-
tations caused by the coupling of octupole vibrations (K =
1) to the K™ = 2", y vibration [41]. Such two-phonon ex-
citations were theoretically explicitly treated by Donner and
Greiner already in 1966. The resulting 1~ states can be ex-
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FIG. 7. Comparison of low-lying collective bands in the odd neutron nuclei '’Gd, '%'Dy, and '®*Dy. Spins, parities and excitation
energies are given. States, which are fed by transitions from levels excited in the present photon scattering experiments, are marked by

asterisks.

cited by dipole transitions from the ground state as a result of
the coupling of the giant electric dipole resonance to the
octupole vibration [33].

Unfortunately, there is not much information on the ener-
getic positions of the K = 1 octupole band heads in rare
earth nuclei. Therefore, in a recent analysis [41] as possible
candidates for the two-phonon E1 excitations (besides
known K = 1 band heads) the lowest J”™ =1~ states above
the K = 0 bands were taken exhibiting an uncommon decay
branching ratio. In the case of 9Dy all needed data on oc-
tupole bands are known from recent systematics studies us-
ing different particle induced reactions [63]. An excellent
agreement of the experimentally observed excitation energies
Eg;tl(l“) of the assumed two-phonon excitations and the
sum of the K = 1 octupole and the +y vibrational excitations

TABLE VIII. Results for enhanced electric dipole excitation
in deformed nuclei (this work and [41]): excitation energies E,,
ground state transition widths I"y, experimental decay branchings
Rexpl=B(l_—>0+) / B(1"—2%), and reduced transition prob-
abilities B(E1)7.

Nucleus E, ry Rexpt B(E1)T
(MeV) (meV) (1073 €2 fm?)
150Nd 2414 149+2.0  0.86+0.09 3.0+04
160Gd 2.471 16426  1.56+0.21 3.1+0.5
162py 2.520 30.2*x4.0 1.31%0.08 5.0+0.4
le4py 2.670  27.0*+47 1.32%+0.14 43+04

has been shown in [41]. This supports the tentative interpre-
tation of these strong E1 excitations as two-phonon excita-
tions. Clearly, this explanation has to be corroborated by fur-
ther experiments, in particular by admittedly difficult
measurements of the decay branching ratios of the excited
J7 = 17 states to the vibrational and octupole bands.

Besides these more or less macroscopic collective de-
scriptions, microscopic calculations for E1 excitations in de-
formed nuclei were reported by Soloviev and co-workers
[64,65]. These authors calculated within the framework of
the quasiparticle-phonon-nuclear-model (QPNM) excitation
energies, wave functions, and E'1 transition strengths for the
deformed rare earth nuclei '*8Gd, '92!%Dy, and '®Er, ex-
plicitly. In Fig. 8 the calculations by Soloviev et al. [65] for
184Dy are compared with the results of the present NRF ex-
periments. The K numbers were assigned according the mea-
sured branching ratios (R ey 1 — K=1; Reypy= 1 —
K=0). In the investigated energy range below 4 MeV the
calculated total E'1 strengths for K =0 states are about a fac-
tor of 3—4 larger than for K=1 states. The absolute calcu-
lated values, however, are about 3—5 times larger than the
experimental ones. Therefore, keeping this scaling factor in
mind, it seems to be reasonable that in the experiments on
194Dy no AK=1 E1 transitions could be detected.

VI. CONCLUSION

Systematic photon scattering experiments were performed
on the nuclei '*11*Dy and '37Gd to study the existence and



FIG. 8. Comparison of calculated FE1
strengths distribution for K=0 and K=1 transi-

tions in %Dy (upper part, from Soloviev and
Sushkow [65]) with the experimental data of the
present work (lower part). The scale of the ab-
scissa in the lower part is enlarged by a factor of
3.
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fragmentation of the scissors mode in odd, deformed nuclei.
The experiments provided detailed information on the exci-
tation energies and transition probabilities of low-lying di-
pole excitations. In the case of the even-even nuclei
162164Dy in addition spins and parities of the excited states
could be determined model independently. The results are
compared with the systematics obtained for the neighboring
even-even isotopes '°Dy and 19%158160Gd, which were ex-
tensively studied in previous photon and electron scattering
experiments. The present results show for the odd Dy istopes
a concentration of dipole strength, which fits nicely into the
systematics of the orbital M1 mode. However, the by a fac-
tor of 3 smaller total M1 strength in the region of the scis-
sors mode in the odd Dy isotopes as compared to their even-
even neighbors has to be explained. On the other hand, the
dipole strength in '3’Gd is completely fragmented into about
90 excitations in the energy range where the scissors mode is

expected. Up to now, the reason for this completely different
behavior of the odd Dy isotopes in comparison to >’Gd is
not clear. There is a need of more experimental data and
theoretical calculations to get a deeper insight into the struc-
ture of these excitations in odd nuclei and to find possible
explanations for the obviously different fragmentation of the
low-lying dipole strength in various odd, deformed nuclei.
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