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Fragmentation of low-lying dipole strength in the odd-mass nucleus133Cs
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The fragmentation of low-lying dipole strength in the odd-mass nucleus133Cs has been investigated in
nuclear resonance fluorescence~NRF! experiments performed at the bremsstrahlung beam of the Stuttgart
Dynamitron accelerator at an end-point energy of 4.1 MeV. In the excitation energy range 2.3 – 3.7 MeV in
total 22 new dipole excitations were observed. From the high-resolutiong-ray spectra measured by three
high-efficiency Ge detectors the reduced excitation probabilitiesB(E1)↑ or B(M1)↑ were deduced. The
fragmentation and absolute total strengths of the detected dipole excitations are compared with results for the
neighboring even-even,g-soft nucleus134Ba, where both, rather strongscissors mode-like M1 and two-
phononE1 excitations are known from recent NRF experiments.@S0556-2813~97!01609-9#

PACS number~s!: 25.20.Dc, 21.10.Re, 23.20.2g, 27.60.1j
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I. MOTIVATION

Low-lying dipole excitations in heavy nuclei met with a
increased interest in recent years. The orbitalM1 scissors
mode in deformed nuclei, after its discovery in 1984 b
Richter and co-workers@1#, was systematically studied i
numerous electron and photon scattering experiments~see,
e.g., reviews@2,3#! and stimulated a large number of theore
ical work. On the other hand, also enhanced electric dip
excitations (E1) were observed in heavy nuclei. I
semimagic spherical nuclei such as theN 5 82 isotones~see
@4,5#, and references therein! or the Sn isotopes (Z 5 50! @6#
the corresponding 12 states were interpreted as the spin
member of the 12,22, . . . ,52 quintuplet due to a two-
phonon coupling of the quadrupole and octupole phon
@7–10#. In deformed nuclei low-lying 12 states were system
atically observed in the energy range 1.5–2.5 MeV with
hanced ground-state transition probabilities which can be
plained as the bandheads of theK 5 0 octupole bands
@11,12#. At somewhat higher energies (' 2.5 MeV! candi-
dates for a special two-phonon excitation due to the coup
of the K 5 1 octupole andK 5 2 g vibrations were found
@13,14#.

So far all these enhanced dipole excitations were ma
investigated in even-even nuclei@3#. A topic of current in-
terest is the study of the fragmentation of these dipole mo
in the neighboring odd-mass nuclei. The coupling of an
paired nucleon or hole to the even-even core should lead
splitting of the strength in odd-A nuclei.

The scissors modewas detected in odd-mass nuclei fir
in the Dy isotopes163,161Dy @15,16# where a concentration o
dipole strength was observed fitting into the systematics
the scissors modein the neighboring even-even isotop
164,162,160Dy @16,17#. However, the first investigations of th
odd-mass Gd nuclei157,155Gd surprisingly revealed an ex

*Present address: Sektion Physik, LMU Mu¨nchen, D-85748
Garching, Germany.
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treme fragmentation of the low-lying dipole strength@16,18#.
Further NRF studies including the odd-proton nuclei159Tb
and 153Eu established a certain systematics@18,19# showing
an increasing fragmentation and reduction of thedetected
strength with decreasing mass numberA. The missing
strengths in the experimentally observed strength distri
tions can be hidden, e.g., in the continuous background,
to an extreme fragmentation, as estimated in a quite re
statistical fluctuation analysis@20# of 165Ho and 169Tm
nuclear resonance fluorescence~NRF! spectra@21# or shifted
to energies above 4 MeV as suggested from NRF studie
167Er @22#. These two complications can be addressed b
further increase of the experimental sensitivity~use of high
efficiency g-ray spectrometers and intense photon bea!
and by extending the excitation energy range in experime
at accelerators with somewhat higher beam energies.

The coupling of an additional particle or hole to th
~22

^ 32) multiplet, including the strongE1 excitations ob-
served in theN 5 82 isotones@4#, was studied in (g,g8)
experiments on143Nd,141Pr, and139La @23–25#. In 143Nd for
the first time dipole excitations to a 21

^ 32
^ particle mul-

tiplet could be observed@23,24#. The summed dipole
strength was comparable to theE1 strength of the 12 mem-
ber of the two-phonon quintuplet in the core nucleus142Nd.
On the other hand, in the odd-proton nuclei141Pr and139La,
differing by one proton or proton hole from the semimagicN
5 82 core nuclei142Nd,140Ce, and138Ba, respectively, only
about 40% of the strength seen in the even-even neigh
could be observed@25#.

The aim of the present study of high sensitivity was
investigation of the fragmentation of the dipole strength
the odd-proton nucleus133Cs, which is the neighbor of the
g-soft O~6! even-even nucleus134Ba. O~6! nuclei are of spe-
cial interest in present nuclear structure studies. In theA'
190 region the almost perfect O~6! nucleus196Pt was inves-
tigated recently in NRF experiments at Darmstadt and e
dence for thescissors modewas found@26#. Subsequently,
scissors modeexcitations in134Ba were observed@27#. The
nucleus 134Ba belongs to the mass region aroundA' 130
where manyg-soft O~6! nuclei are known@28#. In our recent
1276 © 1997 The American Physical Society
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56 1277FRAGMENTATION OF LOW-LYING DIPOLE STRENGTH . . .
NRF experiments on134Ba, including polarization measure
ments of the scattered photons, besides theM1 scissors
modeexcitations, a strongE1 excitation was observed fittin
into the energetic systematics of the 12 member of the two-
phonon quintuplet in138,136,134Ba @29#.

II. EXPERIMENTAL METHOD

The NRF method represents by far the most sensi
technique to study low-lying dipole excitations. The forma
ism describing these photon scattering experiments is
lined in previous publications~e.g.,@3,16,30,31#!. In experi-
ments using continuous bremsstrahlung as a photon beam
total cross section integrated over one resonance and the
solid angle is measured:

I s5gS p
\c

Eg
D 2G0G f

G
. ~1!

Here G0 , G f , andG are the decay widths of the photoe
cited state with spinJ to the ground state, to a final lowe
lying state and its total width, respectively. The statisti
factorg5(2J11)/(2J011) is called the ‘‘spin factor.’’ The
productgG0, which can be directly extracted from the me
sured scattering intensities is proportional to the reduced
citation probabilitiesB(E1)↑ or B(M1)↑:

B~P1!↑5gB~P1!↓5
9

16pS \c

Eg
D 3

~gG0! ~2!

and in numerical form

B~E1!↑50.955
gG0

Eg
3 @1023e2 fm2#, ~3!

B~M1!↑50.0864
gG0

Eg
3 @mN

2 #. ~4!

Here the excitation energiesEx are in MeV and the ground
state transition widthsG0 in meV.1

Unfortunately, in the case of odd-mass target nuclei
angular distributions of the scattered photons are rather
tropic. Therefore, in general no unambiguous spin ass
ments to the photoexcited states are possible. The vanis
anisotropy in the angular distributions in addition leads
rather low polarizations of the scattered photons. This
plies that no parity assignments are possible by polariza
measurements as in the case of even-even nuclei. Fo
comparison with the strengths in even-even nuclei we in
duce the quantitygG0

red:

gG0
red5g

G0

Eg
3

, ~5!

1In some of our previous articles@3,14,18# in the text, not used in
the evaluations, a slightly different scaling factor of 0.0866 w
given, due to rounding errors.
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which is proportional to the reduced dipole excitation pro
abilities @see Eqs.~3! and ~4!#.

The decay branching ratioRexpt defined by

Rexpt5
B~PL;J→Jf !

B~PL;J→J0!
5

G f

G0

EgJ0

3

EgJf

3
~6!

contains valuable information on the spinJ and, in the case
of deformed nuclei, on theK quantum number of the photo
excited state. Unfortunately,133Cs is not a well-deformed
rotor nucleus.

The present NRF experiments on133Cs were performed a
the bremsstrahlung facility of the Stuttgart Dynamitron a
celerator@3,16#. A bremsstrahlung endpoint energy of 4
MeV and typical DC electron currents of about 250mA on
the bremsstrahlung production target were used in
present experiments. The scattering target consisted
Cs2CO3 with a total mass of 3.441 g sandwiched by27Al
discs~0.761 g; diameter 16 mm!, serving as the photon flux
calibration @32#. The scattered photons were detected
three high-resolution Geg-ray spectrometers installed a
angles of 93°,127°, and 153° with respect to the incom
bremsstrahlung beam. The efficiencies of the detec
amounted to 97, 38, and 22 %@relative to a standard 7.6 cm
3 7.6 cm NaI~Tl! detector#, respectively. The total time o
data collection was 140 h.

III. RESULTS AND DISCUSSION

Figures 1 and 2 show the spectra of photons scattered
133Cs, in the energy ranges 2.4–3.1 and 3.1–3.8 MeV,
spectively.~The spectra of all three detectors were summ
up.! Peaks stemming from the photon flux monitor27Al,
from background (208Pb,13C!, and single escape peaks~SE!
are labeled. Brackets connect ground-state transitions
corresponding transitions to the first or second excited st
in 133Cs. From the spectra it is already obvious that no stro
dipole excitations are present in133Cs.

In Table I the obtained results are summarized in num
cal form. The excitation energiesEx , the measured reso

s

FIG. 1. Spectrum of photons scattered off133Cs in the energy
range 2.4–3.1 MeV. Labeled peaks stem from the photon flux s
dard 27Al, from background (208Pb!, target compounds (13C!, or are
single escape peaks~SE!. Brackets connect ground-state transitio
and the corresponding transitions to lower-lying excited states
the case of an observed decay branching of the photoexcited s
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1278 56J. BESSERERet al.
nance scattering intensitiesI s , the deduced productsgG0,
andgG0

red are given, which directly can be converted into t
reduced excitation probabilitiesB(E1)↑ or B(M1)↑ using
the relationships~3! and ~4!. Besides the transition 215
keV, which is known from (n,n8g) experiments@33#, but
could not be placed into the level scheme, all states obse

FIG. 2. Spectrum of photons scattered off133Cs in the energy
range 3.1–3.8 MeV. For explanations see caption of Fig. 1.

TABLE I. Results of the present133Cs(g,g8) experiment: Ex-
citation energiesEx , integrated elastic resonance scattering inten
ties I s , the productsgG0 of the spin factorg and the ground-state
decay widthsG0, the productsgG0

red of the spin factorg and the
reduced ground-state decay widthsG0

red, and observed experimenta
decay branching ratiosRexpt are given. In cases where no dec
branching could be detected the quantitygG0 has been deduce
assumingG05G.

Ex I s gG0 gG0
red Rexpt

@keV# @eV b# @meV# @meV/MeV3#

2156 1.1160.18 1.3460.22 0.13460.022
2321 0.6060.13 0.8460.19 0.06760.015
2415 1.7960.23 2.7260.35 0.19360.025
2438 0.9660.17 1.4860.26 0.10260.018
2462 0.7060.14 1.1060.22 0.07460.015
2645 2.8160.22 5.1260.40 0.27760.022
2672 1.2760.16 2.3760.30 0.12460.016
2722 0.8260.18 2.3860.45 0.11860.022 0.6060.21a

2744 1.7760.26 3.4660.52 0.16760.025
2759 0.6560.14 3.0760.38 0.14660.018 1.6360.24a

2815 0.4860.13 0.9960.27 0.04460.012
2858 0.5760.14 2.8160.48 0.12060.021 1.5560.36a

2873 1.2260.16 2.6260.33 0.11060.014
2909 1.3960.21 4.9060.63 0.19960.026 0.6660.18b

2944 0.9060.13 2.0360.29 0.08060.011
3039 0.4060.10 0.9760.24 0.03560.009
3296 0.6260.21 1.7660.59 0.04960.016
3322 0.4760.12 1.3560.35 0.03760.010
3422 0.5660.20 1.7260.60 0.04360.015
3517 0.4260.15 1.3760.47 0.03160.011
3526 1.0360.17 3.3460.54 0.07660.012
3672 0.9160.19 3.1960.65 0.06460.013

aBranching to the excited 5/21 state at 160.7 keV.
bBranching to the excited 5/21 state at 81.0 keV.
ed

in the present experiments were unknown so far@34#.
In Fig. 3 the dipole strength distribution measured f

133Cs @upper panel~a!# is compared with the one observe
for 134Ba @27#. Plotted aregG0

red values in the energy rang
2–4 MeV. For 134Ba parities determined in recent NRF
polarization measurements are given@27#. Tentative parity
assignments, given in parentheses, are assumed from th
served population of these levels in theb2-decay of the
11 ground state of134La @35,36#. Please note that the scale
already differ by a factor 10. Obviously, the dipole streng
detected in133Cs is more fragmented and reduced as co
pared to 134Ba. The total observed strength~2–4 MeV, all
errors were added linearly! amounts to (224 MeVgG0

red

5(2.2960.37) meV/MeV3 as compared to a value of~17.0
63.1! meV/MeV3 in 134Ba. Nevertheless, the strength co
centration around 2.0–3.2 MeV in133Cs seems to corre
spond to the fragmented strengths of the strongE1 andM1
excitations at 2824 and 2939 keV in134Ba, respectively.
However, even assuming the whole detected dipole stren
in 133Cs in the energy range 2.0–3.2 MeV corresponds to
fragmented strength of the strong 2824 keVE1 transition in
134Ba @B(E1)↑5(2.3060.3)31023e2 fm2# alone, only a
fraction of about 80% of this strength is observed in133Cs.
On the other hand, the totalM1 strength in134Ba, obtained
by summing up the strengths of transitions of knownM1
character in the energy range of thescissors mode2.5–3.5
MeV amounts to( iB(M1)↑5(0.5660.04)mN

2 @27#. This to-
tal B(M1) strength corresponds to a sum value of( igG0

red of
~6.560.5! meV/MeV3, which is much higher than the tota
strength of~2.060.3! meV/MeV3 observed in133Cs in the
total energy range of the low-lying strength bump fro
2–3.2 MeV.

i-
FIG. 3. Comparison of dipole strength distributions in133Cs

@upper panel# and 134Ba @lower panel#. Note that the scale in the
upper panel is enlarged by a factor of 10.
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56 1279FRAGMENTATION OF LOW-LYING DIPOLE STRENGTH . . .
From this one may conclude that both theM1 and E1
strengths in133Cs observed with the increased sensitivity
present NRF experiments@(gG0

red)min'0.05 meV/MeV3 at 3
MeV# is much lower than the dipole strengths in the neig
boring g-soft even-even nucleus134Ba. These observation
resemble the experimental situation and existing data c
cerning the fragmentation of theM1 scissors modein odd-A
deformed nuclei in the rare earth region@18# and of theE1
s

R
i-

no
.
an

n-
H

A.

.
Z

o
.

n
A.
s-

H.
n
n

.
R.
H.

H.
nn

on

.

f

-

n-

strengths in proton-odd nuclei near theN 5 82 shell closure
@25#.
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