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Systematics of low-lying electric dipole excitations in theA=130-200 mass region
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The data from numerous high resolution photon scattering experiments allow an extensive survey of the
lowest electric dipole excitations in the=130—200 mass region. In this mass region one can find spherical as
well as transitional and strongly quadrupole deformed nuclei. The measured alisblstiengths are typically
of the order of several milli Weisskopf units and exhibit in general a smooth variation with mass number.
[S0556-28188)00601-3

PACS numbgs): 21.10.Re, 23.20.Js, 25.20.Dc, 27¥4.

[. INTRODUCTION from the angular correlation, and the parity if one uses a
polarimeter to detect the scattered photons.

Throughout the last decade numerous experiments using Due to the strength selectivity of the method one mea-
electromagnetic probes have provided a vast amount of dagurement gives a@ompletesurvey of the covered energy
on low-lying electric dipole excitations in heavy nucldi—-  range which is typically about 1.2 to 4.1 MeV in the present
3]. In general the dipole excitations in these nuclei can beexperiments. This means that all dipole excitations are ob-
divided into two structurally different groups: in spherical served which have an excitation strength above the detection
nuclei near closed shells the lowest 1state results from a
coupling of dynamic quadrupolé€™) and octupole(3 ™)

vibrations of the nuclear surfadd,5]. This “two phonon 20 | "Ba | HiCe | AN
state” exhibits a relatively strong1 transition to the ground 3 r + | .
state[6]. Recently, the expected strong collect&@ decay o+ b
to the 3] state(destroying the quadrupole part of the two 20 L NG | M8Ng | 150Nq |
phonons has been observed in some cases. These experi- i il i i
ments represent unambiguous proofs for the two phonon 0 b }|} L | NN R
structure of the lowest electric dipole excitation in spherical & i 19664 | 158 q 1604
nuclei around the neutron shell closureNat 82 [7—-9]. g 20
In deformed nuclei the octupole vibration couples to the i || | T T | | | ]
static quadrupole deformation giving rise to four octupole oﬁ@ P )
vibrational bands in even-even nucl|di0]. These rotational o <0 Dy - Dy + Dy 1
bands are characterized by thérquantum number. The = | T | T | ]
bands withK=0 andK=1 have alJ™=1" band head ac- 0 P PP T I P
cessable in photon scattering experiments. The present paper — 2o | Er | U '%Er |
will extend considerably the energy and strength systematics = ! | il ‘ il i
presented previously for well deformed nuclei in R&fl by M@ o bk I} PPN I Y I I T T oY
including new data on spherical, transitional, and well de- 00 | gy | ey | ey |
formed nuclei.
0 H ;|1 e 1|1|= a1l
Il. EXPERIMENTAL RESULTS ol 176y | 178p | 1900 |
The resonant scattering of real photons referred to as the - | I | T+ + .
nuclear resonance fluorescer®dRF) technique is a power- ) I I I | IS Y P! A R IY T
ful experimental tool for a systematic investigation of dipole L5 3.0 15 3.0 15 3.0

strength distributions in stable nucld]. The use of a con-
tinuous energy bremsstrahlung photon source to excite the
dipole transitions from the ground state in conjunction with £ 1 pistribution of electric dipole strength below about 4
high resolution Ge detectors for the measurement ofythe ey for nuclei ranging from8Ba to 1°0s measured in photon
rays from the decay of these states yields the following inxcattering experiments. All states have been included for which
formation about the excited state for even-even nuclei: th@ither the negative parity has been established or for whiéh a
excitation energy, the decay pattdwhich allows the deter- quantum numbeK=0 was assigned. Since thl strength de-
mination of theK-quantum number in deformed nugleihe  creases in the transition for deformed tesoft nuclei a different
lifetime and absolute transition strength, the spin of the statescale was chosen in the plots f61Yb, 7%f, and °*%0s.

Energy [MeV]
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sensitivity of the actual experiment. A typical sensitivity = TABLE |I. Excitation energy E,, branching ratio R
around 2 MeV in the NRF measurement 8%0s was, e.g., =B(E1;1—-2;)/B(E1;1-0;), andB(E1)] value of the first T

method seé3]. strongly populatedobserved in photon scattering experiments on

In this paper we discuss the obsenddl states in even- nuclei in the mass regioA=130-200.

even nuclei for which either the parity is known to be nega-

ti hich aK beK=0 has b B BELI

ive or to which aK quantum numbeK =0 has been as- \  jeus [MeV] R [10~%? fm?] Ref.
signed. For the deformed rare earth nuclei it has been shown

empirically that below 4 MeV all strong dipole excitations ***Ba 2824  0.36:0.21 2.30:0.30  [13]
with K=0 have negative parity12]. Figure 1 shows the **®Ba 3436 <0.06 501092  [14]
distribution of electric dipole strengths below about 4 MeV **8a 4026 <0.19 13.1-2.8 [15]
in several nuclei ranging fromM®Ba to 1°20s. One can ob- *Ce 3643 <0.23 16.65-0.75 (6]
serve a characteristic pattern for different groups of nuclei:*Ce 2187  2.28013 11.7+3.6 [15]
The spherical nuclei at the neutron shell closhire 82 ex-  “*Nd 3425  0.170.02 16.3+2.4 [16]
hibit only one strongEl excitation below 4.1 MeV. In the **Nd 2185  1.270.09 9.510.64  [17]
well deformed nuclei between mass=150 andA=174 one  “*Nd 1377 2.2%0.56 5.0:1.5 [16]
observes one or two strong excitations around 1.5 MeV and**Nd 1023  2.3%+0.86 14.206.4 [16]
a number of weaker excitations at higher energies. For very*Nd 853 1.99-0.30 16.1:6.3 [16]
heavy nuclei beyond the rare eartd=%72) the distinct, *‘Sm 3226 0.1%0.03 19.5-2.6 (8,18
strongly populated low-lying 1 state vanishes and one ob- ***Sm 1465 2r10° 2.71+0.54 (18]
serves a number of weaker excitations only. The scale of th&”’Sm 1166 2.140.26 9.8:1.1 (18]
y axis has been enlarged therefore for the three nuclei in the’Sm 963 1.940.23 23.12.2 (18]
lowest row. 154Sm 921 1.8%30.34 26.73.9 [18]
In the following we will focus on the lowest observed “*%Gd 1243 1.5%0.39 10.6:4.0 [19]
electric dipole excitation in the nuclei considered. The mea- 1367 2.480.35 16.6:5.9 [19]
sured information about these levels is summarized in Tablé™Gd 1264 1.86:0.22 19.94.7 [19]
. We note that the selection of the lowest state in the nuclei*Gd 1224 1.920.25 19.15.3 [19]
which do not exhibit a distinct pattern is somehow arbitrary. 1966 2.26-0.32 4.651.1 [19]
However, most conclusions can be drawn independently of*Dy 1489 1.79-0.44 21723 [20]
this selection as can be seen from Fig. 1. 1oy 1276 1.36-0.33 14725 (2]
Figure 2 shows the energy of the lowest strongly exited 1983 1.94-0.25 11.222.4 (2]
1~ state(or the lowest two I states if they are close in DY 1675 1.8%-0.24 17.202.1 [21]
energy and both strongly populajeid nuclei ranging from € 1387 2.17%0.26 23.3-3.8 [22]
13484 to 19%0s. This systematics covers nuclei with very dif-  Ef 1663 1.740.07 23.7:2.9 [22]
ferent structure: The Ba isotopic chain represents a transitiof E 1786 1.9%0.05 22.425 [22]
from y-soft nuclei such®Ba [27] with a fluctuating triaxi-  — Ef 1825 1.82:0.09 15.0-2.6 [22]
ality to the semimagic, spherical closed shell nucléifga.  '2Yb 1599  1.90-0.38 10.#3.2 [23]
The nuclei near neutron shell closuke=82 are spherical, 2210 1.71-0.16 10.5-2.0 (23]
vibrator nuclei. The stable rare earth nuclei frdffNd to . Yb 1711 155021 14.6-3.4 (23]
176y} are strongly quadrupole deformed and can be de-'Y? 2027 1.06-0.14 1.050.15  [11]
scribed as good rotors. The Hf to Os isotopes represent tran- 2163 1.110.05 587043  [11]
sitional nuclei from pure rotors tg-soft nuclei. o 2248 1.52-0.63 0.92:0.38 [24]
The energy of the lowest 71 state in nuclei near thal 2334 1.3¢:0.17 3.10-0.38 [24]
=82 shell closure follows closely the sum energy of tje 2 **Hf 2582 1.84:0.25 2.78:0.39 [24]
and 3 state, which points to the 223~ two phonon 2712 1.9%0.39 1.8%037  [24]
quadrupole-octupole structure of this dipole excitation. The'*W 2056 1.55:0.25 2.7600.30  [25]
lowering of the T~ energy in the transition fromi=82 (A  '°Os 2297 1.26:0.53 1.14:0.11 [11]
~140) toN=90 (A=150) nuclei is mainly due to the low- *%Os 2478 1.740.27 1.01+0.08 [26]

ering of the 2 state. In the heavier nuclei where the first %From Ref.[20]

strongly populated 1 level is usually the bandhead of the b, Ref..[8]..

K=0 octupole vibrational band, the energy rises very

smoothly with increasing mass number. This trend for the

energy of theK=0 octupole bands has been discussed reamount to about 2010 3e? fm? corresponding to about 4

cently more quantitatively in Ref28]. milli Weisskopf units(mWu).
In Fig. 3 we plot the measureB(E1) values from the Between the maximas a dip is observed around the two
ground state to the 1 states versus the mass numBdi29].  isotopes**Nd and 1*4Sm which both have 86 neutrons. This

In the mass regiorA=130 to A=200 one gets a double dip was first observed for the Sm isotopes by Metzger
hump structure with a sharp maximum aroukd 140 and a  [14,18, see als¢17]. Figure 4 points out the neutron depen-
smooth plateau around=160. The largesB(E1) values dence of theB(E1) values for the nuclei with neutron num-
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FIG. 2. Energy systematics of the lowest observedstates in
nuclei ranging from™**Ba to 1%0s listed in Table I. Mass Number A
FIG. 3. Systematics of the electric dipole strengths of the lowest
bersN=78-94. A similar strength reduction is observed in (or lowest two 1~ states in the investigated nuclei listed in Table
the transition toy-soft nuclei at the lower and upper end of |.
the examined range of nuclei. In particular f5¥Ba which
has four neutron holes with respect to tNe=82 shell clo- the framework of the algebraic interacting boson model
sure a similar smalE1 strength was found as it was ob- [35,36. Microscopic calculations by Solovieat al. with the
served for theN=_86 nucleus'*Sm. quasiparticle phonon nuclear model show in general a good
agreement with the experimental data but the results are still
far away from a one to one correspondef@e]. Especially
a more quantitative picture of the mass dependence for the
In first order low-lying collective electric dipole transi- ratio of theK=0 andK=1 electric dipole matrix elements,
tions in nuclei are forbidden because a nucleus possesses no
static electric dipole moment due to parity conservation. Fur- _ (E1AK=1) 1)
thermore theE1l giant dipole resonance absorbs nearly all (E1,AK=0)
E1 strength. However, if one overlaps in a geometrical pic-, ) i
ture an octupole vibration with either a static or dynamiciS currently investigatefi3g,39. _
quadrupole deformation of the nuclear shape, the nucleus !N Spherical nuclei the simplest models just assume a cou-
looks similar to a pear and the reflection symmetry in thePling of harmonic quadrupole and octupole vibrations as a
intrinsic frame of reference is dynamically destroyed. Due toStarting point. Thee1 strength to the 1 state is then in first
the Coulomb potential the protons tend to concentrate in therder proportional to the product of th(E2,2; —0;) and
tip of the pear and create a dynamic electric dipole momenB(E3,3, —0;) values. From this point of view one would
[30-33. Because of the proton-neutron interaction and theexpect an increase in strengths when going from the spheri-
underlying shell structure other effects may appear, e.g., theal nuclei aroundA= 140 to the deformed nuclei arour
formation of a neutron skin, and have to be taken into ac=150 because thB(E3) values remain approximately the
count as well. This may cancel tHel moment partly. A same whereas tH&(E2) values increase strongly in the tran-
guantitative calculation of the resulting electric dipole
strength is therefore very difficult in a simple geometrical 10% ¢ .
model. i :
In deformed nuclei the coupling of the octupole vibration "
to the quadrupole deformed core leads to rotational bands_ I
which can be characterized by their projection of angular = ‘ ? ,,,,,
momentum on the symmetry axis, tlequantum number. In =~ =° | % %% ?
o ; é , |

[ll. DISCUSSION

the strongly quadrupole deformed nuclei betweenr 156
and A=172 the excitation to thd"=1" bandhead of the
K=0 band carries nearly all tHel strength. In some cases
where the states lie close in energy a mixing of the Jand ; : A
1,_, states occurs and tHel transition width is shared by I g %
both state$23]. It has been shown that thémixing matrix I :
element can be calculated from the observables of the photo :
scattering experiments alo84].! The decay pattern and 10° 80 84 38 92 96
absolute transition strength can be reproduced very well in

B(E1)T,, [1073
e
——

Neutron Number N

FIG. 4. Systematics of the electric dipole strengths of the lowest
The usual technique to derive the mixing matrix element is to1~ states in nuclei with neutron numbexs= 78— 94. The dashed
compare the energies of disturbed and undisturbed levels iK the line is drawn to guide the eye. The shell closur&at82 is marked
=0 andK=1 bands. with a dotted line.
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sition to deformed nuclei. As can bee seen from Figs. 3 angbw-lying E1 excitation strength of about 2010 3e? fm?

4 this is not the case. Actually the minimBlL strength is  for nuclei at theN=82 shell closure and for well deformed
observed between these two regiondNat86. nuclei in the middle of theN\=82-126 neutron major shell.

The observed structure has been the subject of severg| ihe transitional regions tg-soft nuclei we have observed
theoretical works. The dip di=86 was discussed in the 5 gecrease in thE1 strength of about one order of magni-

framework of the quasiparticle phonon model and could bg,4qe. An additional dip in th€E1 strength appears around
reproduced qualitativell40]. TheE1 strength in nuclei near N—gg.

the N=282 shell closure has been discussed in various meth-

ods, e.g., if41]. A recent estimate by Heyde and De Coster
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