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The low-lying dipole strength distributions in the odd-mass isotopes135,137Ba were studied in nuclear
resonance fluorescence experiments(NRF) performed at the Stuttgart Dynamitron facility using bremsstrah-
lung beams with end point energies of 4.1, 3.1, and 2.5 MeV. Numerous excited states, most of them unknown
so far, were observed in the excitation energy range up to 4 MeV. Detailed spectroscopic information has been
obtained on excitation energies, decay widths, decay branching ratios, and transition probabilities. The results
for 137Ba are compared with calculations in the framework of the Quasiparticle-Phonon Model. The new data
for 135,137Ba complete the systematics of low-lying dipole excitations as observed for the even Ba isotopes
134,136,138Ba in previous NRF experiments in Stuttgart. The complete systematics within the Ba isotopic chain,
exhibiting a nuclear shape transition, is discussed with respect toE1 two-phonon excitations,M1 scissors
mode excitations, and in regard to the new critical point symmetries.
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I. INTRODUCTION AND MOTIVATION

Systematic investigations of nuclei within isotopic chains
undergoing a shape or phase transition are of particular cur-
rent interest in nuclear structure physics. In the framework of
algebraic models the dynamical symmetry limits U(5),
SU(3), and O(6) correspond to spherical, axially deformed,
and g-soft nuclear shapes, respectively. Recently, Iachello
[1–3] proposed three new so-called critical point symmetries
E(5), X(5), and Y(5) which apply for nuclei at the critical
points of phase transitions from spherical vibrators to de-
formedg-soft nuclei, to axially symmetric deformed rotors,
and from axially symmetric to rigidly triaxial rotors, respec-
tively. Experimental manifestations of these symmetries have
already been found in134Ba [E(5)] [4], in 152Sm, 150Nd
[X(5)] [5–7], and possibly in166,168Er [3]. Of special interest
are nuclei at the critical point of phase transitions since dras-
tic changes in the nuclear structure and hence in the various
experimental observables are there to be expected such as
excitation schemes,BsE2d andBsM1d transition rates. In this
work we want to investigate the influence of a phase shape
transition on low-lying dipole strength distributions.

A first hint for such effects in dipole strength distributions
is the sudden onset of a deformation splitting of the higher-

lying electric giant dipole resonance(GDR), centered at
about 15 MeV, as observed in systematic studies of the
144,148,150,152,154Sm and 142,143,144,145,146,148,150Nd isotopes
[8,9]. The splitting appears abruptly for152Sm and150Nd,
which are just the nuclei that show the spectral properties
predicted within the X(5) picture [5,6]. Also, recent system-
atic IBM calculations[10] of level energies,BsE2d values,
and two-neutron separation energies of nuclei within isotopic
chains of rare earth nuclei manifest148Nd/150Nd and
150Sm/152Sm as best candidates for the shape transition from
spherical vibrators to axially deformed rotors.

It is well known that photon scattering[11], nuclear reso-
nance fluorescence(NRF), represents the most sensitive tool
to study low-lying dipole modes in heavy nuclei. Examples
of rather collective, low-lying excitations, systematically
studied in recent years, are theM1 scissors mode[12,13] in
deformed nuclei([11,14–17], and references therein) andE1
two-phonon excitations in spherical nuclei near shell clo-
sures(see compilation in Ref.[18]). The dipole strength dis-
tributions of stable nuclei within the Sm[19,20] and Nd
[21–23] isotopic chains that exhibit a transition from the
sphericalN=82 isotones to axially deformed rotors have
been systematically investigated in previous NRF experi-
ments. In these measurements a concentration and jump of
the total M1 scissors mode strength for152Sm [19,20] and
150Nd [21–23] was observed in accordance with the other
signatures for shape transitions discussed above.

Another interesting shape transition occurring in the mass
region aroundN=82 is the transition from spherical tog-soft
nuclei. Favorable cases to study the dipole strength distribu-
tions in such nuclei by NRF experiments represent the Xe
and Ba isotopic chains. The latter contains seven stable iso-
topes, starting from a magic, spherical vibrators138Ba, N
=82d and ending with deformed,g-soft nuclei around
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130,132Ba. Theg-soft character of nuclei in theA<130 mass
region has been well established[24]. Of special interest is
the isotope134Ba which was proposed as one of the E(5)
candidates[4].

In the present paper the results from our previous NRF
studies of134Ba [25], 136Ba [26], and138Ba [27] are summa-
rized, discussed in view of the new dynamical symmetries
and completed by comprehensive new data observed for the
odd-mass Ba isotopes135,137Ba in NRF experiments per-
formed at the Stuttgart photon scattering facility. The dipole
strength distributions in these isotopes give information on
the fragmentation of the electric and magnetic dipole modes
(scissors mode and two-phonon excitations, respectively).
Furthermore, these low-lying dipole strength distributions
are of interest because they may explain the surprisingly
strong population of the long-livedh11/2 isomers in135,137Ba
observed in low-energysg ,g8d-reactions[28–31].

The outline of the paper is as follows: After the Introduc-
tion, the basic formalism describing NRF experiments is

summarized in Sec. II and some experimental details are
briefly given in Sec. III. The new results for the odd-mass
isotopes137,135Ba are presented in Sec. IV. The last section,
Sec. V, deals with the discussion of the results. Five topics
are covered in more detail in the subsections A–E: The sys-
tematics of the dipole strength distributions in all investi-
gated Ba isotopes(A), the comparison of the data for137Ba
with recent QPM calculations(B), M1 and E1 excitations
and their fragmentation in the odd-mass isotopes(C and D),
and the systematics of the dipole strength distributions in
view of the new critical point symmetries(E).

II. NUCLEAR RESONANCE FLUORESCENCE

Photon scattering experiments provide model-independent
spectroscopic information. Precise excitation energiesEx and
integrated elastic scattering cross sectionsIS,0, which are pro-
portional to width ratiosG0

2/G, can directly be determined
from the spectra of scattered photons. Ground-state transition
widths G0, and total widthsG of the excited states can be
extracted from the scattering intensities and from the ob-
served decay branchings. Reduced excitation probabilities
BsE1d↑, BsM1d↑, BsE2d↑, or lifetimes t can be deduced
from these quantities. Spins and parities of the photoexcited
states can be determined in the favorable cases of even–even
nuclei by measurements of angular distributions and polar-
ization observables. Unfortunately, in the case of odd-mass
target nuclei, the angular distributions of the scattered pho-
tons are rather isotropic. Therefore, generally no unambigu-
ous spin assignments to the photoexcited states are possible,
particularly not for isotopes with large ground-state spins.
Furthermore, no parity assignments are possible by linear
polarization measurements, since the nearly vanishing aniso-
tropy in the angular distributions leads to rather low degrees
of polarization of the scattered photons. In spite of generally
unknown spins and parities, the observed photon scattering

TABLE I. Beam parameters and measuring times.

Isotope Endpoint energy
(MeV)

Electron current
smAd

Measuring time
(h)

134Ba 4.1 220 696a

4.1 180 64b

135Ba 4.1 210 146

2.5 320 88
136Ba 4.1 230 120

2.7 360 81
137Ba 4.1 260 94

3.1 300 105
138Ba 4.1 200 60

aPolarization measurements.
bAngular distribution measurements.

TABLE II. Target compositions and specifications.

Total masses(mg)

Isotope Composition Enrichment
(%)

Target 27Al LiF Major impurities
(%)

5
134Ba
134Ba
134Ba

6 BaCO3

BaCO3

BasNO3d2

82.1

85.5

86.2
51880

485

2608
6 1206

averaged
135Bas4.1d, 136Bas1.8d,
137Bas1.7d, 138Bas7.9d,

134Ba BasNO3d2 86.2 1464 213 135Ba (3.5), 136Ba (1.7)
137Ba (1.6), 138Ba (6.9)

135Ba BaCO3 66.3 3567 1010 134Ba (8.5), 136Ba (8.9)
137Ba (5.0), 138Ba (11.4)

136Ba BaCO3 92.8 1076 1016 1098 135Ba (1.0.), 137Ba (1.8)
138Ba (4.3)

136Ba BaCO3 92.8 1029 508 135Ba (1.0.), 137Ba (1.8)
138Ba (4.3)

137Ba BaCO3 82.2 4317 1013 138Ba (17.5)
137Ba BaCO3 82.2 4317 755 138Ba (17.5)
138Ba BaCO3 99 1043 215 -
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cross sections enable one to determine the quantity

g · G0
red= g ·

G0

Ex
3 , s1d

which is proportional to the reduced dipole excitation prob-
abilities BsE1d↑ or BsM1d↑. Here, G0 is the ground-state
transition width,g=s2J+1d / s2J0+1d the so-called statistical
spin factor, andEx the excitation energy. The following nu-
merical relations are useful:

BsE1d↑ = 0.955 ·g · G0
red f10−3e2fm2g, s2d

BsM1d↑ = 0.0864 ·g · G0
red fmN

2g, s3d

where the excitation energiesEx should be taken in(MeV)
and the ground-state transition widthsG0 in (meV).

In the case of decay branchings of the photoexcited states
to lower-lying excited states the branching ratioRexpt. relative
to the ground-state decay can be measured, defined by

Rexpt.=
BsPL; J → Jfd
BsPL; J → J0d

=
G f

G0
·

EgJ0

3

EgJf

3 . s4d

Since no coincidence experiments are feasible at present
NRF setups, possible decays of the photoexcited states to
low-lying excited states (“inelastic transitions”) were
searched for by applying the Ritz combination rule:

Ei − sEx − Efd ø uDEu, s5d

whereEx, Ei, andEf are the level excitation energy, the en-
ergy of a possible inelastic transition and of the final low-
lying excited state, respectively. For the assignments of in-
elastic transitions, a limit ofDE= ±1 keV was chosen, which
corresponds to a realistic value of the total uncertainties in
the needed energy determinations.

The formalism describing NRF experiments is summa-
rized in more detail in previous review articles[11,32].

III. EXPERIMENTAL DETAILS

The present NRF experiments on135,137Ba and the previ-
ously published studies of the even–even Ba isotopes
[25–27] were performed at the well-established Stuttgart
bremsstrahlung facility[11]. Measurements using brems-
strahlung end point energies of 4.1, 3.1, and 2.5 MeV were
carried out to achieve an optimal sensitivity over a broad
range of excitation energies and to enable the detection of
weaker decay branching ratios. The dc electron currents used
in the present experiments had to be limited to about
250 mA, due to the thermal capacity of the radiator target of
about 1 kW. In Table I beam parameters and measuring
times of the NRF experiments on134,135,136,137,138Ba are sum-
marized. For all experiments isotopically enriched targets
were available(see Table II).

The scattered photons were detected by three high-
resolution Ge(HP) g-ray spectrometers installed at angles of
about 90°, 127°, and 150° with respect to the incoming
bremsstrahlung beam. Each of the detectors had an efficiency
of about 100% relative to a standard 7.6 cm37.6 cm

NaI(Tl) detector. The energy resolutions were typically about
2 keV at a photon energy of 1.3 MeV and about 3 keV at
3 MeV. The detector at 127° was additionally surrounded by
a BGO anti-Compton shield to improve its response func-
tion. With this arrangement the peak-to-background ratio
could be improved by a factor of about 2.

FIG. 1. Spectra of photons scattered off135Ba, measured at a
scattering angle of 127° using bremsstrahlung beams of end point
energies of 2.5 MeV[upper part(A)] and 4.1 MeV[lower part(B)],
respectively. Calibration liness27Al d, and background lines(mother
activities: 40K, and 208Tl) are marked. Please note the logarithmic
ordinate scale. Part(C) shows in a linear scale an expanded portion
s3.2–3.8 MeVd of spectrum(B). Labeled peaks stem from strong
excitations in the even–even isotopes134,136,138Ba which were con-
tained as impurities in the targets. The peak marked by “SE” cor-
responds to a single escape peak.
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TABLE III. Numerical results for dipole excitations in135Ba: Excitation energiesEx, total elastic scatter-
ing cross sectionsIS,0, the product of the statistical factorg times the ground-state widthsG0, respectively, the
reduced ground-state widthsG0

red, the branching ratiosG0/G, and the reduced excitation strengthsBsM1d↑
and/orBsE1d↑. In cases of unknown parities the reduced excitation strengths are given in parentheses.

Ex

(keV)
IS,0

(eV b)
gG0

(meV)
G0/G gG0

red

smeV/MeV3d
BsE1d↑

s10−3e2fm2d
BsM1d↑

mN
2

980a 9.01(64) 2.78(51) 0.81(9)c 2.96(54) 0.255(47)

1214a 1.94(30) 0.92(21) 0.81(6) 0.51(12) [0.49(11)] [0.044(10)]

1872a 3.54(27) 5.9(16) 0.55(11)c 0.89(25) [0.85(24)] [0.077(21)]

1942b 0.56(15) 2.41(63) 0.23(10)c 0.33(9) 0.028(7)

1965a 0.70(17) 2.5(17) 0.28(13)c 0.33(23) 0.028(20)

1991b 1.10(18) 4.10(69) 0.28(14)c 0.52(9) [0.50(8)] [0.045(8)]

2077a 1.57(18) 4.5(13) 0.39(7)c 0.50(15) 0.48(14)

2283 0.98(22) 1.33(30) 1 0.11(3) [0.11(2)] [0.010(2)]

2334 1.25(22) 1.77(32) 1 0.14(3) [0.13(2)] [0.012(2)]

2420 1.19(21) 1.81(33) 1 0.13(2) [0.12(2)] [0.011(2)]

2440 1.43(22) 2.22(34) 1 0.15(2) [0.15(2)] [0.013(2)]

2447d 1.79(24) 3.87(84) 0.72(6)c 0.26(6) [0.25(6)] [0.023(5)]

2478 1.28(21) 2.05(33) 1 0.14(2) [0.13(2)] [0.012(2)]

2485 1.67(23) 2.69(37) 1 0.18(2) [0.17(2)] [0.015(2)]

2496 1.17(21) 1.90(34) 1 0.12(2) [0.12(2)] [0.011(2)]

2602d 0.95(18) 1.68(32) 1 0.10(2) [0.09(2)] [0.008(2)]

2621 1.99(23) 3.56(41) 1 0.20(2) [0.19(2)] [0.017(2)]

2638 1.29(21) 2.33(38) 1 0.13(2) [0.12(2)] [0.011(2)]

2658 1.08(20) 2.48(93) 0.80(15)c 0.13(5) [0.13(5)] [0.011(4)]

2708d 1.18(24) 2.26(45) 1 0.11(2) [0.11(2)] [0.010(2)]

2710 0.88(22) 10.53(91) 0.16(2) 0.49(5) [0.47(5)] [0.043(4)]

2730 1.98(24) 6.1(14) 0.63(7)c 0.30(7) [0.29(7)] [0.026(6)]

2781 1.43(21) 2.88(42) 1 0.13(2) [0.13(2)] [0.012(2)]

2872d 1.38(20) 5.55(68) 0.54(7) 0.23(3) [0.22(3)] [0.020(3)]

2947 10.48(81) 23.7(18) 1 0.93(7) [0.89(7)] [0.080(6)]

3092d 4.58(50) 18.3(16) 0.63(6) 0.62(6) [0.59(5)] [0.053(5)]

3111 1.03(22) 2.60(55) 1 0.09(2) [0.08(2)] [0.008(2)]

3122 1.05(24) 2.67(61) 1 0.09(2) [0.08(2)] [0.008(2)]

3126 0.98(22) 8.2(10) 0.31(4) 0.27(3) [0.26(3)] [0.023(3)]

3148d 1.51(23) 7.44(97) 0.52(7) 0.24(3) [0.23(3)] [0.021(3)]

3163d 0.60(19) 1.57(50) 1 0.05(2) [0.05(2)] [0.004(1)]

3182 1.37(21) 3.60(54) 1 0.11(2) [0.11(2)] [0.010(2)]

3196 1.04(21) 2.76(55) 1 0.09(2) [0.08(2)] [0.007(2)]

3272d 2.06(26) 11.6(12) 0.50(5) 0.33(4) [0.32(3)] [0.029(3)]

3324 0.81(19) 2.32(56) 1 0.06(2) [0.06(2)] [0.005(1)]

3410d 9.43(76) 33.4(24) 0.85(6) 0.84(6) [0.81(6)] [0.073(5)]

3415 0.91(24) 2.75(73) 1 0.07(2) [0.07(2)] [0.006(2)]

3422 0.92(21) 2.82(64) 1 0.07(2) [0.07(2)] [0.006(1)]

3454 1.80(27) 18.3(17) 0.31(3) 0.44(4) [0.42(4)] [0.038(3)]

3587 0.96(31) 3.2(10) 1 0.07(2) [0.07(2)] [0.006(2)]

3632 1.06(26) 3.65(91) 1 0.08(2) [0.07(2)] [0.007(2)]

3656 1.35(28) 10.8(17) 0.44(7) 0.22(4) [0.21(3)] [0.019(3)]

3696 1.25(29) 4.5(10) 1 0.09(2) [0.08(2)] [0.008(2)]

3708d 4.50(50) 29.6(32) 0.54(6) 0.58(6) [0.55(6)] [0.050(6)]

3720 3.56(42) 12.8(15) 1 0.25(3) [0.24(3)] [0.022(3)]
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The NRF measurements were complemented by photoac-
tivation experiments to study the population of the low-lying
h11/2 isomers in135,137Ba by feeding from higher-lying pho-
toexcited intermediate states. These results will be published
in a forthcoming article[33].

IV. RESULTS

A. Results for 135Ba„g ,g8…

Figure 1 shows the spectra of photons scattered off135Ba
detected under a scattering angle of 127°. The spectrum de-
picted in the upper part(A) was measured using a brems-
strahlung beam of an end point energy of 2.5 MeV. In the
middle part(B) the corresponding spectrum for an end point
energy of 4.1 MeV is plotted. Both spectra are shown in
logarithmic scales. The photon flux calibration liness27Al d
and the background lines stemming from natural environ-
mental activities(mother activities:40K, 214Bi, and208Tl) are
marked. All other peaks are ascribed to excitations in Ba
isotopes, mostly to transitions in135Ba. The comparison be-
tween both spectra clearly documents the considerably en-
hanced peak-to-background ratio at low energies in the upper
spectrum taken with a reduced end point energy of 2.5 MeV.
This allows a better detection and identification of inelastic
transitions and hence the measurement of weaker decay
branching ratios to lower-lying excited states with improved
sensitivity. In the lower part(C), an expanded portion of the
spectrum(B) is shown in a linear scale to demonstrate the
quality of the obtained spectra and the pronounced fragmen-
tation of the dipole strengths, but also to exhibit the difficul-
ties due to the somewhat low enrichment of the target
(66.3% of135Ba). The labeled peaks stem from strong tran-
sitions in the even–even Ba isotopes134,136,138Ba, which were
the main impurities(see Table II). These excitations have to
be known and must not be considered to avoid misinterpre-
tations.

The numerical results obtained for observed dipole exci-
tations in135Ba are summarized in Table III. Given are the
excitation energiesEx, the total elastic scattering cross sec-
tions IS,0, the product of the statistical factorg times the
ground-state widthsG0, the respective reduced ground-state
widths G0

red, and the branching ratiosG0/G. Since no direct
parity measurements could be carried out, in the last two
columns the reduced excitation widthsBsE1d↑ andBsM1d↑

are given for both multipolaritiesE1 andM1. Only for di-
pole transitions of known parity is a definite reduced excita-
tion probability BsE1d↑ or BsM1d↑ quoted. Whereas about
half of the low-lying states up to an excitation energy of
about 2.9 MeV were known from previoussn,gd experi-
ments[34], the higher-lying states were observed for the first
time.

The isotope 135Ba has a ground-state spinJ0
p=3/2+.

Therefore, by photoexcitations via dipole transitions, levels
with spins 1/2, 3/2, and 5/2 can be reached, which then can
populate, besides the ground state, lower-lying excited states
with spins1/2–7/2. Due to thestructure of135Ba, which has
three neutron holes in theN=82 shell, besides theh11/2 in-
truder isomer at 268 keV, eight low-spin levels exist below
1 MeV, which can be fed from the higher-lying photoexcited
states or from the capture state in thermal neutronsn,gd
reactions[34]. In Fig. 2 the low-energy excitation scheme of
135Ba is depicted and compared to the much simpler level
scheme of137Ba. In the present NRF experiments, decay

FIG. 2. Simplified low-energy excitation schemes of135Ba and
137Ba.

TABLE III. (Continued.)

Ex

(keV)
IS,0

(eV b)
gG0

(meV)
G0/G gG0

red

smeV/MeV3d
BsE1d↑

s10−3e2fm2d
BsM1d↑

mN
2

3753d 2.36(43) 8.7(16) 1 0.16(3) [0.16(3)] [0.014(3)]

3779d 3.02(52) 11.2(19) 1 0.21(4) [0.20(3)] [0.018(3)]

3813 1.87(52) 7.1(20) 1 0.13(4) [0.12(3)] [0.011(3)]

3881 2.29(47) 9.0(18) 1 0.15(3) [0.15(3)] [0.013(3)]

aAverage values of data from measurements using various bremsstrahlung end point energies.
bData from low-energy end point measurements only.
cReference[35].
dAlternative assignments are possible, see subsequent tables.
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branchings to six of these levels could be detected. The ex-
citation energiesEx of the levels exhibiting decays to lower-
lying excited states(in addition to the ground state), the en-
ergiesEi of the fed levels, and the corresponding branching
ratiosGi /G0 are summarized in Table IV.

Unfortunately, ambiguities in the assignments of photo-
excited levels from the observed transitions cannot be
avoided due to the pronounced fragmentation of the strength

and numerous decay branchings when simply applying the
Ritz combination technique without coincidence measure-
ments. Therefore, possible alternative level assignments are
given in Table V.

As already mentioned, spins could not be determined
from the nearly isotropic angular distributions. Therefore, in
general, the dipole character of the excitations was assumed
with one exception, theE2 excitation of the known 7/2+

TABLE IV. Decay branchings of photoexcited states in135Ba. The level energies given areEx, the
excitation energiesEfi

andEf j
of the fed lower-lying states, and the corresponding decay branchingsGi /G0

andG j /G0, respectively. Alternative assignments due to ambiguous, possible branchings are proposed in the
same nomenclature as in Tables III and V.

Alternative Ex

(keV)
Efi

(keV)
Gi /G0 Ef j

(keV)
G j /G0

2710 221 5.25(25)

2872 221 0.87(30)

3092 714 0.60(16)

3126 480.5 2.27(85)

3148 480.5 0.91(33)

3272 588 1.01(30)

3410 221 0.17(4)

3454 480.5 2.27(59)

3656 588 1.30(57)

3708 910 0.83(26)

1 3092 221 0.37(9) 714 0.60(16)

2 2667 221 2.47(88)

3a 3779 588 1.13(39) 980 1.71(64)

3b 3190 480.5 2.66(76) 588 1.33(48)

3708 910 0.83(26)

4 3163 480.5 3.1(15)

3753 480.5 2.01(62)

TABLE V. Alternative level assignments in135Ba due to ambiguous decay branchings, see Table IV. The
quantities are the same as in Table III.

Alternative Ex

(keV)
IS,0

(eV b)
gG0

(meV)
G0/G gG0

red

smeV/MeV3d
BsE1d↑

s10−3e2fm2d
BsM1d↑

smN
2d

1 2651 0.99(20) 1.81(37) 1 0.10(2) [0.09(2)] [0.008(2)]

3092 4.58(50) 22.5(17) 0.51(4) 0.76(6) [0.73(6)] [0.066(5)]

2 2667 0.87(19) 5.62(65) 0.29(3) 0.30(3) [0.28(3)] [0.026(3)]

3148 1.51(23) 3.90(59) 1 0.13(2) [0.12(2)] [0.011(2)]

3a 2708 2.09(25) 3.99(47) 1 0.20(2) [0.19(2)] [0.017(2)]

3410 9.43(76) 28.5(23) 1 0.72(6) [0.69(6)] [0.062(5)]

3708 4.50(50) 16.1(18) 1 0.32(4) [0.30(3)] [0.027(3)]

3779 3.02(52) 43.0(48) 0.26(3) 0.80(9) [0.76(9)] [0.069(8)]

3b 3190 1.24(21) 16.5(14) 0.20(2) 0.51(4) [0.48(4)] [0.044(4)]

3410 9.43(76) 28.5(23) 1 0.72(6) [0.69(6)] [0.062(5)]

3708 4.50(50) 29.6(32) 0.54(6) 0.58(6) [0.55(6)] [0.050(6)]

3779 3.02(52) 11.2(19) 1 0.21(4) [0.20(3)] [0.018(3)]

4 3163 0.60(19) 6.38(95) 0.25(4) 0.20(3) [0.19(3)] [0.017(3)]

3753 2.36(43) 26.1(27) 0.33(3) 0.49(5) [0.47(5)] [0.043(4)]
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state at 874 keV(see Table VIII). The measured reduced
transition probabilityBsE2d↑ is in fair agreement with data
from previous Coulomb-excitation experiments[38].

B. Results for 137Ba„g ,g8…

In Fig. 3 the spectra of photons scattered from137Ba are
shown as measured using bremsstrahlung beams with end
point energies of 4.1 MeV(upper part) and 3.1 MeV(lower
part). The labeling is identical to that of Fig. 1. Comparing
the 4.1 MeV spectra of both isotopes, a less pronounced
strength fragmentation can be stated for137Ba where two
accumulations of peaks around 3.1 and 3.8 MeV, respec-
tively, are clearly visible.

The numerical results from the present137Basg ,g8d study
are summarized in Table VI. The same quantities are given
as in the corresponding Table III. Besides the state at
1892 keV, all observed photoexcited states below 2.1 MeV
were also reported from previous neutron-induced reactions
[sn,gd and sn,n8gd] [36]. All higher-lying states were ob-
served for the first time.

Just as135Ba, 137Ba has a ground-state spin ofJ0
p=3/2+

(n2d3/2 hole). However, in contrast to135Ba, in 137Ba below
about 1 MeV besides the 11/2− isomer at 662 keV(h11/2
intruder) only one low-lying level exists at 283 keV with
spinJp=1/2+ (n3s1/2 hole) (see Fig. 2) as expected from the
simple structure with one neutron hole apart from the closed
N=82 shell. The other neutron-hole states, 2d5/2 and 1g7/2, as
well as particle states, proton excitations, and states arising
from the coupling of the neutron holes to excitations of the
N=82 core lie at excitation energies above 1.2 MeV(see
Ref. [36] and references therein). Therefore, and due to the
less pronounced fragmentation of the dipole strength in
137Ba, only two ambiguous level assignments are left in the
analysis of the present data. The possible alternatives are
given in Table VII. Decay branchings of the photoexcited
states were observed in some cases exclusively to the
283 keV level. The corresponding branching ratios are in-
cluded in Table VI.

For all observed excitations, a dipole character was as-
sumed with the exception of theE2 excitation of the known
7/2+ level at 1252 keV. As in the case of135Ba, the observed
reduced excitation strengthBsE2d↑ (see Table VIII) is in fair
agreement with prior results from a Coulomb-excitation ex-
periment[38].

V. DISCUSSION

A. Systematics of dipole strength distributions
in 134,135,136,137,138Ba

In Fig. 4 the observed spectra of photons scattered off the
investigated isotopes134,135,136,137,138Ba are summarized and
compared. The peaks stemming from the photon flux moni-
tor 27Al are marked as well as the transitions in the even–
even isotopes ascribed to the expected two-phonon excita-
tions s1−d and the scissors modes1+d. The spectrum for the
closed-shell nucleus138Ba is dominated by the strong two-
phonon excitation of the 1− state at 4026 keV. The lower
peaks correspond toE2 excitations(see Ref.[27]). The data

on the observedE2 excitations in138,136Ba are summarized
in Table IX. The correspondingE1 two-phonon excitations
in 136,134Ba are obviously shifted to lower energies as com-
pared to138Ba and reduced in strength. The scissors-mode
strength emerges in136Ba and increases as observed in134Ba.
In addition, in136Ba a rather pure mixed-symmetry 2+ state
could be observed at 2129 keV[26]. In the odd-mass iso-
topes the dipole strength is more fragmented.

Figure 5 shows the dipole strength distributions extracted
from the spectra of photons scattered off134,135,136,137,138Ba.
The reduced ground-state transition widthsG0

red are plotted as
a function of the excitation energy(for the even–even iso-
topes, where the spin factorg is known and equals 3) and the
quantitiesg·G0

red for the odd-mass isotopes, since the spins of
the photoexcited states could not be measured and hence the
spin factorg is unknown. It should be recalled that the quan-
tity g·G0

red is directly proportional to the reduced excitation
probabilitiesBsE1d↑ or BsM1d↑, respectively[see Eqs.(2)
and(3)]. Spin 1 states in the even–even isotopes with known
parity are marked.

B. Comparison of the dipole strength distribution in 137Ba
with QPM calculations

Microscopic calculations of the dipole strength distribu-
tion were performed for theN=81 isotope137Ba with one

FIG. 3. Spectra of photons scattered off137Ba, measured at a
scattering angle of 127° using bremsstrahlung beams of end point
energies of 4.1 MeV(upper part) and 3.1 MeV(lower part), respec-
tively. Calibration liness27Al d, and background lines(mother activi-
ties: 40K, 214Bi, and 208Tl) are marked. Please note the logarithmic
ordinate scale.
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TABLE VI. Numerical results for dipole excitations in137Ba: Excitation energiesEx, total elastic scat-
tering cross sectionsIS,0, the product of the statistical factorg times the ground-state widthsG0, respectively,
the reduced ground-state widthsG0

red, the branching ratiosG0/G, and the reduced excitation strengthsBsM1d↑
and/orBsE1d↑. In cases of unknown parities the reduced excitation strengths are given in parentheses.

Ex

(keV)
IS,0

(eV b)
gG0

(meV)
G0/G gG0

red

smeV/MeV3d
BsE1d↑

s10−3e2fm2d
BsM1d↑

smN
2d

1294a 11.72(59) 5.10(26) 1 2.36(12) 0.204(10)
1464a 16.5(59)d 9.7(35) 0.95c 3.1(11) 0.261(94)
1481a 2.60(22) 2.47(21) 0.60c 0.76(7) 0.066(6)
1837a 2.16(17) 3.90(50) 0.49(2) 0.63(8) 0.054(7)
1892a 1.99(15) 1.85(14) 1 0.27(2) [0.26(2)] [0.024(2)]
1899a 1.26(14) 2.31(42) 0.51(4) 0.34(6) 0.029(5)
1907a 3.31(21) 4.67(49) 0.67(3) 0.67(7) 0.058(6)
2041a 2.17(16) 3.57(26) 0.66c 0.42(3) 0.036(3)
2117 1.00(20) 1.17(23) 1 0.12(2) [0.12(2)] [0.011(2)]
2311a 0.68(10) 0.95(13) 1 0.08(1) [0.07(1)] [0.007(1)]
2344b 0.58(12) 0.84(18) 1 0.07(1) [0.06(1)] [0.006(1)]
2373 0.89(16) 1.30(23) 1 0.10(2) [0.09(2)] [0.008(2)]
2427a 3.60(21) 5.52(32) 1 0.39(2) [0.37(2)] [0.033(2)]
2571a 0.73(9) 1.26(16) 1 0.07(1) [0.07(1)] [0.006(1)]
2653b 0.42(10) 0.77(19) 1 0.04(1) [0.04(1)] [0.004(1)]
2709 0.86(14) 1.64(28) 1 0.08(1) [0.08(1)] [0.007(1)]
2873 0.70(14) 1.50(29) 1 0.06(1) 0.06(1)
2905a 5.58(31) 12.26(67) 1 0.50(3) [0.48(3)] [0.043(2)]
2954a 1.61(13) 5.33(74) 0.62(13) 0.21(3) [0.20(3)] [0.018(2)]
3037 2.02(20) 4.85(47) 1 0.17(2) [0.17(2)] [0.015(2)]
3074 11.22(82) 32.5(21) 0.85(11) 1.12(7) [1.07(7)] [0.097(6)]
3094 0.52(13) 1.28(32) 1 0.04(1) [0.04(1)] [0.004(1)]
3140 3.47(30) 13.83(96) 0.64(9) 0.45(3) [0.43(3)] [0.039(3)]
3251 2.77(27) 13.59(98) 0.56(8) 0.40(3) [0.38(3)] [0.034(3)]
3332 2.15(23) 12.24(93) 0.51(8) 0.33(3) 0.32(2)
3383 0.82(16) 2.45(46) 1 0.06(1) [0.06(1)] [0.006(1)]
3453 0.94(17) 2.92(52) 1 0.07(1) [0.07(1)] [0.006(1)]
3473 0.84(16) 2.64(52) 1 0.06(1) [0.06(1)] [0.005(1)]
3525 1.22(19) 10.3(10) 0.38(7) 0.24(2) [0.23(2)] [0.020(2)]
3563e 1.19(21) 7.71(95) 0.51(13) 0.17(2) [0.16(2)] [0.015(2)]
3640 3.71(64) 12.8(22) 1 0.27(5) 0.25(4)
3703 0.76(19) 10.5(13) 0.26(6) 0.21(3) 0.20(2)
3761 33.5(26) 123.2(95) 1 2.32(18) [2.21(17)] [0.200(15)]
3778 4.12(41) 15.3(15) 1 0.28(3) [0.27(3)] [0.025(3)]
3802 2.83(34) 10.7(13) 1 0.19(2) [0.19(2)] [0.017(2)]
3822 10.64(92) 40.5(35) 1 0.73(6) [0.69(6)] [0.063(5)]
3846e 2.00(38) 7.7(15) 1 0.14(3) [0.13(2)] [0.012(2)]
3850 4.02(50) 25.0(25) 0.62(13) 0.44(4) [0.42(4)] [0.038(4)]
3857 12.3(11) 47.7(41) 1 0.83(7) [0.79(7)] [0.072(6)]
3894 7.98(77) 31.5(31) 1 0.53(5) [0.51(5)] [0.046(5)]
3940 3.03(43) 12.2(17) 1 0.20(3) [0.19(3)] [0.017(3)]
3981 2.12(45) 8.8(19) 1 0.14(3) [0.13(3)] [0.012(3)]

aAverage values of data from measurements using various bremsstrahlung end point energies.
bData from low-energy end point measurements only.
cReference[37].
dDue to the overlap with the 1461 keV background line from40K an additional systematic error of 30% was
added.
eAlternative assignments are possible, see Table VII.
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neutron hole in the closedN=82 shell within the framework
of the quasiparticle-phonon model(QPM) [39]. The structure
of 137Ba has been calculated within this model. The applica-
tion of the model in the case of odd-mass spherical nuclei is
discussed in detail in Ref.[40]. Since in the present NRF
experiments onlyE1, E2, andM1 transitions could be ob-
served, our calculations are restricted to the states withJp

=1/2± ,3/2± ,5/2± ,7/2+, and excitation energies up to
4.4 MeV.

Here, both the ground and excited states characterized by
an angular momentumJ and its projectionM were described
in terms of the wave function:

CnsJMd = CJ
nHaJM

+ + o
li j

Dj
lisJndfa jm

+ Qlmi
+ g

+ o
l1i1l2i2

jI

FjI
l1i1l2i2sJnd

3fa jm
+ sQl1m1i1

+ Ql2m2i2
+ dIM1

gJMJC0, s6d

where a jm
+ is the creation operator for a quasiparticle with

shell quantum numbersj ;sn, l , jd andm; Qlmi
+ is the phonon

creation operator with the angular momentuml, projection
m and the so-called QRPA root numberi, the phonon index
used to distinguish QRPA states of the same spin and parity
but different energies;C0 is the ground state wave function
of the neighboring even–even nucleus andn stands for the
number of the QRPA state of a givenJp. The coefficientsCJ

n,
Dj

li, and FjI
l1i1l2i2sJnd are the quasiparticle, quasiparticle

^ phonon and quasiparticlêtwo-phonon amplitudes for the
n state, respectively.

Most of the quasiparticle plus two-phonon components
included in the wave function(6) have excitation energies
higher than the studied energy range. Here only a limited

number is considered. The numerical calculations are per-
formed with the code PHOQUS modified according to Refs.
[40] and [41]. To get the energy spectrum of the excited
states and the wave function amplitudes we have solved a
system of QRPA equations[40].

The QPM Hamiltonian includes mean field, pairing inter-
action, and separable multipole and spin–multipole interac-
tion [39]. The mean field for protons and neutrons is defined
as a Woods–Saxon potential with parameter sets given in
Table X. The strength parameters of the quadrupole and oc-
tupole residual interaction are adjusted to reproduce the ex-
perimental values of the energies and reduced transition
probabilities of low-lying collective states in the neighboring
semimagic 138Ba nucleus. The model space includeslp

=1± ,2± ,3± ,4± ,5− phonons in the wave function from Eq.
(6). Several roots for each multipolarity are taken into ac-
count.

In the case of the E1 transitions, we have used effective
chargesep=sN/Ade (for protons) anden=−sZ/Ade (for neu-
trons) to separate the center of mass motion and “free” val-
ues for E2 transitionsep=e (for protons) anden=0 (for neu-
trons). For the M1 transitions, the effective spin factor isgs

=0.8gfree
s .

Because of the ground-state spin 3/2+, the M1 and E2
transitions correspond to the decay of the positive parityJp

=1/2+, 3/2+, 5/2+, and 7/2+ states. The calculated structure
and corresponding values of ground-state decay widths
GsE2d andGsM1d, which are proportional to the correspond-
ing BsM1d or BsE2d values, are presented in Table XI. The
quasiparticle components dominate in the structure of a few
excited states. Most of them are members of multiplets due
to the coupling of quasiparticles mainly with the quadrupole
excitations of the even–even core. When the structure of a
state is dominated by the “quasiparticle^ 21

+” component, the
correspondingBsE2d transition probability is large. For ex-
ample, the 3/2+ state at 1.687 MeV excitation energy is con-
nected with the ground state via anE2 transition. The corre-
sponding value of the transition probability isBsE2d=6.0

TABLE VII. Alternative level assignments in137Ba due to ambiguous decay branchings, see Table VI.
The quantities are the same as in table VI.

Ex

(keV)
IS,0

(eV b)
gG0

(meV)
G0/G gG0

red

smeV/MeV3d
BsE1d↑

s10−3e2 fm2d
BsM1d↑

smN
2d

3279 0.80(14) 2.23(40) 1 0.06(1) [0.06(1)] [0.006(1)]

3846 2.00(38) 16.4(21) 0.47(12) 0.29(4) [0.28(4)] [0.025(3)]

TABLE VIII. E2 excitations in the odd-mass isotopes135,137Ba. Given are the excitation energiesEx, the
integrated elastic scattering cross sectionsIS,0, the products of the spin factorg times the corresponding
ground-state decay widthsG0 andG0

red, together with the decay branchingsG0/G and the reduced excitation
probabilitiesBsE2d↑.

Isotope Ex

(keV)
IS,0

(eV b)
gG0

(meV)
G0/G gG0

red

smeV/MeV5d
BsE2d↑
se2 fm4d

135Ba 874 4.52(54) 0.92(12) 0.98(0.01)a 1.80(23) 2238(290)
137Ba 1252 8.88(45) 3.62(19) 1.00 1.18(6) 1467(75)

aReference[35].
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TABLE IX. E2 excitations in the even–even Ba-isotopes138,136Ba. Given are the excitation energiesEx,
the total scattering cross sectionIS,0, the width ratiosG0

2/G andG0/G together with the ground-state transition
widthsG0 and the transition strengthsBsE2d↑. The branching ratiosG0/G were taken from literature[44]. For
134Ba noE2 excitations could be detected.

Isotope Ex IS,0 G0
2/G G0/G G0 BsE2d↑ Ref.

(keV) (eV b) (meV) (meV) se2 fm4d

138Ba 1436 23.1(25) 2.48(27) 1.00 2.48(27) 2535(275) [27]

2218 13.7(16) 3.51(41) 0.98 3.58(42) 415(50)

2640 4.2(12) 1.52(44) 0.87 1.75(51) 84(25)

3339 14.5(24) 8.4(14) 0.77(4) 10.9(19) 163(29)

3367 18.7(20) 11.0(12) 1.00 11.0(12) 158(18)

3643 15.7(28) 10.8(19) 0.63 17.1(30) 166(29)

136Ba 2129 4.25(0.24) 1.00(6) 0.32(4) 3.13(22) 446(31) [26]

3116 7.2(7) 3.6(4) 1.00 3.6(4) 76(9)

FIG. 5. Systematics of dipole strength distributions in the stable
Ba isotopes observed in NRF experiments. Plotted are the reduced
decay widthsG0

red (for even–even isotopes) or gG0
red (for odd-mass

isotopes), respectively, as a function of the excitation energy. For
the even–even isotopes only dipole excitations are shown and as-
signed parities of states are given. The excitations in the odd-mass
isotopes are most probably of dipole character, however, weakE2
excitations cannot be excluded.

FIG. 4. Systematics ofsg ,g8d-spectra observed for the stable Ba
isotopes in NRF experiments using a bremsstrahlung end point en-
ergy of 4.1 MeV. Shown is the energy region where theE1 two-
phonon andM1 scissors mode excitations are expected. Peaks at-
tributed to these excitations in the even–even isotopes are marked
by 1− and 1+. Peaks labeled by27Al belong to the aluminum photon
flux calibration standard. SE labels a single escape peak.
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3102 e2 fm4. On the other hand, the state at 2.881 MeV with
the same spin and parity 3/2+ is dominated in the structure
by a “quasiparticlê phonon” component, 2d3/2^ 25

+. The 25
+

excitation of the even–even core is much less collective. This
is the reason that theE2 transition connecting the latter with
the ground state hasBsE2d=4.13101 e2 fm4. The widths of
both states have similar values because of the different exci-
tation energies. For the widthsGsM1d, such a regularity is
not seen because the energy dependence of the width is not
as sensitive as in the case ofE2 transitions. The conclusion is
that higher noncollective states, not only low-lying collective
ones, give large contributions in the measured transitions.

The distribution of the low-lying dipole strength of137Ba
could be studied via the structure of negative parity excita-
tions. The low-lyingE1 transitions in the neighboring138Ba
nucleus have been successfully described by QPM calcula-
tions [42,43]. It was shown that the first 1− state could be
related to a quadrupole–octupole vibrational mode. This is
the reason that in the present calculations of the low-lying
dipole strength the two-phononf21

+
^ 31

−g1− component is of
greatest importance.

The structure of negative parity statesJp=1/2−, 3/2−,
5/2− of 137Ba is calculated. The possiblefqp^ 2phg configu-
rations due to the coupling of the quasiparticles with the

two-phononf21
+

^ 31
−g1− component are taken into account. In

particular we have included in the wave function(6) f2d3/2

^ s21
+

^ 31
−dg1/2−,3/2−,5/2−, f3s1/2^ s21

+
^ 31

−dg1/2−,3/2−, f2d5/2

^ s21
+

^ 31
−dg3/2−,5/2−, and f2g7/2^ s21

+
^ 31

−dg5/2−configurations.
The f21

+
^ 31

−g1− component is fragmented over several 3/2−

states where the largest part offqp^ s21
+

^ 31
−d1−g3/2− configu-

rations is concentrated at 4.33 MeV(about 44.3% of the
state vector, see Table XII). A considerable contribution of
fqp^ s21

+
^ 31

−d1−g3/2− configurations is observed in the struc-
ture of the states at 3.04 MeV(8.2%) and 3.14 MeV
(17.6%). In the investigated energy region, thef21

+
^ 31

−g1−

component is distributed mainly over two 5/2− states at
3.2 MeV (69.7%) and 4.35 MeV(14.6%). From the QPM
calculations of the 1/2− states, one gets two states at energies
4.34 and 4.37 MeV where thefqp^ s21

+
^ 31

−d1−g3/2− configu-
rations are predominantly concentrated(22.1% and 35.2%).
The structure and the corresponding widths are presented in
Table XII.

In Fig. 6 the results of the calculations of the multipole
strength distributions(E1, M1, andE2) are compared with
the experimentally observed strength distribution in137Ba. A
nearly quantitative agreement between the calculatedE1
strengths and the experimental data is seen with respect to
both the absolute values and the distribution pattern. The
calculated totalBsE1d transition probability is equal to 5.2
310−3 e2 fm2. The bump of dipole excitations observed in
the experiment around about 3.8 MeV is shifted to
4.045 MeV in the calculated strength distribution. These ex-
citations were attributed to the fragmented strength of the
two-phonon excitation in138Ba at 4026 keV coupled to one
quasiparticle(see Sec. V D and Table XIV).

TABLE X. Parameters of the Woods-Saxon potentials.

r sfmd V0 sMeVd k sfm2d a sfm−1d

N 1.27 45.95 0.413 1.613

Z 1.31 53.435 0.349 1.538

TABLE XI. QPM calculation of the excitation energiessEd and ground-state decay widths forE2 andM1
transitions[GJi→g.ssE2d andGJi→g.ssM1d] of positive parity states to the ground states3/2+d in 137Ba. Only
the states withGJi→g.ssE2d.1 meV andGJi→g.ssM1d.1 meV are presented.

Jip E
(MeV)

a+ a+Q+ GJi→g.ssE2d
(meV)

GJi→g.ssM1d
(meV)

1/2+ 1.797 3s1/2s8.2%d 2d3/2^ 21
+s89.7%d 6.96

1/2+ 2.884 3s1/2s0.2%d 2d3/2^ 25
+s99.6%d 6.66

1/2+ 3.223 3s1/2s,0.1%d 2d3/2^ 26
+s99.9%d 3.35

3/2+ 1.687 2d3/2s1.7%d 2d3/2^ 21
+s95.8%d 6.64

3/2+ 2.881 2d3/2s,0.1%d 2d3/2^ 25
+s99.8%d 6.66

3/2+ 3.221 2d3/2s,0.1%d 2d3/2^ 26
+s98.8%d 3.38

3/2+ 3.298 2d3/2s2.8%d 1g7/2^ 21
+s86.1%d 2.31

5/2+ 1.247 2d5/2s46.6%d 3s1/2^ 21
+s17.3%d 4.86

5/2+ 1.701 2d5/2s4.4%d 2d3/2^ 21
+s82.1%d 6.05 1.16

5/2+ 2.367 2d5/2s11.5%d 2d3/2^ 41
+s51.0%d 8.09

5/2+ 2.881 2d5/2s0.1%d 2d3/2^ 25
+s99.3%d 6.77

5/2+ 3.222 2d5/2s,0.1%d 2d3/2^ 26
+s99.0%d 3.4

5/2+ 3.947 2d5/2s0.9%d 2d5/2^ 21
+s63.8%d 2.73

7/2+ 1.175 1g7/2s51.1%d 2d3/2^ 21
+s39.3%d 1.0

7/2+ 1.920 1g7/2s24.9%d 2d3/2^ 21
+s57.8%d 5.51

7/2+ 2.884 1g7/2s0.2%d 2d3/2^ 25
+s98.1%d 6.8

7/2+ 3.221 1g7/2s,0.1%d 2d3/2^ 26
+s97.9%d 3.3
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C. M1 excitations in the even–even Ba isotopes

As can be seen in Fig. 5, noM1 excitations could be
observed in the magic isotope138Ba (deformation parameter
b2=0.093) below 4 MeV. A magnetic dipole excitation
emerges first in136Ba sb2=0.124d. However, the transition to
the 1+ level at 3370 keV has a strength of onlyBsM1d↑
=0.17s2d mN

2. In the neighboring134Ba sb2=0.164d the 1+

state at 2939 keV is lower in energy and has an increased
strength of 0.31(4) mN

2. It can be considered as the main
fragment of the scissors mode.

Here, it should be noted that before the phase transition
point to the deformed phase is reached, the “scissors mode”
appears as aJp=1ms

+ two-phonon state with proton-neutron
mixed-symmetry character[45–47]. Its two-phonon chang-
ing M1 coupling to the ground state is suppressed and the
M1 transition rate to the symmetric two-phonon states is
enhanced. Best evidence for this scheme is given by our
comprehensive data on the nucleus94Mo [48,49].

The vibrational nucleus136Ba must be expected to also
exhibit mixed-symmetry multiphonon structures[47]. The
fundamental one-phonon 21,ms

+ state has been discussed al-
ready in Ref.[26]. The lowest 1+ state of136Ba at 2694 keV
is short-livedft=19s4d fsg and indeed decays strongly to the
22

+ symmetric two-phonon state. Unfortunately, theE2/M1
multipole mixing ratio for this 1+→22

+ transition is unknown.
Assuming it has a pureM1 character, the decay rate converts
into a large value ofBsM1;12694

+ →22
+d=0.6 mN

2, which sup-
ports the mixed-symmetry two-phonon character of the 1+

level at 2694 keV in136Ba.
The isotope134Ba is located closer to the critical point to

the deformed phase. Here theM1 coupling to the ground
state increases. The totalM1 strength, which can be esti-
mated by adding up the weaker strengths of neighboring

TABLE XII. QPM calculations of the excitation energiessEd, structure, and corresponding ground-state
decay widthsfGJi→g,ssE1dg for E1 transitions of negative parity states to the ground states3/2+d in 137Ba.
Only the states withGJi→g.ssE1d.0.1 meV are presented. In the structure of every state the contributions of
the largesta+Q+ component(in %) and of the all includeda+ ^ f21

+
^ 31

−g1− configurations(in %) up to
4.4 MeV are given.

Ji
p E

(MeV)
a+ a+Q+ Saa+ ^ f21

+
^ 31

−g1−

(%)
GJi→g,ssE1d

(meV)

1/2− 4.045 2p1/2s0.8%d 2d3/2^ 21
−s91.6%d 4.1 177.4

1/2− 4.341 2p1/2s0.6%d 2p3/2^ 21
+s74.5%d 22.1 163.8

1/2− 4.371 2p1/2s0.6%d 2d5/2^ 31
−s62.7%d 35.2 156.8

3/2− 2.701 2p3/2s0.1%d 1h11/2^ 41
+s96.1%d 1.7 6.95

3/2− 3.040 2p3/2s0.7%d 2d3/2^ 31
−s82.5%d 8.2 7.00

3/2− 3.136 2p3/2s,0.1%d 1h11/2^ 42
+s77.9%d 17.6 0.1

3/2− 3.456 2p3/2s0.1%d 1h11/2^ 43
+s97.9%d 1.6 1.00

3/2− 4.333 2p3/2s2.2%d 2p1/2^ 21
+s49.4%d 44.3 62.2

5/2− 2.748 1f5/2s0.1%d 1h11/2^ 41
+s99.8%d ,0.1 0.4

5/2− 3.134 1f5/2s0.5%d 2d3/2^ 31
−s73.9%d 10 5.8

5/2− 3.210 1f5/2s0.4%d 2d3/2^ 31
−s24.4%d 69.7 4.6

5/2− 4.342 1f5/2s0.2%d 2p3/2^ 21
+s99.5%d 0.2 4.5

5/2− 4.348 1f5/2s0.2%d 2d5/2^ 31
−s85.0%d 14.6 6.1

FIG. 6. Comparison of the experimentally observed multipole
strength distribution(E1, M1, and E2) in 137Ba with results of
microscopic calculations in the framework of the quasiparticle-
phonon model(QPM). Upper panel(a): Experimental data, for all
transitions a dipole character was assumed, besides for the known
E2 excitation at 1252 keV; lower panel: Results of the QPM calcu-
lations (see text).
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states, where a positive parity can be assumed from the mea-
sured decay branching ratios(see Ref.[25]), amounts to
BsM1d↑ tot=0.56s4d mN

2. This value is in rough agreement
with IBM-2 predictions in the O(6) limit [50] of
BsM1d↑Os6d=0.72mN

2. Unfortunately, the lighter stable even–
even Ba isotopes130,132Ba occur only with very low natural
abundances of 0.106% and 0.101%, respectively. Therefore,
no enriched target samples in gram quantities were available
at present for NRF experiments.

D. E1 two-phonon-excitation strengths in the even–even Ba
isotopes134,136,138Ba and their fragmentation in the

odd-mass isotopes135,137Ba

In spherical even–even nuclei near closed shells the cou-
pling of quadrupole and octupole phonons leads to two-
phonon excitations of the type 2+ ^ 3−, a quintuplet of nega-
tive parity statess1− to 5−d. The spin 1 member can ideally
be investigated in photon scattering experiments. The two-
phonon nature of these 1− states has been confirmed by mea-
surements of the branching ratios of their one-phonon decay
into the 31

− and 21
+ vibrational states[51,52]. A comprehen-

sive compilation of existing experimental NRF data and their
interpretation can be found in Ref.[18].

A common feature of theseE1 excitations, which were
observed as a general phenomenon in nuclei near the shell
closuresZ,N=28; Z,N=50; N=82 [18], are excitation ener-
giesE1 very close to the sumsE2++E3−d of the corresponding
one-phonon energies, suggesting a nearly harmonic coupling.
The reduced transition probabilities for the ground-state de-
caysBsE1d ↓ are maximal at the corresponding magic num-
ber. These values gradually decrease with increasing distance
to the shell closure. The opposite is observed for the decay of
the 1− states to the first excited 21

+ one-phonon states. The
BsE1,11

−→21
+d values are generally lowest at magic num-

bers. They increase when leaving the shell closure, with
some irregularities. This behavior could be explained on the
basis of the QPM as due to the dipole core polarization as-
sociated with the electric giant dipole resonance(GDR) [18].

The experimental data for theE1 two-phonon excitations
in 134,136,138Ba fit nicely into the systematics. The numerical
results are summarized in Table XIII and depicted in graphi-

cal form in Fig. 7. In the upper part are plotted the energies
of the 21

+ (open squares), 31
− (open diamonds) one-phonon

excitations, and the observed 1− two-phonon excitations(full
crosses). They are compared to the expected sum energies
S=E2++E3− (open hexagons). In the lower part the experi-
mental BsE1d ↑ values for the two-phonon excitations are
shown. Obviously, the strengths drastically decrease when
leaving the magic numberN=82. A similar effect was ob-
served in nuclei with additional neutrons outside theN=82
shell, where more experimental data are available. The Ba
isotopic chain has one of the rare possibilities to study the
influence of neutron holes on the dipole strength distribu-

FIG. 7. Systematics ofE1 two-phonon excitations in the even–
even Ba isotopes. Upper part: Energies of the 21

+ (open squares), 31
−

(open diamonds) one-phonon excitations and of the observed 1−

two-phonon excitations(full crosses) in 134,136,138Ba compared to
the expected sum energiesS=E2++E3− (open hexagons). Lower
part: ExperimentalBsE1d↑ values for the two-phonon excitations
(full symbols). Error bars are smaller than the size of the symbols if
not explicitly depicted.

TABLE XIII. E1 two-phonon excitations in the even–even Ba isotopes. The experimentally observed
excitation energiesE1− of the 1− levels of the two-phonon quintuplets2+ ^ 3−d are given together with the
energies of the corresponding one-phonon excitationsE2+, E3− and their sums. Furthermore, the observed
decay branchingsRexpt and excitation strengthsBsE1d↑ are quoted.

Isotope E1−

(keV)
E2+

(keV)
E3−

(keV)
E2++E3−

(keV)
Rexpt BsE1d↑

s10−3 e2fm2d
Ref.

138Ba 4027 1436 2881 4317 11.9(13) [57]

4026 1436 2881 4317 ø0.15 13.0(28) [27]

4025 1436 2881 4317 0.15(4) 16.7(8) [60]
136Ba 3436 819 2532 3351 ø0.14a 6.2(14) [57]

3436 819 2532 3351 5.39(33) [26]
134Ba 2824 605 2255 2860 0.36(17) 2.30(30) [25]

aReference[68].
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tions. Another very interesting chain for such studies repre-
sent the Xe isotopes with seven stable even–even isotopes
from 136Xe sN=82d down to 124Xe. The corresponding first
photon scattering experiments on these nuclei were already
started successfully at Stuttgart[53].

Fundamental low-lying dipole modes in heavy nuclei, like
the M1 scissors mode and theE1 two-phonon excitations,
have mostly been studied in even–even nuclei. The fragmen-
tation of these modes in the neighboring odd-mass nuclei is
of interest, since it may provide information on the interplay
between the coupling of these rather collective modes with
particle or hole degrees of freedom.

The longstanding puzzle of the missing scissors mode
strengths in odd-mass rare earth nuclei could recently be re-
solved by improved photon scattering experiments and sta-
tistical fluctuation analyses[58,59] of the spectra of scattered
photons(see Ref.[54] and references therein). The M1 di-
pole strength distributions are generally extremely frag-
mented, with the exception of163Dy. Recent results demon-
strate that the amount of dipole strength experimentally
observed is very sensitive to the experimental energy resolu-
tion and the overall detection limits.

In the case of the two-phonon excitations in the odd-mass
neighbors of magic even–even nuclei experimental data exist
for nuclei near theZ=50 shell closure. The coupling of an
additional proton to theZ=50 core was studied in NRF ex-
periments on121,123Sb [55]. Corresponding data exist for
115In (Z=49, one proton hole) [56]. Whereas in115In and
121Sb the integrated strengths nearly reach those of the two-
phonon excitations in the core nuclei, in123Sb only half of
the expected strength could be detected(see Ref.[55]). Near
theN=82 shell closure the odd-mass isotope143Nd was stud-
ied extensively[62,63]. Here the coupling of thef7/2 neutron
outside the closed shell to the quintuplet of two-phonon ex-
citations leads to a fragmentation of theE1 strength. The
experimentally observed integratedE1 strengths are compa-
rable to that of the 1− member of the two-phonon quintuplet
in the core nucleus142Nd. Furthermore, the strength distribu-
tion pattern could be reproduced by calculations in the

framework of a weak particle-core coupling model[62,63].
On the other hand, there were no experiments up to now
studying the coupling of neutron holes to the core excita-
tions. Therefore, the present experiments on137,135Ba are of
special interest.

In Table XIV the total dipole strengths in the odd-mass Ba
isotopes 135,137Ba are summarized. Since in these nearly
spherical nucleiM1 scissors mode strength should be negli-
gible andE2 excitations in NRF are rather suppressed, the
observed total strengths are ascribed to the fragmentedE1
strengths of the two-phonon excitations. The data are com-
pared to theBsE1d ↑ values measured for the two-phonon
excitations in even–even core nuclei and the neighboringN
=82 isotones139La and141Pr. The integration limits for the
strengths in135,137Ba were properly chosen according to the
energy ranges of the corresponding excitations in the core
nuclei 134,136,138Ba (compare Fig. 5). Furthermore, since no
parities could be determined for the dipole excitations in
135,137Ba, the sameE1/M1 strength ratios were assumed as
found in the core nuclei as a crude estimation.

As can be seen, the totalE1 strengths in135Ba deduced in
this manner strongly depend on the choice of the correspond-
ing core. However, it is nearly the same as compared to that
in the chosen neighboring core nuclei134Ba or 136Ba with
their differentE1/M1 ratios. In any case, the detected total
dipole strength observed in135Ba is more fragmented as
compared to137Ba. This trend of an increasing fragmentation
of the dipole strength with decreasing mass numberA is
continued as documented by the results for133Cs sZ
=55, N=78d, where numerous, but only very weak dipole
excitations could be detected[61].

The observed strength in137Ba is only about one half of
that in 138Ba where noM1 excitations were detected in the
relevant energy range. A trivial reason for this reduction
might be the fact that the two-phonon excitation in138Ba is at
4026 keV and some of the fragments of the two-phonon-hole
states in137Ba may be shifted to higher energies(as sug-
gested by the QPM calculations, see Table XII), which were
not accessible in the Stuttgart experiment due to the energy

TABLE XIV. Comparison of experimental data for theE1 two-phonon–particle strengths in odd-mass nuclei near the shell closureN
=82 with the two-phonon strengths in the neighboring even–even core nuclei. For both, the odd-mass isotopes and the corresponding
even–even core nuclei the proton and neutron numbersZ,N are given for comparison.

Isotope Z N SBsE1d↑
s10−3 e2fm2d

Ref. Core ZC NC BsE1d↑
s10−3 e2fm2d

Ref.

135Ba 56 79 2.1±0.3a This work 134Ba 56 78 2.3±0.3 [25]

4.5±0.6b This work 136Ba 56 80 5.39±0.33 [26]
137Ba 56 81 6.0±0.6 This work 138Ba 56 82 13.0±2.8 [27]
139La 57 82 6.6±0.7 [64] 138Ba 56 82 13.0±2.8 [27]

140Ce 58 82 16.7±0.8 [27]
141Pr 59 82 7.1±1.9 [64] 140Ce 58 82 16.7±0.8 [27]

142Nd 60 82 16.3±2.4 [21]
143Nd 60 83 13.6±1.8 [62,63] 142Nd 60 82 16.3±2.4 [21]

144Sm 62 82 18.8±2.6 [65,66]

aAssuming the sameE1/M1 ratio as in134Ba, see text and Ref.[67].
bAssuming the sameE1/M1 ratio as in136Ba, see text and Ref.[67].
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limitations of the Dynamitron accelerator. However, theE1
strength in137Ba is the same as in the lighter core nucleus
136Ba. A similar result is found for the two-phonon-particle
states in143Nd, where almost the same strength is recovered
as that of the two-phonon states in the even–evenN=82
isotones142Nd and144Sm. The situation seems to be different
in the odd-massN=82 isotones139La and141Pr with midshell
valence protons where only about one half of theE1 strength
as in the even–evenN=82 isotones could be detected. To
what extent this is only due to a poorer sensitivity in these
older NRF experiments[64] must be clarified by future im-
proved measurements.

E. The dipole strength distributions in the stable Ba isotopes
in view of the new critical point symmetries

In Fig. 8 the reduced transition probabilitiesBsE2d ↑ for
the excitation of the first 2+ states in the stable even–even
nuclei within the Xe, Ba, Nd, Sm, and Gd isotopic chains are
plotted as a function of the neutron numberN. TheBsE2d ↑
values are, as well known, proportional to the squares of the
deformation parametersb2 [69]. As to be seen clearly in Fig.
8 BsE2d ↑ is minimum, as expected, for the magic nuclei
with neutron numberN=82. For the neutron-rich nuclei with
Nù82 a universal increase of theBsE2d ↑ values with rising
neutron numbers can be stated for all isotopic chains reach-
ing some saturation aboveNù92. In particular, nearN=90 a
sudden jump in the deformation, corresponding to large
BsE2d ↑ values, is obvious. TheN=90 isotones154Gd,
152Sm, and150Nd are exactly the proposedXs5d candidates.
The sudden onset of the deformation causes an abrupt open-
ing of the deformation splitting of the GDR, as nicely docu-
mented by photoneutron cross-section measurements on nu-
clei of the Nd and Sm isotopic chains[8,9]. The sudden
shape transition is visibly more pronounced than in Fig. 8
when plotting theBsE2d ↑ values as a function of the so-
called CastenP factor [70]. P is defined asP=Np·Nn/ sNp

+Nnd whereNp andNn are the number of protons and neu-
trons outside a closed shell, respectively[71]. In this presen-
tation theBsE2d ↑ values follow a step-like function where
the steep increase lies at criticalP-parameters ofPcrit
<4–5, exactly in the region of theN=90 isotones, theXs5d
candidates. The same behavior was found for the totalM1
scissors mode strengths[70]. The underlying proportionality
between theBsE2d ↑ and the total M1 scissors mode
strengths was observed experimentally[72] and explained
theoretically[73,74]. For these nuclei a sudden concentration
of the scissors mode excitations in a narrow energy range
around 3 MeV is obvious[21–23,19,20]. It is further remark-
able that for each isotopic chain the mean excitation energy
of the scissors mode, i.e., the center of gravity of theM1
excitation strength distribution, seems to be lowest for the
critical point nuclei. This can be obtained from the data on
the Sm and Nd isotopic sequences that include theN=90
critical point nuclei [15]. To what extent this is a general
phenomenon must be left at this point to future investiga-
tions.

Also in the low-lying electric dipole distributions pro-
nounced changes can be seen. The systematics of low-lying

E1 excitations in nuclei of the mass regionA=130–200 was
summarized and discussed in a recent article by Fransenet
al. [75]. Two features are remarkable. First, the excitation
energy of the lowest 1− state is lowest for theN=90 isotones;
secondly, the excitation strengthBsE1d ↑ has a minimum
aroundN=84 and jumps atN=90 to a saturation value which
is as high as the values for the strongE1 two-phonon exci-
tations in the closed shell nucleisN=82d.

To summarize, the first order phase transition from spheri-
cal to deformed shapes can be observed besides in the sys-
tematics of the often discussed excitation energy ratios
E4+/E2+ andBsE2d values also in the dipole strength distri-
butions of neutron rich nuclei aboveN=82. It can be seen in
the shape of the high-lying electric giant dipole resonance
(GDR), in the M1 scissors mode strength distribution, but
also in the low-lying electric dipole strength systematics.

The situation for the neutron-deficient nuclei with neutron
numbersNø82 is quite different. TheBsE2d ↑ values in-
crease linearly with decreasing neutron numberN as shown
for the Ba and Xe isotopic chains in Fig. 8. In an extended
systematics, including unstable even-even nuclei of the Sn,
Te, Xe, Ba, Ce, and Nd isotopic chains, Dewald[76] dem-
onstrated that for all these isotopes theBsE2d ↑ values in-
crease linearly with dropping neutron numberN, however,
with different slopes. For the isotopes with higher proton
number Z steeper slopes were observed. This behavior is
distinctly different from the findings for the neutron-rich iso-
topes, where theBsE2d ↑ values fall on one universal curve
for all isotopes and increase nonlinearly with an abrupt jump.

Unfortunately, for the neutron deficient nucleiE1 GDR-
data exist only for the spherical Sn-isotopes116,118,120,124Sn
[77] and the vibrator nuclei124,126,128,130Te [78] exhibiting a
deformation splitting not at all corresponding to the small
BsE2d values. In addition, the even-even Sn isotopes show a
remarkably uniform low-lyingE1 strength distribution. The
E1 strengths are concentrated in the two-phonon excitations
with nearly constantBsE1d↑ values[79].

For the Ba isotopic chain, where134Ba was proposed as
an Es5d candidate[4], the E1 GDR photoabsorption cross

FIG. 8. Reduced transition probabilitiesBsE2d↑, which are pro-
portional to the squares of the deformation parametersb2, as a
function of the neutron numberN for the stable even–even nuclei of
the Xe, Ba, Nd, Sm, and Gd isotopic chains. All data are taken from
a recent compilation by Ramanet al. [69].
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section was only measured for the magic isotope138Ba sN
=82d [80]. The shape of this cross section is nicely described
by one Lorentzian, as expected for a spherical nucleus. Not a
single one of the numerous neighboring stable Xe isotopes
was studied in the energy range of the GDR due to the ex-
perimental problems with enriched gaseous targets of gram
quantities(see[81]). Therefore, the discussion of the dipole
strength distributions up to now has been restricted to the
few data on low-lying dipole excitations in134,136,138Ba pre-
sented in this paper.

In Fig. 5 the observed dipole strength distributions are
depicted. TheM1 scissors mode excitation emerges in136Ba
as a mixed-symmetry two-phonon state and increases with
deformation. In theEs5d candidate 134Ba the total M1
strength amounts to aboutSBsM1d↑ =0.56s4d mN

2, compa-
rable to that in the O(6) representative196Pt [82]. The in-
crease of the strength and the shift in energy are rather
smooth.

The data on theE1 two-phonon excitations in the even-
even Ba isotopes are summarized in Table XIII. The strong
E1 two-phonon excitation in138Ba exhausts the complete
low-lying E1 strength in this nucleus. This excitation is
shifted to lower energies nearly linearly when moving to the
lighter isotopes136,134Ba. The strength is reduced rather dra-
matically (see Fig. 7). Such a behavior is not observed for
nuclei with Nù82 (see[18]).

Obviously, for a detailed discussion of possible signatures
for a second order phase transition when approaching134Ba
the data basis is too sparse. Up to now the other two existing
stable Ba isotopes132,130Ba could not be studied in NRF
experiments. Due to their low natural abundance, enriched
targets in gram quantities are unaffordably expensive. On the
other hand, the Xe isotopic chainsZ=54d with seven stable
even-even isotopes is also very interesting to study, since it
reaches from theN=82 isotope136Xe down to theN=70
isotope124Xe. However, the gaseous nature of xenon repre-
sents an experimental challenge. Fortunately, it could be
overcome by the development of high pressure gas-targets at
FZ-Karlsruhe[83]. First NRF experiments performed at the
Stuttgart bremsstrahlung facility on124,128,130,132,134Xe
showed encouraging results[53].
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