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Evidence for enhanced electric dipole excitations in deformed rare earth nuclei near 2.5 Mev
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Measurements of the linear polarization of resonantly scattered photons have been used for model
independent parity assignments in nuclear resonance Auorescence experiments. The novel result of the
present study was the first observation of enhanced electric dipole excitations in the deformed nuclei
""Nd and '

Dy at excitation energies of 2.414 and 2.520 MeV, respectively. The transition energies
and the enhanced B(EI ) 1 strengths of 3 and SX10 ' e fm support the interpretation in terms of the
predicted new type of collective electric dipole excitations in deformed nuclei due to reAection asym-
metric shapes like octupole deformutiotis and/or cluster configurations.

PACS number(s): 21.10.Re, 23.20.—g, 25.20.Dc, 27.70.+q

In the past years there have been hints both from exper-
imental work [1-4] and theoretical calculations [5-7] for
the occurrence of enhanced electric dipole transitions in

deformed, heavy nuclei due to refiection asymmetric
shapes. Very recently Butler and Nazarewicz [8] dis-
cussed and explained intrinsic electric dipole moments in

nuclei of the Ra-Th and Ba-Sm region deduced from
studies of alternating parity bands with enhanced F. 1 and
F. 3 transitions and parity doublets. As discussed by
lachello [9], specificly for the deformed rare earth nucleus"Nd, rather collective E1 ground state transitions are
expected from states near 3 MeV excitation energy due to
a-cluster configurations and/or octupole deformations.
Recently Soloviev and Sushkov [10] also explained
enhanced AK =0 electric dipole excitations in even-even
deformed nuclei within a quasiparticle-phonon model. On
the other hand, it is well known that in the same excitation
energy range, around 3 MeV, strong orbital magnetic di-
pole excitations occur in deformed nuclei, often referred
to as the "scissors mode. " This magnetic mode was
discovered in high-resolution electron scattering experi-
ments by Richter and co-workers [11]. Meanwhile it has
been investigated in numerous electron and photon
scattering experiments (see Refs. [12,13]). These studies
showed that the M1 strengths can be rather fragmented.
Therefore, parity determinations are imperative when
searching for the above mentioned new electric dipole
modes in the same energy region.

The systematics of K=O, J=l states in rare earth
nuclei observed in our previous systematic photon scatter-
ing experiments [141 shows that the K =0 strength is

mainly concentrated in one or two transitions near 1.5
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FIG. l. Experimental results for "Nd(y y') and
'" Dy(y, y"). (a) Energy spectra of scattered photons. {b) De-
cuy branching ratios R„.„„=B(1 2~+)/B(l 0~+). (c) Asym-
metries e measured by the five-Ge-detector polarimeter. (d)
Asymmetries e measured by the sectored Ge polarimeter (see
text).
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TABLE I. Results for ' Nd: Excitation energies, ground state widths 10, transition probabilities

B(E I ) 1 and B(N I ) 1, azimuthal asymmetries e, K-quantum numbers, spins, and parities I'.

Energy
(MeV)

ro
(me V)

B(E I ) 1

(IO ' e fm')
B(M I ) 1

(uw)

Asymmetry e (%)
5-detector Sectored Ge

polarimeter polarimeter

2.414 14.9 ~ 2.0 3.0+ 0.4 —23+9 —26+ 9 (O, I)

2.895
2.994
3.058
3.096
3.103

12.1+ 1.7
67.0+ 7.3
38.2 ~ 4.3
14.9 ~ 3.0
14.4 ~ 2.2

0.13 w 0.02
0.65+ 0.07
0.35+ 0.04
0.13+0.03
0.13+0.02

34+ 18
18+ 5
15+7
13~9
16+ 12

24+ 15
3~5

17~7
5~16

29+ 21

1+
1+

+

1+
1+

MeV with summed strengths of +8(EI) t =20&10
e fm (corresponding to a rather high value of
= 4X 10 Weisskopf units), whereas the strength at
higher energies is rather fragmented. In Ref. [14] the
low-lying 1 states are discussed in terms of K=O rota-
tional bands based on an octupole vibration as suggested

by Donner and Greiner [15]. On the other hand, in ' Dy
and ' Nd two strong transitions near 2.5 MeV exhibit de-

cay branching ratios of the corresponding levels indicating
K mixing [16]. The aim of the present study is to deter-
mine the parities of these two states to search for the pro-
posed enhanced electric dipole excitations due to an octu-
pole deformation and/or an a clustering and to look for a
possible relation to K mixing.

Nuclear resonance Auorescence (NRF) experiments
[17] are very suitable to detect this type of dipole excita-
tions, due to the high selectivity of the real photon probe
to excite low spin states [mainly dipole (E I,M 1) and to a
lesser extent electric quadrupole transitions (E2) are in-

duced). The multipolarities of the transitions can be

determined easily from the measured angular distribu-
tions. So far in most of the previous systematic photon
scattering experiments parity assignments came from a
comparison with electron scattering form factors or by ap-

plying the Alaga rules [18]. A recent microscopic and

phenomenological analysis of the Alaga rule for dipole
states by Hammaren et al. [19) shows that spin 1 states
with strong ground state transition widths exhibit decay
branchings as given by the Alaga rules. Within their va-

lidity the measured decay branching ratios to the first ex-
cited 2+ states and to the 0+ ground states (in even-even

deformed nuclei) enable us to determine the K quantum

numbers of the excited states. Negative parties can be as-
s~gn~d to K =0 levels, whereas for K =1 states either neg-
ative or positive parities are possible. In our present pho-
ton scattering experiments parities are assigned model in-
dependently by measuring the linear polarization of the
scattered photons by using Compton polarimeters. The
photon scattering technique [17], the experimental setup
and procedure are described in detail in our preceding pa-
per [20].

The experiments have been performed at the brems-
strahlung facility [21) installed at the Stuttgart Dynami-
tron accelerator [En=4 MeV, 1=0.8 mA (cw)l. Two
different Compton polarimeters have been used simul-
taneously, a five-detector setup of Ge and Ge(Li) detec-
tors and a sectored single-crystal Ge polarimeter [201.

The parity information is obtained from the measured
asymmetry e:

(I)
5g+N([

where N j and Nt represent the rates of Compton scat-
tered events perpendicular and parallel to the NRF
scattering plane defined by the directions of the photon
beam and the scattered photons, respectively. The asym-
metry e is given by the product of the polarization sensi-
tivity Q of the polarimeter and the degree of polarization
P„of the scattered photons. At a scattering angle of
8=90 to the beam axis the polarization P, amounts to
—

1 or +1 for pure E 1 and M1 excitations, respectively
(0-1-0 spin sequences). Therefore, obviously the sign of
the asymmetry t. determines the parity.

Figurc 1 summarizes the experimental results for the

TABLE II. Results for '" Dy: Excitation energies, ground state widths I 0, transition probabilities
B(E I ) 1 and B(M I )1, azimuthal asymmetries e, K-quantum numbers, spins, and parities I .

Energy
(MeV)

2.520

ro
(meV)

27.7+ 2.0

B(E I ) 1

(IO ' e'fm')

5.0+ 0.4

B(~ I ) 1

(uw)

Asymmetry e (%)
5-detector Sectored Ge

polarimeter polarimeter

—14.6+ 8.3 (O, l)

2.395
2.596
2.900
3.061

27.3 ~ 1.6
8.7 + 0.9
153+ 9
95+ 8

0.52+ 0.03
0.13 ~ 0.01
1.63 ~ 0.10
0.86+ 0.08

18.6 ~ 12.2

10.1 ~ 7.2
16.6 ~ 8.9

16.3 ~ 7,6
16.5+ 13.6
10.2+ 3.3
8.9 ~ 4. 1

1+
1+

+

1+
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reactions ' Nd(y, y ) (left part) and ' Dy(y, y') (right
part). The upper parts (a) show the (y, y') spectra in the
energy range 2.2-3.2 MeV measured by the sectored Ge
detector. Peaks marked by dots correspond to ground
state transitions where a parity assignment could be
achieved. In parts (b) the branching ratios R„n=B(l

2~+)/B(I 0~+) are plotted. The dashed lines corre-
spond to the expectation values for pure K=O and K=1
excitations, respectively. In parts (c) the asymmetries
measured by the five-detector setup are depicted. The
dashed lines correspond to the polarization sensitivity (ex-
perimental asymmetries expected for pure M 1 and E I ex-
citations, respectively) estimated for this setup [22]. Parts
(d) show the corresponding results for the asymmetries
obtained with the sectored Ge-Compton polarimeter.
Here the dashed lines represent the polarization sensitivity
of this device determined experimentally in the energy
range 0.512-4.4 MeV by using a (y, y) cascade in ' Pd
and several (p,p'y) reactions [23].

In ' Nd the parities of excitations clustered near 3

MeV were confirmed to be positive as already known from
our first polarization measurements [20,24]. These transi-
tions, therefore, should be considered to belong to the or-
bital M 1 scissors mode. Similar conclusions hold for the
states in '

Dy near 3 MeV. However, the surprising new

results of the present experiment were the detection of a
strong E 1 excitation at 2.414 MeV in ' Nd and a similar
excitation in '

Dy at 2.520 MeV. The negative parity of
this 2.520 MeV state could be determined by the im-

proved sectored polarimeter. In addition it should be em-

phasized that both these J =1 states exhibit a decay
branching ratio R„„„deviating from the expected values

for pure K=0 and K= 1 states and therefore hint to a pos-
sible K mixing [see parts (b) of Fig. 1].

In Tables I and II the numerical results of the present
study are summarized together with the decay widths I o

and transition probabilities B(M1) t and B(E1)t as mea-
sured in our previous and present (y, y') experiments
[25,26].

The strong low-lying El excitations cannot be ex-
plained by an extrapolation of the isovector giant dipole
resonance to the low-energy region. Following the pro-
cedure outlined in Refs. [9,27] and assuming a Porter-
Thomas strength distribution the probability to find such
strong excitations as observed here is less than 1%. There-
fore, we have to look for other explanations.

Iachello has proposed a clustering as a mechanism to
explain enhanced E1 transitions in the energy range 2-3
MeV in deformed nuclei [9]. Within this clustering pic-
ture the static dipole moment D amounts to

D,i„„„,=2e[(N —Z)/A]Ro(A( +4' ), A =A i+4.
(2)

This dipole moment leads to an E 1 transition strength of

, 9 (D,')„.„„lB(El, cluster) = t)
4n 6

for soft clustering (deformed nuclei), where rl represents

TABLE III. Comparison of experimentally observed E1
strengths with model predictions. For the cluster configuration
a ground-state admixture of g =0.001 has been assumed; for
the octupole deformation model deformation parameters of
Pp 0.25 and P3 =0.1 are used to estimate the strengths (see
text).

E, B(Et)f (10 p fm )
Nucleus (MeV) a clustering Octupole def. Experiment

162Dy
2.414
2.520

1.29
1.15

2.9
4.0

3.0+ 0.4
5.0+ 0.4

the cluster amplitude mixed into the ground state. Even
small admixtures, e.g. , rl = 1 XIO, can explain the or-
der of magnitude of the transition strengths observed in
the experiments. For a clustering an E1 sum rule can be
deduced [28]

9 (W —Z)' (fc)',
4& A(A 4) 2Mc~

This sum rule value is exhausted to about 1% and 3% by
the observed E 1 transitions in ' Nd and '

Dy, respec-
tively.

A second mechanism producing strong E1 excitations
based on previous suggestions [29-31] has also been dis-
cussed by Iachello [9]. In the case of a nucleus with a per-
manent octupole deformation, electrostatic effects create a
dipole moment

D~t =0.000687AZPpP3 (e fm), (5)

for a soft deformation. Assuming reasonable values

[4,7,8] of Pq =0.25 and P3=0. 1 the B(E1)values given in

Table III agree very well with the experimental results.
Both the cluster and the octupole-shaped models are

able to explain at least the right order of magnitude of the
observed El strengths. However, on the basis of the
presented (y, y') results it is not possible to distinguish be-
tween the different excitation mechanisms proposed.
There is a need for further experiments, in particular for
(e,e') form factor measurements to get a deeper insight
into the nuclear structure of these new enhanced E 1 exci-
tations near 2.5 MeV in deformed nuclei in the rare earth
mass region.

This work was supported by the Deutsche For-
schungsgemeinschaft under Contract No. Kn 154-21 and
is part of a doctoral thesis (H.F.).

where Pq and P3 are the quadrupole and octupole defor-
mation parameters, respectively. This dipole moment
then leads to an enhanced E I transition strength of

9 (D', )
B(El,octupole) =
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