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Abstract

In order to study the signature inversion of odd-odd La isotopes. two experimental
investigations have been carried out. The first experiment was an in-beam ~ ray
spectroscopy of "!La for the purpose of the extension of systematics in high-spin
band structures for li‘.:;}lT odd-odd La isc topes. The second t’.\:pt‘rilll('m was made
on the 3 decays of '**La and "*Ce for the experimental determination of spins of
the high-spin bands in '*®La.

From the study of " La, three band structures having rotational character
have been observed. The configurations of these bands has been discussed in
comparison with neighboring odd-A nuclei and other odd-odd La isotopes. The
signature inversion is clearly observed in "*La.

From the study of 3 decay, it has turned out that there are two 3 unstable

"“®La. An upper limit of the half life of newly found state is 2

1someric states in
minute. A probable spin would be 1% or 2, The half life of another isomeric state
is 5.240.3 minute. This is in agreement with the value measured in a previous
investigation. The spin of this isomer has been assigned to be 5¥. The spin of the
rotational band of 'La is assigned.

The experimental signature splitting has been compared with a calculation

by the particle-rotor model including a triaxial core and residual proton-neutron

mteraction.
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Chapter 1

Introduction

High spin states of nuclel in the mass number A ~ 130 region have been studied
extensively by In-beam 5 ray spectroscopic method. The nuclei with the proton

number Z > 50 and the neutron number N < 82 are located in the neutron
deficient side, and exhibit gradual increase in collectivity as the neutron number
decreases. The energies of the first 2% state in even-even nuclei become low. and
higher states built on the 2% state show typical rotation like spectra near the
neutron number N ~ T0. This rotation like band is named as the eround-state
band. The property of the ground-state band can be interpreted by collective
rotation of a deformed nucleus around the axis perpendicular to the synumetry axis
of quadrupole deformation. The geometrical shape of this nucleus is approximated
by an axially symmetrie spheroid in a prolate shape with deformation parameters
in the range of ¢, = 0.2 ~ 0.25. Since the Fermi surface lies in the vicinity of
the hy1y2 deformed shell model orbital in this mass region. an interplay between
the collective rotation or vibration and single particles sitting in the above high-j
intruder orbital produces rich structures of excited states as the rotation alignment
in even-even nuclei, decoupled bands in odd-A and band structures in odd-odd
nuclei.  Therefore. the nucleus in this mass region provides an excellent testing
eground for various kinds of eurrent nuclear structure theories.

The structure of excited states in odd-odd nuclei is much more complex than

even-even or odd-4 nuclei. Usually, an odd-odd nucleus can be treated by an

approximation that it consists of an even-even core, of which spin and parity are 0%,




a proton and a neutron. The number of the proton-neutron configuration becomes
large, and thus the level density becomes high. There is a large number of decay
paths accompanied by 4 transitions. It is often difficult to resolve doublet peaks
in v ray spectra, even if we use a detector with very high resolution. Some of the
transitions are difficult to observe because of their low energies due to small energy
r«'])zl(‘iu_u;h' between excited states. Sometimes, there are isomeric states. These facts
are the reasons for the experimental difficulty for the complex structure in odd-odd
miclei especially at lower excitation energies.

In spite of the above difficulties, one can observe clear band structures at
higher excitation energies in cases where excited states are populated via heavy-ion
fusion-evaporation reactions. A large angnlar momentum is carried into a compound
nucleus. The subsequent evaporation of a small number of light particles as protons
or neutrons does not carry away a large amount of angular momenta, and thus
a state for 4 ray emission remains in a high angular-momentum state. Since the
angular momenta of 4 rays are substantially 1 or 2k, relatively selective + transitions
occur in cascades along high-spin yrast states. In addition to this physical reason. a
v ray spectrometer of new generation, which is called as "crystal-ball”, has made it
possible to identify a lot of band structures even in odd-odd nuclei. Recent standard
crystal-ball spectrometers comprise 20-50 Compton-suppressed HPGe detectors for
v ray detection and some additional detectors which are a y-ray multiplicity filter
and a particle multiplicity filter for channel selection.

One of the remarkable properties in the band structures in the odd-odd mclei
in the mass A~130 region is the low-spin signature inversion in the yrast band.
Contrary to the prediction of a simple cranking model. excited states with "favored”
signature are higher in energy than states with "unfavored” signature. We give the
name of "signature inversion” in this sense(see Appendix B).

At first. this phenomenon was observed in the band members located higher

than the first backbend of odd-A4 nuclei in the mass number 4 ~ 160 [1] Hot

discussions were made on the effect of non axially symmetric deformation. the



contribution of 4 vibration, and so on [2][3]. Hereafter, we use a word of "triaxial
deformation” instead of non axially symmetrie deformation. For odd-odd nuclei,
Pinston and his coworkers reported that similar inversion oceurred in the yrast
bands of " Eu, '"Tb and some other odd-odd nuclei in the mass number A ~ 160
[4][5]. Later on. such an inversion was also observed in odd-odd nuclei in the mass
number A ~ 130 [6][7]. It should be noted, however, that the inversion in odd-odd
nucler 18 mentioned for low spin states at lower excitation energies.

From the theoretical point of view. Hamamoto reported that a particle-rotor
model with a core of axial symmetry could explain the signature inversion [8].
Matsuzaki investigated in terms of the cranked shell model(CSM) including ~
deformation [9]. Yoshida et.al. have reported the calculation by IBFM model in
which a proton and a neutron are coupled to the core of SU(3) or O(6) in the
IBM2 model [10]. Hara developed the theory of angular momentum projection
to reproduce experimental signature inversion [11]. Recently, Semmes et al. have
investigated the effects of residual interaction between a valence proton and neutron
coupled to a triaxially deformed core by means of their particle-rotor model. They
concluded that the residual interaction was very effective and that the triaxial
deformation was not necessary for the explanation of the signature inversion [12].
Tajima expected that the triaxial deformation might contribute to the signature
inversion from the existence of low-energy 4 bands in neighboring even-even nuclei.
He calculated the signature dependence of excitation energies and the ratios of
B(M1)/B(E2) for '"Cs and some other nuclei [13]. The calculations are in
agreement with the experimental signature splittings in Ce isotopes. A gross feature
of calculated signature splittings of La and Cs are similar to each other.

The signature inversion of odd-odd nuclei, however, is not still fully
understood. There is a common feature in the two mass regions of A ~ 160 and
A ~ 130. The valence proton and neutron oceupy the whyy/, with high Q and vi4),

with low  orbitals in the 4 ~ 160 region. The proton in the why/; with low £

orbital and the neutron sitting in the vhy,/, with high Q orbital play the principal




role on the yrast band in the A ~ 130 region. In other words. one nucleon can
easily align its angular momentum along the axis of collective rotation, while the
other nucleon tends to remain its angular momentumn along the axis of deformation
symmetry. These nucleons are defined as "rotation aligned” and "deformation
aligned” nucleons. respectively. The behavior of the signature inversion seems to
be dependent on the proton number in the A ~ 160 region. and on the neutron
number in the 4 ~ 130 region. This suggests that the coupling of the valence
nucleons should be investigated more carefully with attention to the shell filling of
the deformation aligned nucleon.

The most important point in the investigation of the signature inversion
is firm experimental spin assignments of the band members. In this sense, the
present experimental data are very inadequate. In the mass number A ~ 130.
experimental spin assignments are made only for the two nuclei of '**Cs and '*°Cs
[T‘ The signature inversions are reported in other Cs isotopes 1—}||1:). In odd-odd
La isotopes. the signature inversion is observed in '“’La, and might be in '**La
[16][17][18]. The signature inversion is not so clear in '"La [18]. In these Cs
and La isotopes, it cannot be discussed whether the inversion occurs at low spins
or not. because the spin assignments are ambiguous. The caleulations by Tajima
indicate not only that the agreement between the theoretical signature splittings and
experimental data is not sufficient, but also that the sign of the calculated signature
splittings are opposite to the experimental data on La isotopes. One of the reason
for this discrepancy would be due to the spins of the bands in La isotopes. The
spins are given by theoretical discussions as routhians or aligned angular momenta.
and thus are not assigned experimentally. In lighter La isotopes, even rotational
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bands are not reported in '*'La or '**La for instance. Some more experimental data
are clearly required for the more deeper understanding of the signature inversion in

|Jtll]—ntlt1 Illlc‘lt’i.

The present work has been initiated by the above motivations. It consists

of two investigations. The first investigation is the observation of rotational bands




of "'La aiming at the extension of the systematics of lighter odd-odd La 1sotopes.
The second study is the spin assignment of the rotational bands of '**La. This has
been performed in order to determine whether the signature inversion appears at
low spins or high spins.

In the following chapter. the experimental procedures of the in-beam
spectroscopy of '“'La, the 3 decay and the in-beam spectroscopy of '*La for the
spin assignment will be described in chapter 2. chapter 3 will be given to the report
on the experimental results. The configurations of the bands in ™'La. the spin
assignment of '**La and the systematics of the signature inversion will be discussed

in chapter 4. In the final chapter, we will summarize the conclusions derived from

the present investigation.




Chapter 2

Experimental procedure

2.1 In-beam spectroscopy of '*'La

Several well developed band structures are observed in '**La [16], '**La and *La
[17][18]. From a qualitative theoretical discussion and experimental systematics,
it is proposed that the bands populated with high intensity have whyy /o @ vhy ),
and whyy/, G vqz/2 configuration. On the excited states of '**La. however. detailed
experimental data have not been reported so far, although a 4 ray spectrum recorded
in conjunction with the Daresbury recoil mass separator and a few of v ray energies
have been reported [19]. In order to study the high-spin band structures in '*La,
an in-beam spectroscopy was undertaken.

The excited states of "*La were populated through the **Cl4"?*Mo reaction
at beam energies of 150 and 135 MeV. The target was a self-supporting metallic
foil 960 pg/cm?® thick. A v-v coincidence experiment was performed at 150 MeV
using the NORDBALL spectrometer and the tandem-booster system at the Niels
Bohr Institute in Denmark. The calibration of the energy scale and the photo-peak
efficiency of the v ray detectors were carried out by '"*Eu and ™ Ba sources. The
coineidence data were recorded on magnetic tapes event by event when at least two
of the BaF, detectors and two of the Ge detectors fired. In this experiment, 4x10%
v-7 coincidence events were collected.

The cross section of the production of ™ La is dominant in the **Cl4+"*Mo
1

reactions. The compound nueleus "7Pr for this reaction is located far from the line




of f-stability and many channels of particle evaporation are open at 150 MeV. In
such a case, the mass assignment of residual nuclei, in general, becomes difficult.
Since the measurement of y-ray yield at different beam energies is helpful for the
mass assignment of reaction products, we changed the beam energy to 135 MeV.
The experiment at this lower beam energy was performed by the tandem-booster
system at the Umversity of Tsukuba. Moreover, a charged-particle multiplicity
filter and a neutron detector were nused. Particle-y coincidence measurements were

powerful to the selection of exit channels.

2.1.1 NORDBALL

The NORDBALL spectrometer consisted of 18 Compton-suppressed HPGe
detectors, one LEPS for the detection of low-energy 4 rays and the inner ball
of 52 BaF, scintillation detectors for v multiplicity measurement. The frame of
the NORDBALL i1s a truncated icosahedron having 20 hexagonal surfaces and 12
pentagonal surfaces, Compton suppressed v ray detectors can be mounted on the
hexagonal surfaces arranged in such a way that the first five surfaces with a polar
angle of 37° surround the beam axis at azimuthal angles every 72°, and the second
five surfaces with a polar angle of 79° surround the beam axis in every 72°. This
vields 2 rings with 5 detectors equidistantly placed. Ten 4 ray detectors can be
IJ]HI'I'(l in the forward }ll‘]l]i.‘-illll(‘l‘(' in this way. Another 10 4 ray detectors are
arranged symmetrically at the backward hemisphere. The polar angles of each ring
are 0=37°, 79° 101° and 143° with respect to beam direction. The surfaces of
the pentagonal shape are usually occupied by the photo multiplier tubes of BaF,
scintillation counters for 5 multiplicity filter. In our experiment. the LEPS was

mounted on a hexagonal surface located at the 6=101° ring. The energy resolutions

of - ray detectors were 2.2—-2.6 keV for 1.3 MeV vy ray of **Co source.




2.1.2 Multi detector array of the University of Tsukuba

The spectrometer system consisted of 6 HPGe detectors with BGO anti-Compton
shield, one liqud scintillation detector and a charged particle multiplicity filter.
The efficiencies of Ge detectors were in the range of 30~40 % relative to a 3" x 3in
Nal detector. The ratio of the geometrical solid angle of one detector to 47 was
limited to 6.16 x 10~ by lead collimator. The sum of two photo peak areas for
Co source was typically 47 % of total area of the spectrum(P/T ~ 0.47). The Ge
detectors and neutron detector were mounted on a dodecahedral frame. Five Ge
detectors were placed in axial symmetry with respect to the beam. The polar angle
f was 116.5° (backward direction), whereas azimuthal angles ¢’s were at every 72°.
One Ge detector was placed at # = 0°. The energy resolutions of HPGe detectors
were 1.9-2.2 keV for 1.3 MeV ~ ray of “Co source.

The neutron detector was placed at § = 63.5°. It was a liquid scintillator
made by Bicron BC-501A with a volume of about 5 liter. The detection efficiency
was measured by neutrons from an Am-Be source placed at the target position.
A standard module of 2160A supplied by CANBERRA was used for n — 4
discrimination. The detection efficiency was about 40 % for neutrons from the
Am-Be source,

The charged particle multiplicity filter was designed in a similar manner to
the Si ball developed at Kyushu University. It comprised 17 Si detectors 200 pum
thick. The shape of the detector array was chosen to be a pentagonal box in order
to minimize the attenuation of 4 rays to the Ge detectors arranged in pentagonal
symmetry. Faces of the beam entrance and exit were five-segmented pentagonal
detectors. The length of the side was 17 mm and a 6 mm hole was prepared at
the center to pass the beam. These detectors were developed at Kyushu University
[20]. Each of the pentagonal sides was covered by three rectangular detectors 10

mm wide and 24 mm long. The detectors are the model S2662 made by Hamamatsu

Photonics Co. Three rectangular detectors were placed along the beam direction




over the length of about 30 mm. The total number of segments was 25, and the
total solid angle of active area was T4 % of 47 around the target. From the
limitation of electronics in actual operation, nmumber of segments was reduced to
16 by connecting five segments of the entrance face and five rectangular detectors
together at backward angles. The diserimination of protons from alpha particles was
achieved by measuring pulse heights. Larger pulses correspond to alpha particles.
if the chance of hits by two protons in one segment is sufficiently small. The
particle discrimination was successful at emission angles smaller than 104°. although
it becomes inadequate a little at angles larger than 104°. The channel selectivity

was satisfactory for the separation of 3p channel from 1p and 2p channels.

2.2 Spectroscopic investigation of low-lying
states in '“La

As described earlier, the spin of the band members is crucial to the occurrence of
signature inversion in odd-odd nuclei. For the spin assignment for rotation like
bands built at higher excitation energies, the spin and parity of the ground state
must be known as well as the multipolarities of linking transitions between the
higher excited states and the ground state. The detailed data of the low-lying
states are required.

There have been a little data on low-lying states of odd-odd La isotopes in
the mass number of A~130. In '""La, the spin and parity of the ground state is
1'(‘}>|ll'lt‘li to be 27. The ;_';I‘nlllltl state (le‘('}l_\'}i V14 .‘fﬂfEC (11‘(‘:1}' with a half life of 4.8
h. An i1someric state with I™ = 67 and T}/, = 24.3 min 1s located at 188.5 keV.
This isomeric state decays via 3% /EC decay and 4 decays of E4 and M3 transitions
[21]. Idrisst et al. have recently reported the existence of two F-unstable isomers in
'#1La, though the 4 transitions between the isomers were not mentioned[22]. There
is no such experimental data on "*°La, '®La and "La. Only one 3- unstable state
is reported in these odd-odd isotopes.

Odd-A nuclei in this mass region have systematically high-spin isomers caused
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by the hyy s, high-) intruder orbital or the g/, orbital. All of the ground-state spins
are 1/2% in " Ba, '¥Ba. and "' Ba [23](24](25]. The spins of the ground states
in "La and ""'La are (3/2%) and 3/2% [26][27]. From these systematics of odd-A
nuelel and two P.‘Citllll)](‘ of odd-odd La nuclei mentioned above, it is vxlu'['tl‘rl that
1*8La might have two # unstable isomers also. One of them would be of high-spin
and the other would be a low spin isomer.

On the basis of such an argument, two kinds of experiments were undertaken.
The first experiment was made on the 3-decay chain of '**Ce—'**La —!?®Ba. The
second experiment was the search for the 37 /EC and v decays from a high-spin

* or 27 originated from the

isomer from "“®La. If the low-spin isomer has spins of 1
coupling of the proton 3/2% state and the neutorn 1/2% state, strong feeding should
be observed via the 3 decay from '**Ce.

The half life of the 3 decay of '¥Ce is described as T}/, = 5.57}0) minute
in reference [28]. This value, however, is not adopted in reference [29]. There is
no data of 4 rays after the 3 decay of ' Ce. Neither the low-lying states nor the
existence of two F-unstable isomers are i'v]u)l'tt‘tl on *#La.

Godfrey et al. and Nolan et al. observed the high spin states of "*®La [17][18].
However, the v rays located below the rotational bands are not reported at all. If
8La would have a high-spin isomeric state, the flow of 5 ray intensity would be
terminated at the isomer. The experimental results by Godfrey and Nolan suggests
that linking transitions are very week. and thus the isomer would be a 7 unstable
state. If we could observe linking + transitions. the half life of them should agree
with that of the 4 decay of high-spin isomer of '**La.

The 3 decay of '**La were investigated by previous authors [30](31]. The low-
lying excited states of '*Ba, the end-point energy of 3 rays and log ft values are
presented in reference [31] in detail.

In order to measure the 4 rays and decay curves, we used a tape transport

system. Two reactions of "Rh(%Si, 1p2n)'*Ce and "°In('*0, 3n)'*La were

employed for cross bombardments. The former reaction produces both of '**La
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and '"¥Ce. while the latter reaction never produces '**Ce.
2.2.1 Tape transport system

The tape transport system is a mechanical system to move radioactive I:I‘tuhlt'lh
from the production target to an appropriate detection system for 3 and/or 7 rays.
A loop made of an old magnetic tape for computers is mounted on a drive pulley
at one end and an idler pulley at the other end. To prevent from the breaking of
the tape due to the radiation damage by beam irradiation, a lead layer is pasted on
the magnetic tape. The lead layer 1s sufficiently thick to stop the beam as well as
reaction I)l'lltllll'f.‘-i recoiled out from the target. The drive and idling pllllf'}' are of
course installed in vacuum. The drive pulley is set about 40 em above the target
position. Detectors are placed below the target by 30 em. The idler pulley is put
further down by about 60 cm.

The tape transport system was used in the following sequence. At first.
recoiled reaction products were captured in the lead layer during the beam
irradiation time. After the irradiation, the tape was moved by the stepping motor
to the detector position within a transport time of 0.7 sec. Then measurements
of radiation was started. The total length around the loop is approximately 3
m. The length of movement from the target to the detector position should be
changed in each cyele of the beam irradiation and subsequent measurements to
avoid observations of unwanted activities with long lifetime. After a long time.
however. a loop has to be replaced by new one. The fluctuation in positioning of
the recoil }:1'{1(111(‘1:4 at the detector pm‘iri:m after trausport was Il{‘j:;lir:ii)l(‘ in the
present experiments.

In some cases., the background from in-beam reaction was low enough. so
that a continuous sequence was used to increase counting statistics, During the
measurements, the beam irradiated the target and recoil products were collected
for the next measurement.

At the detector position, a thin mylar window 50 pm thick is prepared for
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penetration of low energy v and/or 3 rays. Heavy shields are made to reduce
backgrounds. In the measurement of decay curves, the timing of each event was
measured by multi-stop TDC with the resolution of 1 s. The multi-stop TDC is our
original cammac module. It counts the number of pulses which are generated by a
I”ll"‘" generator. When the data lil]{i[lL’" system 15 Tl‘if.i'}.{t’l‘t’ll ]J_\‘ the Ge detectors. the
number of the multi-stop TDC 1s accepted as time records.

The stepping motor, a beam chopper and the data taking system were
controlled by a personal computer PC-9801E. The data taking system and the
multi-stop TDC received a start and reset pulse from the personal computer.

A HiIllIl]!' but not minor prnhli'lu was electrical noise from the pvrm;u:ll
computer. In our case, the noise was minimized by cutting off the power to the

display monitor of the personal computer in periods of the measurements.

2.2.2 The /3 decay of '**Ce

In this experiment. measurements were performed on 4-7 coincidence and decay
curves of 5 rays after the 3 decay of ®Ce. The nucleus '**Ce was produced in
the "Rh(*5Si, 1p2n)'**Ce reaction at 105 MeV. The Si beam was supplied by the
tandem accelerator of University of Tsukuba. The target was a self-supporting foil
consisted of natural Rh 1.24 mg/em? thick. The natural abundance of '™Rh is
100 %. From an in-beam spectroscopic measurement, it was known that '**Ce was
a dominant reaction product. Off-line measurements were undertaken using the
tape trausport system described in the preceding subsection. Both of the times of
beam irradiation and measurement were 6 min. The 4 rays were measured by two
HPGe detectors, each of which had a thin Be-window to allow the penetration of
low energy photons. The energy resolutions were 2.0-2.2 keV for the 1.333 MeV 4

ray of "Co source. The distance from the source to the surface of detectors was 30

mm. A total of 9x107 v-v coincidence events were collected.




2.2.3 The 3 decay of '**La

The nucleus "La has been produced through the "*In('*0, 3n)'**La reaction. The
target was a self-supporting foil consisted of natural In 2.7 mg/cm? thick. The
natural abundance of '"In is 95.7 %. The nucleus of '*®La was a dominant reaction
product. The excitation function, decay curves of 4 rays and the v-+ coincidences
were measured off line using the tape transport system. The excitation function
was measured at bombarding energies of 61. 65. 69 and 73 MeV. The decay curve
and v-9 coincidence were measured at 65 and 73 MeV.

The times of irradiation and measurement were 5 min in the excitation
function and y-v coincidence measurements. The times were 15 min in the decay
curve measurements. The 5 rays were measured by three HPGe detectors in the
7-7 coincidence. Two of them had thin Be-windows. The energy resolutions were
2.1-2.2 keV. Another detector with a normal Al-window had an energy resolution of
2.0 keV for the 1.333 MeV 4 ray of "Co source. The distance from the source to the
surface of detectors were 42-45 mm. The three detectors were placed in a horizontal
plane within an angle less than 180°. The angle of one detector was arbitrary and
defined as 0°. The other two detectors were positioned at 80° and 160° with respect
to the first detector. Angular correlation of W(0° 20°) and W (0°, 80°) could be
measured in this arrangement. In the analysis of the data. the ratios of these two
vields were employed. The number of accumulated 5-4 coincidence events were

2x10% at 65 MeV and 8x10% at 73 MeV.
2.2.4 In-beam spectroscopy of '“*La

There is a discrepancy between the level scheme of high-spin band structures in
'**La proposed by Nolan et al. [17] and that by Godfrey et al. [18]. Nolan et
al. reported a cascade of 138, 104 and 85 keV 5 rays below the rotational band,
for which the, 7hy 2rhy configuration was assumed. The ordering of these
v rays, however, remains uncertain. The excited states of '**La were produced

by the "Mo(*"Cl.a3n)'*®La reaction at a beam energy of E=145 MeV and the
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5In('%0.3n)"*La reaction at Ejy, = 68 MeV. The latter reaction was used to
measure an angular distribution only.

According to Godfrey et al., on the other hand. they observed a 66 keV 7 ray
in the rotational band. whereas the 85 keV 4 ray was not observed. They used the
BMo(*S,p2n)"*%La reaction at bombarding energies of E=135, 145 MeV.

In order to remove this discrepancy and to determine the spin of the band
head of the rotation-like high-spin band, m-beam spectroscopic studies were carried
out on '""La through the ""In('0,3n)'**La reaction at FEj;,=66 MeV and the
3R Ky :'HSi.fllll]]JhL;l reaction at Ej,=105 MeV. These two reactions produce two
different compound nuclei of "'La and " Pr, so that our new experiment would
be a part of wide varieties of cross bombardments by combining with previous
experiments.

The "0 and **Si beam were hll])]llil'l‘l by the tandem accelerator of L'ni\'t'l'siT_‘\’
of Tsukuba. The "*®*La was the dominant product in the ""In('*0,3n)'**La reaction,
but not in the "“Rh(**Si.2pn)'**La reaction. The In and Rh targets were both self-
supporting metric foils. The thicknesses were 1 mg/cm?® for In. and 6.8 mg/em? for
Rh. The materials were in the natural abundance.

The spectrometer system consisted of 6 HPGe detectors with BGO anti-
Compton shield. A neutron detector and a charged particle multiplicity filter
were used in the '"""In('"0.3n)"*La reaction. The details of these detectors were
described in section 2.1.2. Two fold v-7 coincidence events were accumulated to

obtain total counts of 1.6x10% for the "*In('*0.3n)"**La reaction and 3x107 in the

3R h(*°Si.2pn)'**La reaction.




Chapter 3

Experimental result

3.1 The nucleus **La

The experimental data was analyzed off line by VAX computer system at the
Tandem Accelerator Center in University of Tsukuba. Fig. 1 shows typical ~
ray spectra observed in coincidence with protons and neutrons. In the spectrum
sorted by placing the gate on the 3p0n channel. 4 rays from '"'Ba are enhanced.
According to the calculation in terms of the statistical model, the cross section
leading to the 1pln channel is mmch smaller than that to the 2pln channel. In
practice, the spectrum obtained from the 1pln gate did not include any v rays with
strong intensity. The spectrum displayed in the lowest panel of Fig. 1 was observed
]l_\' summing the spectra Lg:xtm] ]:}‘ ];Jln and Qj:lu channels. Ti}_;‘ht ('[}1'[‘(‘511()11:‘11‘11!‘[' to
the spectruin I'{'])lll'I{‘ll in reference ;10; can be seen in the pattern of the spectrum

12414 observed at two

in Fig. 1. Besides, the change in the intensities of ¥ rays from
beam energies was in agreement with that from the statistical-model calculation.
The majority of photo peaks. therefore. can be reasonably attributed to the 5 rays
from "' La. The number of neutron evaporation channels was small. so that even one
neutron detector was effective to assign to the 2pln channel. Other v rays belonging

297 4 were 1dentified by coincidence relati hins betwee hese ~ ravs M ¢ e
to .a were wdentified by commcidence relationships between these v rays. Of course
we rejected known gamma rays from '*'Ba [32][33][34]. '**Ba [35] and several other

nuclei during the analysis. Fig. 2 shows sample gated spectra.

The relative intensities of 4 rays were estimated from gated spectra. As seen




in Fig. 1, it is impossible to determine the intensities for v rays of interest from the
singles spectrum. At first the relative intensities were derived for only prominent
v rays in each structure from a total projection spectrum. which included many ~
rays from other nuclei. The final value of relative intensities including weak ~ rays
were obtained from gated spectra by normalizing to those of prominent + rays.

The energies and relative intensities of 4 rays identified in the present work
are given in Table 1. 2 and 3. Since the ground state is unknown as well as linking
transitions between the ground state and the band head. the exeitation energies are
tentatively measured from the lowest level of each band. Only the statistical error
is taken into account in the uncertainty of the relative intensity.

A proposed partial level scheme drawn in Fig. 3 was constructed from the
coincidence relationships. Three band structures are identified as band 1. 2 and
3. 'I-l]t' lr;mllh 1 ;md 3 ('ull.\'ir&t nf twWo sequences Uf crossover rrmmitinns. \\'llit’.‘h
are connected by interband cascade transitions. The transitions in the band 2 are
cascade. Several interband transitions are observed at lower energies between the
band 2 and 3.

The pattern of the excited states in the band 1 is similar to those observed
in "*"La. "®La and '""La. The configuration is proposed to be of 7hyy 2 @ vhyi
by previous authors [16][18]. The band 3 is also similar in the level pattern to the
bands. in which the whyy/; © vg7/; configuration is proposed. A band similar to the
band 2 is reported only in '*°La [16]. The feeding of the band 2 in '*'La seems to
be stronger than in '**La. The band members are identified up to the levels near
the highest level of the whyy/; @ vgr/, band in "**La. In contrast to this structure,
the band 2 in " La is identified up to much higher energies than those of the levels
in the band 3. Several interband transitions are observed between low-lying states
of the band 2 and 3 in both of '*'La and '**La.

In order to estimate the multipolarities of the above transitions, we used the
intensity ratio of I(37°)/I(79°), because the Ge detectors of the NORDBALL can

be grouped into two parts depending on polar angles. The intensity of I(37°) for
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a certain 5 ray. for instance, was obtained by summing gated spectra for all other
detectors. This procedure corresponds to the integration of angular correlation
function for one 4 ray in a v-v cascade over the whole solid angle. Thus it gives an
approximate angular distribution in large detector arrays.

Theoretical values of I(37°)/1(79°) are nearly equal to 1.6 for stretched AT=2
cascade transitions, and 0.8 for stretched AI=1 transitions with an assumption of
complete alignment in the initial state. These values depend on initial spins. The
effect on the ratio, however, 1s small at }ti.','_'ll ~[;ill.-.

The experimental ratios of I(37°)/1(79°) are given in Table 1, 2 and 3 as
angular distribution ratios. In spite of several assumptions, the cascade transitions
in the bands 1 and 3 could be assigned as dipole transitions. Similarly. crossover
transitions in the bands 1 and 3. and transitions in the band 2. would be quadrupole
transitions. The ratios of I(37°)/1(79°) for 68.8. 122.1. 132.7 keV transitions in the
band 1 indicate sizable mixture of E2 component in these cascade transitions. The
sudden decrease in the intensity from 422.5 to 297.4 keV transition in the band 2
suggests that the 382.1 keV level llli_'.:;lli be the band head.

The branching ratios of dipole to guadrupole transitions for several lower
states in the band 1 and 3 were derived from the spectra gated by the 5 ray
located just above the state for ratio estimate. Branching ratios were deduced

to B(M1)/B(E?2) ratios using the following relation;

B(M1:I—-1-1) . EXFE2) L(M1)
- 0.697 x — —_ X "
B(E2:1—1-2) E3(M1) I.(E2)

In the present analysis, it was assumed that AJ = 1 transitions were pure dipole.

The results are listed in Table 1 and 3.




3.2 The nucleus *La
3.2.1 Low-lying states of '“*La

First of all, the 4 rays of "**La were searched by the 3 decay of '**Ce. Fig. 4 shows
a typical singles spectrum of photons. Strong photo peaks in the spectrum are La-X
rays and 4 rays from '*Ba, which is the daughter nucleus of '®La. The 104, 147,
68 keV 5 rays are in coincidence with La-X rays. La-X rays are emitted by electron
capture (EC') of the parent nucleus '™ Ce and internal conversions of 4 decays in
i

Fig. 5 shows the decay curves of La-X rays and two 5 rays. The half life of the
La-X ray, the 104 and 68 keV 5 rays are almost in agreement each other within the
uncertainty of 0.1 min. The experimental half life has been determined to be 4.1
+ (.3 min. The error includes the statistical and systematic error. The 5 rays and
the half life of 3 decay chains of neighboring nuclei are known: **Ce, 11 s: '**Ce, 50

s: 127Ce, 32 s: '¥Ce. 3.5 min [_]

s

The 105 and 68 keV 4 rays of '*La are known.
These energies are very close to the 104 and 68 keV 5 rays of 128a. However. the
105 and 68 keV ~ rays of '*La are in coincidence with each other, while the 104
and 68 keV ~ rays are not in coincidence with each other. Other 5 rays observed
off line in the ®Si+'™Rh are listed in Table 4.

A level scheme constructed from the 4-v coincidence relationships after the
3 decay of "*Ce is displayed in Fig. 6. The energies and relative intensities are
summarized in Table 5. No 4 ray in this level scheme. however, was observed in
the experiment by the ""O+'"""In reaction. which never produces the '*Ce. This
fact implies that the v rays in this level scheme are emitted from excited states
in "La populated through the 3 decay of ""®Ce. The spin and parity could not
be determined because angular correlations of 4 rays and log ft values were not
measured. However, the spins are expected to be low from the selection rule of the
7 decay from the even-even mucleus "**Ce. Thus, spins and parities would be 17 or

0% in most of the excited states in Fig. 6.
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A new finding is clearly observed in the 284 keV ~ ray (see Fig. 4). This is
the v ray of 2% to the 0 ground state of '2Ba. This suggests strongly that the
spin and parity of the ground state of '**La might be 17 or 2%, instead of the (57)
assignment by previous authors [31]. A careful inspection of the decay curves of
v rays supports this anticipation. In Fig. 7, decay curves are displayed for 4 rays
from '**Ba measured with the **Si4+'""“Rh reaction. Both of the nuclei "*La and
'¥5Ce are produced in this reaction. The half life of 284 keV 5 rays from the 2} to
07 ground state is shorter than those of 479 keV (47 —27) and 643 keV (67 —47)

rays. During this analysis. it turned out that the relative intensity of the 284
keV transition is larger than those of 479 and 643 keV transitions by about 40
%. This additional intensity could be ascribed to the side feeding from a low-spin
isomeric state of "La. It is quite reasonable to suppose that the 47 and 6] states

128

in '**Ba are fed by the 3 decay of the high-spin isomeric state in '*La as reported

128

in reference [31]. In regard to the 2} state in '**Ba, however, the following two

4
routes of decay are possible(see also Fig. 23):
'**La(high spin)—'**Ba(high spin)——'**Ba(2})

and

B oe(0T)- . 'IJHLH[ il o ,i—:--—“'\lBh[_?T b5

Thus an analysis has been made on the decay curve of the 284 keV ~ ray by taking
into account the above two decay routes. Denoting the numbers of radioactive
nuclei for high- and low-spin isomer of '*®La and '**Ce by N(h.s.), N(l.s.) and Ng,
the counting rate of the 284 keV 4 ray carti be t‘){}ll‘l‘ﬁ.‘il‘(l 1)}‘

dN ) AN (h.s.) dN(l.s.)

= A e 3.1)
dt dt dt \
The second term can be written as
dN(l.5.) ) T 1 s | i i
SAHEL = ND) --—“——.-,\—p(_—> + 71-“‘(.-—)} (3.2)
(dt TATA —TB TA TA— 7B B

by solving the decay rate equation. Here, The symbols 7y, and 3 are the mean

lifetimes of '*8Ce and '*®La(l.s.), respectively. With the mean lifetime of 7 for




'%8La(h.s.). the eq. (3.1) is expressed in the following form:

dN 11 . - 1 ’ TR 1 t 1 A
— = ——N(0) exp (— —) FN(0) [ —— . —————eXp (——) + ————exp (——)} :
ot & Ty TA TA —TH S Tk TA — TB B
(3.3)
The quantities of No(0) and N (0) are the munbers of radioactive nuclei of '*#Ce
and " La in the high-spin isomeric state at the time + = 0. The ratio of these
munbers were estimated from the feeding intensity ratio. The mean lifetimes are
known to be 7y = 7.5 min for the high-spin isomer in '*La from the decay curves of
6% — 4% 644 keV and 4% — 2+ 479 keV 4 rays in '**Ba, and 74 = 5.9 min for the
ground state of '**Ce from the present work. Thus we can search for the unknown
mean lifetime g by fitting the decay curve of the 284 keV v ray to eq.(3.3). In the
present case, two mean lifetimes have approximately same values: namely we can
put them to 7 = 74 ~ 7. It is easily seen in eq.(3.3) that the slope of the decay
curve 1s IIIilill]}' determined ll}' 7. if a condition LT is fulfilled. The t‘:{])t‘rillll'ln;ll
decay curves shown in Fig. T are indicative for this situation. The above analysis
resulted in the half life of T;/; < 2 minute for the low-spin isomeric state of '**La.

There is a .‘-«iIIli]HI' case of the !'IlI,EI l.’.’::
3.2.2 The half life of the 3 decay of '**Ce

From the :|11;|]‘\'.-i.~‘ of the ¢1l't'it_\' curves shown in Fig. 5, we report a new data of

4.140.3 min as the half life of the 3% decay from the ground state in "®Ce.
3.2.3 Level scheme of '“*Ba

The level scheme of '*"Ba was reexamined based on the ~-7 coincidence
measurement after the 3 decay of the '*La. Prior to our work. the low-lying
excited states, feeding intensities and an end point energy of 7 rays were reported
[30][31].

The results of our new measurement are summarized in Table 6 on the
energies, relative inteusities of 4 rays and multipolarities. Fig. 8 shows a new

level scheme of *®*Ba. which was constructed from the 4 — 4 coincidence relations
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and intensity balance. The relative intensities of 4 rays were estimated from a
singles spectrum. Although 4 rays from nuclei other than '**Ba were observed in
the spectrum, the nucleus '""La is a dominant product in the ""O+'""In reaction.
and thus the v rays of '*Ba were observed with stronger intensities than those of
other nuclei. Higher energies of 4 rays from an even-even nucleus compared to odd-
A or odd-odd nuclei made it easy to distingnish the v rays of '**Ba. The feeding
intensities to the excited states of '**Ba from '**La were estimated from the 5 ray
intensities. The values of log ft were evaluated with the aid of these intensities and
Qs quoted in reference [30][31]. The results are given in Table 7. Our new level

scheme and log ft values are in good agreement with the previous data by Zolnowski

and Sugihara [31]. except for several new spin assignments and small discrepancies
in v ray energies within 1 keV.

The ground state band., 5 band and several negative parity bands are
established on the excitation energies, spins and parities by in-beam spectroscopies
[36][37]. In Fig. 8. the ground state band is observed up to the 6% 1406.7 keV
level. The levels in quasi-y band are 2+ 884.5, 3t 1324.2. 47 1372.0. 57 1931.0
and 67 1939.0 keV levels. The 2395.5, 2412.4 and 2038.7 keV levels are assigned as
negative parity levels by in-beam spectroscopy. The energies of 5~ 2038.7 and 3%
2038.3 keV levels can not be resolved by the observation of a singles v ray spectrum.
The difference. however, is clearly significant in coincidence spectra and coincidence
relations. The placement of these two levels is reliable in the level scheme in Fig.
8.

The results on angular correlations are as follows.

1) Calibration In Fig. 9(a), the measured ratios of

DCR = W(4,:0°20°)/W(284; 0°,80°%)

- 1 (&) 284 —= > p s %
are plotted for J, = 2t » 07 cascades. The 284 keV 4 ray is emitted in the
2t — 0F, transition with pure E2 character. The 5 = 479 and 1088 keV 1

rays are known to be E2, while the 600 and 1040 keV 5 rays are known to be
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M1 dominant. The experimental DCR’s are in agreement with caleulated DCR’s.
Similar results are obtained for J; LA 4: = _JT cascades. It is consistent that the
644 keV v ray is E2, and that the 561 and 609 keV + rays are M1 dominant. With
these calibrations. the assignments of M1/E2 was given to the 5 ray of 1053 keV(see
Fig. 9(c¢) and (d)). And the assignment of Al=1 transition (M1 or E1) were given
to the v rays of 1036 and 1070 keV(see Fig. 9(b)) and two v rays of 1549 and 1754
keV(see Fig. 9(a). The assignment for the last two 4 rays are less certain due to
large experimental errors.

2) 1799.3 keV level Since this level decays into 47 level in the ground state band. the

possible spins are 3. 4 or 5h from angular momentum conservation. The assignment
of I™ = 5* is unlikely from the observed intensity of the transitions to 27 and 27
states. We can not determine the parity of this level immediately at this stage.
However, an overall consistency of the transition intensities connected to this level
leads to an assignment of I™ = (3%) or (4%) (see discussions on the 2424.9 keV
level).

3) 1832.9 keV level This level decays into the 4% and 2% levels in the ground state

band. As seen in the level scheme in Fi,'_',‘. 8. the transition :'Ilt'l‘t_';ie's are 1070 and
1549 keV. These transitions are likely to be Al = 1 from the angular correlation
described above, though the experimental uncertainties are rather large for 1549
keV ~ ray. Possible spins of this level are 3. 4. and 5h from the angular momentum
coupling of 4h: and 1, 2. and 3h from the coupling to the 2% level. Thus, the most

probable spin is 3k, and the parity would be positive from intensity considerations.

4) 24249 keV level The transition with the energy of 1053 keV is crucial to the

determination of the spin and parity of this level. The experimental data of the
angular correlation indicate that this transition composes mixed multipoles of L = 1
and 2. In our measurement. a L = 1 transition with small mixture of L = 2 can
not be discriminated from a pure L = 1 transition, because the observation of

coincidence yields are performed at only two angles. However. the experimental

DCR can be reproduced by a calculation involving significantly large mixture. This




is illustrated in Fig. 10. A large mixture of E1 and M2 is not probable in usual
transitions. Consequently we have assigned the 1053 keV transition to be M1/E2.
Possible spins are 3. 4. and 5h from the coupling to the 4% level. The parity is
positive. The assignments of I™ = 3% and I™ = 4% can be rejected, because possible
transitions to the 2% levels is not observed. From these results. the assignment of
I™ = 5% 1s almost uniquely given to this level.

The negative parity for the 1832.9 keV level is not consistent with the
experimental intensity of 592 keV + ray. The transition from 5% 2424.9 keV level
to the 37 1832.9 keV level must be M2. Similarly, the negative parity of the 1799.3
keV level is outside for the choice. The 47 assignment makes 1t difficult to give
sutficient intensity to the 1515 keV transition into 2% level: the 3~ assignment is
not compatible with the 626 keV transition from the 2424.9 keV 57 level.

The spins and parities of other levels were tentatively assigned from the
coincidence relations and intensity balance. The 2201.9 keV level is suggested to be
a (4%) or (37) state, since this level decays to .BT 2%. 47 and 47 levels. and since
any decay to negative parity level 1s not observed. Similar arguments was made on
the assignment of I™ = (5%) or (4™) for the 2976.6 keV level, and I™ = (57) or (67)
for the 2877.1 keV level.

The smallest value of log ft is 5.6 for the 5% 2429.5 keV level. The 2877.1
keV (57 or 61) level has a log ft value of 5.8. The log ft value of to the 2976.6 keV
(5% or 41) level is determined to be 6.1. The log ft values of other states are lager
than 6.5. These experimental results strongly suggest that the 4 rays in the level
scheme in Fig. 8 are fed by the 3 decay of a high-spin isomer in '**La with the spin

and parity of I7 = 5*.

3.2.4 High spin states of '“La

Figs. 11 to 13 show typical 5 ray spectra observed in the 4-7 coincidence

measurements of '*®La. The level scheme shown in Fig. 14 was established from

the -+ coincidence relationships and intensity balance. These band structures are




in good agreement with those report by Godfrey and Nolan et al. [17][18]. except
for the lower part of the bands.

The spectra gated by 66, 85. 104, 138 keV ~ rays confirm the level structures
in the band 1 (see Fig. 11 and 12). These v rays have strong intensities and belong
to a decay cascade. In the spectra obtained by placing gates on the 104 and 138 keV
v rays, two weak photo peaks are clearly observed at energies of 114 and 48 keV in
spite of a small number of counts. The spectrum gated by the 66 keV ~ ray gives a
weak peak at 48 keV as well as at 85 keV. but not at 114 keV(see Fig. 15). On the
other hand, neither the 48 keV peak nor the 114 keV peak appear in the spectrum
gated by the 85 keV 4 ray. Thus the 114 keV 5 ray should be placed in parallel to
the 66 keV ~ ray. and the 48 and 85 keV v rays should be placed under the 66 keV A
ray i lml';:nt']. In this construction of the level scheme, a 4 ray is assumed. It is the
37 keV 4 ray. and was not verified directly in the coincidence spectra. The energies
of La-X ray are 33 and 37 keV, and this obscured the direct verification of 37 keV
transition. La-X ray is in comcidence with many 5 rays in the band members of
'¥La. Nevertheless, efforts to estimate the intensity of this transition did not yield
any reliable result. Another 5 ray of 168 keV in energy could not be combined in
the present. It is in coincidence only with 85 keV 4 ray. A transition between a very
small gap of 5 keV in the band 2 1s missing, and thus the placement is tentative.
Since no other 5 ray was observed in prompt coincidence, we have assumed that
the lowest level of the band 1 1s the high-spin isomer of I™ = 5%,

The low energy part of the band 1 of ' La obtained from the present study
is compared with level schemes reported by previous authors in Fig. 16. The level
scheme (a) given by Nolan et al. includes a cascade of the 138, 104 and 84 keV 4
rays. The 66 keV 5 ray is not observed. Godfrey et al. reported the 138, 104 and
66 keV 7 rays in the level scheme (b). They mentioned that the 85 keV 5 ray could
not be observed. In our study, the 66 and 85 keV 4 rays are clearly observed and

the laim'vuu‘m in the level scheme is established.

The energies and relative intensities of the 5 rays for high-spin bands are




summarized in Table 8, The error includes statistical error and uncertainty of
efficiency calibration for detectors. The 65 and 66 keV 5 rays could not be resolved.
so that the intensities were estimated from intensity ratios of gated spectra. The
correction for internal conversion coefficients was performed by using theoretical
coethicients.

[n order to determine the nmltipolarities of 4 rays, DCO ratios are estimated
from the v-v coincidence matrix. There are two DCO ratios of

_ W(117°,117°, Ap = 144°)
" W(117°,117°, Ap = 729)

and
_ W(117°,0°)
— W(0°,177°)’

(8
(see Appendix A). The DCO ratio of R, is more sensitive to the multipolarity than
R, ,. Unfortunately, however, the attenuation of low energy photons to 0° detector
in our crystal ball was high due to the absorption in a beam stopper. Although the
sensitivity for the determination of multipolarities is not so high. there is a merit
in the ratio Ry, that the number of combinations of detectors are larger (20 sets)
than that for R, (5 sets). The counting statistics is large in Ry ,. In the analysis of
DCO ratios. R4, was evaluated from the coincidence data taken with five detectors
at a backward angle of #=117°. It is assumed that Al = 1 transitions are pure
dipole transitions and Al = 2 transitions are of quadrupole. Theoretical values are
R4, = 0.93 for stretched Al = 2 transitions, and R3, = 1.06 for stretched AI =1
transitions.
The experimental DCO ratios for the band 1 and 2 in '*®La are given in Table
8. Fig. 17 shows the experimental DCO ratios Ri,. Two groups of dipole and
quadrupole transitions are separated clearly. The determination is much reliable
for dipole transitions than quadrupole transitions. This is due to the fact that the
intensities of dipole transitions are higher than those in quadrupole transitions. The

assignment of AI = 2 for the 85 and 114 keV 4 rays are very consistent in our new

level scheme.




Chapter 4

Discussion

4.1 The band structure of '**La

In the present experiment. the absolute values of excitation energies, spins and
parities of each level are not determined. Nevertheless, a brief discussion can be
made on the structure of the bands in comparison with experimental data on heavier
La isotopes. In the following analysis. we assumed that the band 1 and 3 consisted
of E2 cascades connected by M1 transitions, and that the band members in the
band 2 were connected by E2 transitions.

The experimental routhians for the band 1 indicate an appreciable signature
splitting as shown in Fig. 18. Two routhians cross each other at hw ~ 0.1
and hw ~ 0.44 MeV. On the contrary, the splitting is very small in the band 3.
Thl' \';tlmw Uf f" ill Tl]t‘ }m]n{ 2 are 1‘1(1.\(' to Tlll?h!‘ t:f Thl' ]!;111(1 3 at ln\\' 1‘(1?;1rin:1;1l
frequencies, and then gradually come down to the values of the band 1 at higher
frequencies. The experimental alignment of the band 1 increases sharply at hw ~ 0.5
MeV. The alignment of the band 3 increases monotonically up to hw ~ 0.4 MeV.
The alignment of the band 2 indicates weak increases at hw ~ 0.44 and at hw ~ 0.6
MeV (see Fig., 19).

"4La can be approximated by a model in which a neutron and

The nucleus
a proton coupled to an even-even core of "*Ba. In the ground-state band of '**Ba,

a large spin alignment is observed at hw = 0.35 MeV [38]. This alignment is

attributed to the hyy/, proton by blocking argument, because the spin alignment




of the hyyy; band in '**Ba increases sharply at hw = 0.35 MeV [35]. On the other
hand, no sharp spin alignment is observed in the © hyy/, band in "**La [40]. This
could also be understand from the blocking of alignment for the hyy/, proton. Weak
alignments at hw ~ 0.4 and at hw ~ 0.6 MeV are due to the hyy/, neutron.

From these facts, the delay of the alignment in the band 1 in '**La could be
interpreted by the blocking of alignments in both of Ay, proton and hyy/, neutron.
The weak increase in alignment of the band 3 at fie ~ 0.4 MeV might be caused by
the hyy/, neutron as compared to the vhy;/, band in " La. The slow increases in
the alignment of the band 2 could be attributed to the alignment of Ay, neutron
in comparison with the 7hy; s, proton band in '*La,

The t'.\:]n'l'iltu'llta] data described above can be r'nlup.’-ll't'ri to some theoretical
caleulations. Figs. 20 and 21 show calculated quasiparticle energies ¢’ in the rotating
frame for protons and neutrons as a function of rotational frequency hw for '*'La.
Before this calculation. we have estimated deformation parameters 3 and v by a
calculation of the total routhian surface (TRS) [41]. The parameters are listed in
Table 4 for several configurations. The values of 3 = 0.27 and 5y = 0° were adopted
in the calculation of €’.

In Fig. 20, the orbital "a” originated from the hy,/, [550]1/2 Nilsson state is
the lowest in energy. The signature splitting between "a” and "b” is very large. The
first crossing of the hy;/; proton occurs at hw=0.35 MeV(ab crossing). Likewise,

I]I" hil;'(: i.-—}‘_):j

|7/2 Nilsson state has the lowest energy for neutron orbitals shown
by A and B in Fig. 21. The signature splitting. however. is not large. The first
1‘1'(}:—¥.Si11_1£ 15 ]l['t'lii[‘lt‘(l at hw = 0.44 MeV. These results illll}l}' that the :rh”),-_. . rff.!”’z_.
band becomes the yrast band, and are consistent with experimental data. Thus one
could reasonably propose that the configuration of the band 1 would be 7 Ay,
v hy1/2 with positive parity.

In Fig. 21, the signature splitting is very small in a g-/,(413]5/2 orbital, which
makes it possible to observe both signature partner. The g7/, orbital is rather

isolated from other orbitals, and the g7/, nentron does not block the alignment of
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the hyy/2 neutron. Therefore, the 7 hyyyy @0 v g7/, configuration with negative parity
could be proposed for the band 3 in "*'La.

On the configuration of the band 2. the following discussion could be made.
As seen in Fig. 19, a weak alignment occurs at hw ~ 0.4 MeV followed by
somewhat stronger alignment at hw ~ 0.6 MeV. The alignments in the 7hy;;, band
of "**La take place at almost the same rotational frequencies as '*'La. In '**La, the
alignments are considered to be due to the first and second hj;/; neutron crossings.
Since the backbend of the hH_,r: Protou would be blocked. it is t‘xll(‘(‘rt’rl that the
configuration of this band would be 7hy,/, © vsy/;. The vs,;, orbital (E and F)
lies between the vhyyys (A and B) and vg;/, (C and D) orbitals, and its signature
splitting is large as seen in Fig. 21. The observation of signature partner would
be difficult for the sake of this splitting. This is consistent with experimental facts
that the band 2 is a single E2 cascades without the observation of the signature
partner, and that the alignment behavior is analogous to '**La. With regard to the
interband transitions between the band 2 and 3, they are observed between only a
few low lying levels in '**La, whereas the interband transitions in '*°La take place
up to higher levels. In the neutron quasiparticle diagram in Fig. 21 for '*La, the
energy of sy, state (E) is much lower than that of g-/, (C and D). In '*La. the
energy of vsy,, (E) orbital is only slightly higher than the energy of ds;, (C and D)
orbital around hw ~ 0.2 MeV. The level crossing between D and F in Fig. 22 brings
about the mixture of the wave functions at around hw ~ 0.3 MeV. This would be
a reason for the difference in the interband transitions of "“'La from '**La. The
configuration of the band 2, therefore, could be proposed to be whyy/; & vs) /.

In the caleulation of experimental routhians and alignments plotted in Fig.
18 and 19, the spins of the band members and K-value of the band head must be
input to the program. We used the same method as in references [16][18]. which

18130 5 The configuration of the band 1 and 3 were assumed to

was applied to !
be whyys 0 vhyyye and Thyyye & vgej, respectively. The A-value of the band 1 is

4 from the Gallagher-Moskowski coupling rule for the assumed configuration. The
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values of I™ = 4% and K = 4 were tentatively given to the head of the band 1. In
the band 2, I™ = 37 and K = 0 were assumed. The band 3 was assumed to be built
on the band head with I™ =2~ and K = 2.

However, it should be noted that the spin of the band head would not be

so small. Aeccording to experimental studies on 3 decay of ' La. there are two
F-unstable isomers. The spin of the high-spin isomer is proposed to be 6. T or 8
h [32][39][22]. Although the detail of transitions at low-lying levels involved two

F-unstable states is uncertain, it could not be rejected out that the bands are built

on a high-spin isomer.
4.2 Low-lying states in '*La

Tlh“ H]lill :l.'-i:\'i_'_‘fllllll'lli Uf lliujll-:-:]:ill states uf ID‘ILH 11:|.-‘ ij’i'n ]l('l'fnl'll'l!'rl nmiul:\' };:\'
the 3 decay of "*La and " Ce. From the experimental results described in the

I'Nl_.:l has two 3 unstable isomeric states. The

preceeding section. it furned out that
mode of decay is illustrated in a simplified decay scheme in Fig. 23. The 3 unstable
ground state of '**La is assumed to have the spin and parity of (1*) or (27). It is
considered that there is a decay to the ground state of '**Ba from the 3 unstable
ground state of '**La by . It is considered that the 7 unstable ground state can
decay to the ground state of '*®*Ba directly. However, the 3 ray and the intensity
}a_\' this til"l'n_\‘ pass were not measured.

Heavy ion reactions populate, in general, high spin states, which decay into
low-lying states in turn though yrast line. If there is a high-spin isomeric state in the
course of the decay cascade. considerable intensity of 5 rays would branch into this
isomer. It is possible in some cases that high spin states decay to the ground state
though a bypass which do not include the high-spin isomer. At first, we measured
the 4 rays emitted from low-lying states in '**La by the 3 decay of '*3Ce. Secondly, a
bypassing transition was searched through the in-beam spectroscopy. If a bypassing
transition exists, v rays of low-lying states should be observed in coincidence with

the v rays of high-spin state. However, such a 4 ray was not observed in both in a
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previous report and in our present study.

The next experiment was the search for a 4 transition between the high-spin
isomer and the low-lying states in '**La. We have searched for ~ rays other than
those from '**Ba with the half life of 5.2 min, which is 7}/, of the high-spin isomer.
Since we have lel'i‘:tlll\‘ potten the data on 7 rays of ]m\'-l_\'illﬂj states of '**La, a
v — 7 coincidence could enhance such ~ rays. This trial did not any positive result,
although we analyzed lifetimes of peaks with relative intensities as low as 0.5% of
284 keV v ray of '**Ba. From these results. it is concluded that the branching ratio
of 9 ray emission (not mean the decay to the ground state)is smaller than about
1% of the 3 decay.

At present, the extremely weak v emission from the high-spin isomer of '**La
can be discussed in the following manner. The decay to the ground state are highly
converted: or the high-spin isomer is the ground state.

If we assume the spin of 17 for the ground state, and if the energy gap between
the high-spin isomer and the ground state is 100 keV, the type of transition type is
E4: the internal conversion coefficient is about ICC= 2 x 10°: and the partial half
life is about 10° s. If we assume. however, an E3 transition. ICC is 30 and partial
half life is of the order of 1 second. The 5 transition between the isomer and the
ground state is still open, and thus measurements of conversion electron are highly
required to determine the decay scheme more rigorously.

As described earlier, it is assumed that the high spin states almost decay into
the J-unstable high-spin isomeric state with I™ = 5. The sudden change of the
intensity of a Al = 2 transition suggests that the spin and parity of 7t could be

given to the band head of the whyyyy @ vhyy /2 configuration.

4.3 Isomeric states in '**La

I...'hl

The isomeric states in . can be discussed by a simple principle. An odd-odd

nuelenus consists of an even-even core with k' = 0. a proton and a neutron.
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The data of neighboring odd-A nuclei are as follows. The nucleus "' Ba has
an isomer of I" = 9/27 with vhyy/, configuration; I™ of the ground state is known
to be 1/2%. Nearly degenerated two states of vs,, and vdy, are main component
of the ground state [25]. In '"Ba, a vgy, I™ = 7/2% isomer and the I™ = 1/2*
ground state are reported. Moreover, the vhy , I™ = 11/27 state exist above the
ground state [24]. Similarly, the nucleus '*"Ba has a vhyy), I” = 7/27 isomer and
the I™ = 1/2% ground state [23|[42]. The vhjy/2 and vgz/, states are 80 keV above
the ground state, and these excitation energies are nearly equal.

The Nilssn orbitals ave slightly different in odd-Z isotopes. In '*La and ' La,
a whyya I” = 11/27 isomer and the wg:/, I™ = 3/2% ground state are known. The
two orbitals of mg7/, and 7d;/, are nearly degenerated in energy [26][27].

An hyyy; rotational band is reported on '*"La. However. an isomer is not
reported and the ground state is unknown [43]. It is predicted that the energy
gap between the hyy, and g7/, states is small for the systematics of the odd-A La
isotopes. The whyy/; state might be the ground state. The feeding intensity is
stronger in the 7k, band.

[t i1s well known for the rotation of deformed nuclei that the lll'njc‘l‘ti:lu of
angular momentum of a single particle on the symmetry axis €2 is responsible for
the spin of nuclei. If the K-value of a nucleon (;.2) is large, this nucleon strongly
t'l!l]]ll!‘ll to the core. The .‘-i])i‘ll of the g‘:'nll!lf.l state 1s _'_‘;i\'l‘ll 1)}' =Rt ¥e On the
contrary, if K-value is small, the nucleon aligns its angular momentum toward the
axis of rotation. The spin of the ground state would be I = j. In fact. the ground
states of odd-A La isotopes have I™ = 11/2 with the #h;;, (Q2=1/2) configuration.
The odd-A Ce 1sotopes have lower spin than 11/2 in their ground states in the
vhiye (2 < 7/2) configuration [44][45]. The K-values for odd-odd nuclei are given

by

K =10, £ 0, with I>K (4.1)




The parity must fulfil the relation

T =T %, (4.2)
The Nilsson orbitals relevant to the ln\\‘—l_\'ilm states 1n I")?B?I are Fr]]f..lii‘._. : T/?L
g72(, = 5/2) and dyy(Q, = 1/2). For ¥ La, those are hyy/5(Q,; = 1/2) and may
be gz/2 which and ds, state (2, = 3/2) are degenerated. The coupling of the proton

and neutron combined to "*®*La are listed in Table 10,

T:ll_J_le 10. Proton-neutron configuration of Sl 155

Configuration K= Lower state
7[550]1/2 T @r[411]1/2 | 0 1° 0~
7[550]1/2 1 @v[523]7/2 1T 3% 4% 4"
7[650]1/2 T @~[402]5/2T 2~ 3~ i

22]3/2 | @v[411]1/2 | 1t 2t 27
| ®v[523]7/2T 2 & il
2v[402]5/2 T 1+ 4% 1=

From the present experiment. I™ of the low-spin state is very probable to be
17 or 2%, The high-spin isomer is assigned to be I™ = 57, Gallaer-Moscowsky rule

suggests the spin of the ground state.

1 1
I' =8+ s if Qp=A7A,%+- and Q,=A =% (4.3a)
1 ol A
I = |, — it ), =Ny 5 and Q, =A, F 5 (4.3b)

The why1/26 ."r.f’-:,f-j configuration can produce the low spin of 0~. However, this
configuration is in negative parity and the wh,;/; orbit generates an aligned angular
momentum with large spin.

[f the spin of the ground state is 1h, a possible configuration for the ground
state would be mg7/29vg77,. Only this configuration can make the low spin of 1*.

If the spin of the ground state 1s 2h, possible configurations would be of
mhyyyavgrys and 7z p0vdsy;. The former configuration has the negative parity.

If the ground state is 27, an E3 transition between 27 and 57 states should be

t)] ISETVI -rl_




The high spin isomer may have the 7why; ,@vhy; configuration. The K-values

of other configurations are too small.

4.4 Systematics of signature inversion of odd-odd
La isotopes

Fig. 24 shows the signature splitting E(I) — E(I — 1) of the 7hyy, @ vhyy/, bands
f}l‘ [I(ll‘l Ilfl(l I_.“ El]“] ('.""- iH(]T(]Il(‘.\. —1‘11(' ll:li;l {lf ].fi-.l.f:’\.l'i“:L“ were T;lk('ll fl'(ll'll I'{‘f(‘l'(’lll't‘f*
[16][18]. The signature splitting of '""La is rather uniform with increase of spins.

The splitting in '**La. '**La and '**La are clearly different from '

“La. The splitting
grows up from a small value at low spin: gradually decreases with spin: and a
crossing occurs between two sequences having opposite signatures. This feature
implies signature inversion. The signature inversion in this sense is clearly observed
in "La. The signature splitting depends on the neutron number. The crossing
point of two signature partner becomes lowest in '**La.

The spin assignment of the "*La performed in the present study has proved
that the signature inversion occur in the low spin region. The sign of the signature
splitting defined by Eufavored({) — Efavored( [) has been determined from the spin of
the rotational band. It is opposite to the other odd-odd La isotopes. However.
the same tendency as Cs isotopes has been found. The signature inversion in '*'La
and "“*Cs 1s not so clear at present. The normal signature dependence is reported
in "La [46]. It is anticipated. therefore, that a dramatic change might appear at
around a neutron nunber of 73.

In Fig. 25. the experimental signature splitting is compared with the
caleulation in terms of the IIE'.I‘Iil']t‘ rotor model ]1_\' Tajima [13[. The sign of the
signature splitting was opposite to the calculation in all the La isotopes so far. Fig.
25 indicates that the calculation is not in agreement with the present data, although
it was successful in the case of Cs i:-;t)tnln'r-a. Since the signature inversion depends

on the effect of shell filling, new calculations would be necessary by extending the
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model space outside the hyy /2 orbital.




Chapter 5

Conclusion

In order to study the signature inversion of odd-odd La isotopes, two experimental
investigations have been carried out. The first experiment was an in-beam ~ ray
spectroscopy of *'La for the purpose of the extension of systematics in high-spin
band structures for light odd-odd La isotopes. The second experiment was made
on the 3 decays of '**La and '**Ce for the experimental determination of spins of
the high-spin bands in "*La. An in-beam spectroscopic study was also performed
to remove a discrepancy in previous works for the lower part of the mhy, ), ¢ vhyy o
band in '*La.
The conclusions of the first investigation are as follows.

1) Three band structures having rotational character have been observed. The
absolute values of excitation energies of the levels in these bands were not
determined because of the lack of knowledge on low-lving states and the ground
state in '*'La. The spins of these band members was also not determined in an
experimental manner from the same reason as for energy.

2) In comparison with experimental data on heavier odd-odd La isotopes
and neighboring odd-A nuclei, a qualitative diseussion has been made on the
experimental routhians and alignments of these bands. As a result. dominant
configurations of the valence proton and the neutron can be proposed to be
whiyyz @ vhyyyy in the band 1, 7whyyy 6 vs1/2 n the band 2 and whyy ), @ vds,
in the band 3. These configurations are reasonably consistent with quasiparticle

energies in the rotating frame calculated by the cranking shell model.
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3) A signature splitting larger than those of heavier La isotopes was observed in
the whyyz2 @ vhyyy, band. The sign of signature splitting E(I) — E(I — 1) changes
clearly at rotational frequency around hw ~ 0.45 MeV. This frequency is lower than
that in heavier isotopes. Thus, the signature inversion oceurs in the mhyy s @ vhyy s,
band in "La. Since the spin is not determined, however, it is still open question
whether the inversion takes place at low spin region or it is manifested in high spin

region.

The conclusions of the second investigation are as follows.
A) The half life of the 3* decay of '**Ce has been determined with higher accuracy
than the previous value. It is 4.1 + 0.3 min.
B) It has been found that there are two 3 unstable states in '**La. The half life of
9.2+ 0.3 min is in good agreement with the value reported by previous authors. An
upper limit of the half life of newly found state is 2 min. A probable spin would be
1T or 2% from the fact that this new state is populated via 3 decay of the 0% ground
state in '**Ce. The extremely weak intensity of 4 rays with the half life of 5.2 min
suggests that 4 transitions between two isomeric states might be highly converted
due to the high multipolarity and small transition energies. There might be some
hindrance caused by nuclear structure.
C) The low-lying state of '*Ba have been re-examined by the 3 decay of '**La.
Measurements of angular correlation resulted in a new spin assignment of 2424 9
keV level to be 5%, instead of the previous assignment of (47). The value of log ft
for this level leads to a spin assignment of I™ = 5% for the state with the half life
of 5.2 min. The proton-neutron configuration of these two 7 unstable states have
been proposed to be whyyj, @ vhyy s, for the state of I™ = 5% and T\ = 5.2 min..
and wgz/2 & vgz s or Tg772 0 vdsyy for the state with Ti/> < 2 min.
D) The spin of the band 1 with a proposed configuration of mhiya @ vhyyy,
has been determined. This spin assignment confirmed the occurrence of the

signature inversion at low spins in "**La. The sign of the signature splittings agrees
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| qualitatively with calculations by particle-rotor model including a triaxial core and

‘ proton-neutron interaction. A quantitative agreement. however. is imadequate.
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Appendix A

A.1 Gamma-gamma directional correlation and
DCO ratios

In experiments with detector arrays of the crystal-ball type. the measurements of
singles spectra are in general difficult partly because the data taking system cannot
process TI'!’III!'il(i()H.‘-&I}' ]:l['::c' 111lil||ll-r of counts and ]ml‘!l}‘ because the (It'ti‘c'Tm's are
placed in fixed angles. The number of independent detection angles is not so large.

On the contrary, good measurements of angular correlation is feasible by virtue
of the large number of detectors. Thus, the angular momentum of a certain 5 ray
is determined by DCO ratios derived from two dimensional v-+ coincidence matrix.
DCO is an abbreviation of Directional Correlation from Oriented nuclei. The theory
of angular correlation in 4 transitions is well established (47].

Let 1. I, and I, be the angular momenta of three states connected by cascade
7 rays of 3, and v,. If the initial state [, is prepared by a nuclear reaction. it
is in general aligned with respect to its magnetic substates. This alignment is

characterized by the following orientation parameter;

E—- ¢ I J'Hl':
L E]” — Iy 1T|| Hfuj!,\“ “|l'.‘({} e
mo=—1Ip 25
[)’n_”'j!“,: :3{” i l — '7':' = 3 l_“ll‘l}
= myg
Z t'XIl by s
mp=-— ;l'. o

Here, the quantity o represents the distribution of substate population P(my)

approximated by Gaussian distribution. The axis of quantization is taken to the

beam direction. If one observe the first radiation ¥, in a direction of polar angles
1 !

(f1.21). and the second radiation v, in a direction (6. ;) with respect to the beam

'
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direction, the probability for observation of v, in coincidence with ~; is expressed

- ! f“? -‘M.’; — X+ Xn \
W, (0. 6,.) —jir— Y- By (Io)AR* M(71) Ay, (72)Ho, 3y (01, 62,0) (A1.2)

Ag.Al )

where Ao, A\jandA are limited to only even munbers. This limitation is derived from
an oblate alignment(P(m) = P(—m)), parity and angular momentum conservation
and rotational invariance of nuclear Hamiltonian. The solid angles of detectors are

written by d€2; and d,. The azimuthal angle & is defined to be 0 = Yo — oy,

The parameters A'*°(5,) and A, (7,) are relevant to the first and second
I A\ 1 1 Fd

radiation, respectively.
— 1 T
‘A]‘"" -.ﬁ::———F']"LL}-[
A S g b & Serad)
'T-:’I"[['-|'F\ll.h|z'r_[. T 1[1 j{;]"’;‘ l‘f“;]!}'—_\\] |L"—1L + 1[1 Ir||J|
(A1.3a)

il[l‘l

1
"1";[.‘-'-'. ——’[F‘-,\:ILLJII J‘rnl
] b os(v2)

(A1.3b)
-‘-:-_}fk_.l:‘.:]F\:{L [_ ‘i‘ 1 1’1 L;j + P::[-'A{'P"-‘.[ l[ =1 ] L 5 i l I] I[J]]

In these expressions. F;’ “ is generalized F-coefficients: F\, stands for so
called angular distribution coefficients or simply named as F-coefficients. These
coefficients includes the coupling of angular momenta eiven by Clebsch-Gordan.
Racah coeflicients and 9; symbols. The quantity ¢ is a mixing ratio. and defined as

y(#', L+ 1)
0= ‘I_T;_ll— |,_“11.-1':|

The final term Hy, y, (6,.6,. ) in eq.(A1.2) is a function of angles, and takes

the following form:

= 2A+1 (A= g )M = | ])!
h!"' -"H ‘H." ) = (2 =" 0) . .. U :
\ A(61, 02, ¢ ?1' WONBX 1 (A+ gD + laa])! L5

X( Ao O A g1\ ¢ }f’ll\'“ l{ cos f, )Pl"l'l l{ cos ) cos(qy )

[t should be noted that the correlation function (A1.2) satisfies the symmetry

relations. namely

W(6,,62, ) = W(180° — 6,,180° — 8,5, ¢). (A1.6)
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W(61,0,,p) = W(6,.180° — 6,0 + 180°) = W(180° — 6,,60;. ¢ + 180°). (ALT)

and

W(6:,6;.0) = W(6:,180° — 6,,180° — o) = W(180° — 6;,6,,180° — ). (A1)

r

The relation (A1.G) is based on the fact that the excited states populated by
nuclear reactions are in a substate population of P(m) = P(—m ). unless evaporated
particles is observed in a specific direction with respect to the beam. In other words,
there is no difference in 4 ray yields observed at the forward and backward anegles.

The relations (A1.7) and (A1.8) can be derived from the following formula:
cos(q1p) = (—=1)" cosqi( + 180°) = (—=1)" cos ¢;(180° — ) (A1.9)

and

Pl (cos@) = (—=1)" P (cos(180° — 6)). (A1.10)

The actual values of correlation function (A1.2) can be calculated for various
cases by a computer program "GCORREL”. For comparison with experimental
data, careful attention must be payed to the correction of solid anegles. detection
efficiencies of detectors, and the calibration of orientation parameters in eq(A1.2).
One finds the details of these corrections in the recent work by Ekstrom and A.
Nordlund [48].

The angles of detectors in the multi detector array at the University of

Tsukauba are listed in the Table A1.1.

No. H{{It-‘}_{} I_‘{llt'_!{ )
1 116.6 0
Table Al.1 Detector angles in 2 116.6 72
the multi detector array at the 3 116.6 144
University of Tsukuba 4 116.6 216
D 116.6 188
6 (0

With this array. we can deduce three independent correlation function listed in the
table below. In this table, the function W(0° 117°) is proportional to the events in

which the first radiation 5, W(117° 0°). The ratio of these two correlation functions
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is one of the DCO, and can be deduced from the 2-fold coincidence matrix specified

as "7 in the Table A1.2.

Table A1.2 Correlation functions

W(6,.0,, Ap)

combination

munber of combinations

I W(117°,0° -) 1-6,2-6,3—6 5 sets
4—-6,5—6

II W(117°;117°%,72°) 1-~2,2-3,3—4 D sets
4 = 9y 9—1

[T W(117°,117°,144°) 1-3,2-4,3-5 5 sets
4 -1, 0—2

As an example, DCO ratios defined in the following manner are displayed in

Table A1.3. In this calculation. the EE;"’.\[I mixing was ignored.

_ W(117°,0°)
Y= W00, 117°)

13

_ W(117°.117°, Ap = 144°)
W(117°,117°, Ap = 72°)

)

Table A1.3 DCO
successive 7 rays in cascade without

ratios for

two

mixing

Iy. 11, I L DCO ratios

R, R,
12—-10—-8 2 2 1.00 1.06
12510 =9 2 1 0.58 0.96
1221029 2 2 0.90 1.03
12—-10—-10 2 1 1.14 1.10
12—-10—-10 2 2 085 0.90
11—-10—-8 1 2 13 0.95
11—=10—=9 1 1 1.00 1.04
11—-10—29 1 2 1.56 0.99
11 —-10—=10 1 I 1.99 0.94
11 - 10— 10 1 2 0.60 1.07

(A1.11)



Appendix B

B.1 Signature and signature quantum number

An odd-A muecleus in a uniform rotation around a fixed axis i1s described in terms

of the |'H|1u\\'i11u; Hamiltonian:

h* A%
1!1 = _ETIII ‘]_‘._l T }1 i,-i}.‘.]!

where I denotes the total angular momentum. M denotes moment . H;,; stands
for nucleonic motion with spin jp within the body fixed coordinate system. This
description is based on the assumption that a nucleon is coupled to a core with
axially symmetric quadrupole deformation, and that the speed of rotation is slow
compared to that of the nucleon. We further assume that there is no coupling
between rotation and other degree of freedom. Then. the intrinsic structure given
by H,,;. which is the particle degree of freedom, is decoupled from the rotation.

This state of rotation can be represented by

Wikm = Prorrm, (A2.2)

where @y is the intrinsic motion of a nucleon in the body fixed coordinate system
and ¢ deseribes the rotation of the nucleus as a whole in the laboratory frame.
The orientation of the nucleus is specified by three Euler angles. It 1s well known
that rotation matrices D}, can be used for the rotational wave function ¢;xar.
since they are eigenfunctions of the total angular momentum /7. its projection M
and the projection K of I to the symmetry axis of the deformed core. The wave

function (A2.2) is expressed as

Viknm =




The projection K is not only a coustant of motion but the projection of jp on the
symunetry axis of the core. This implies that the value of K is determined by the
intrinsic motion. It should remain constant in a series of levels for a rotational
band: the function @, should not change also. This feature is valid only at low spin
region. At higher spins, the coupling of the single particle motion to the collective
rotation through Corioli’s force can not be ignored. and thus the deviation from the
above simple picture occurs.

If there is a symmetry of the intrinsic Hamiltonian for the rotation around the
axis perpendicular to the symmetry axis by 180° in addition to the axial syminetry,
a constraint is introduced into the property of the rotational band. Let 2’ be the

axis of symmetry for deformation. The rotation by 180° around 2’ is written as

R, = éxp "l

(A2.4)

The operator RZ is equivalent to the rotation of the nucleus through the 27. and it
does not influence the wave function of an even-even nucleus. On the contrary, an
odd-A nucleus transforms under the operation of R?, like spinors, and consequently

the corresponding total wave function changes sign. Namely. it is expressed as
2 A SR TN
R = (—1)". (A2.5)

Now, the symmetry of the intrinsic Hamiltonian for the rotation around the axis

perpendicular to the symmetry axis by 180° demands
= = Rorss around 2’ axis. (A2.6)

Here, R, ., and R, refer to rotations acting on intrinsic and external variables.

respectively, One obtains, therefore.
Rit ReatWiicar = Vypn (A2.7)

it

If R, 1s applied to the intrinsic wave function. the value of I changes sign to give

the function ®4-. The application of R,,, on the rotational wave function gives
: / rlo 1yl 14K i >R
RestDyy = exp'™ Dy = (—=1)""" Dy, (A2.8)
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In order to satisfy eq(A2.6), the wave function must be written as follows:

l

IKM = \/E

Using the relation (A2.8), one obtains the wave function

s

(1 473 Rasr)

18 4 00b , " ol
Vikan = T=n |8k Dy + (—=1)*5 @D}, _|. (A2.9)

As a consequence of the invariance under the rotation R. two intrinsic states of @
and P with eigenvalues i and — K, respectively. degenerate. If we adopt I > ().

only one series of rotational states appears with spins I
I =K K+1.K+2K+3,---. (A2.19)

The phase factor in eq(A2.9)

i A —-

(=1)/tA (A2.11)

1s referred to the "signature” in the text book by Bohr and Mottelson [49]. It
changes sign within a band and rotational bands, in general. can be classified into
two groups of states withspins I = K, K4+2. K+4....and ] = K4+1. K+3. K +5...-
with opposite signature. For the special case of I = 0, the function Di, i reduces
simply spherical harmonics. One obtains easily
h I e

R,J-:IJ,U:[ -1) }f” (A2.12)

The eigenvalue of R, = R

15

r=(=1)" (A2.13)
The rotational band with & = 0 are then

[=0,2,4,.... r

+1 (A2.14a)

Eilltl

(A2.14b)




Bengtsson and Frauendorf defined "signature quantum munber” in somewhat
different form [49]. By their definition, the signature quantum number « is related

to  in the form of

Y= exXp (A2.15)

With this definition, 7 = +1 is equivalent to « =0 and r = —1 to a = 1. It is easily
shown that

[ =at+2n = T2 S atats (A2.16)

This is valid for nuclei with even mass number. For odd-A4 nuclei. the relation

2a = (—~1) 3 (A42.17)

must be used. From the definition (A2.15) and the relation given just above. one
finds that rotational states in odd-A nuclei can be classified into two groups in the

following way:

159 13 s T
! — 5_3_5..? o I—. —.—5. r = —i 1_-‘1_‘1bll
and
Y (I I 1 1 :
[T: 5_%_—.‘?—_ ?’". AL 0 = —5. = 41 r-“ijlgi

B.2 Signature splitting

In a particle-rotor model for axially symmetric nuclei, the Hamiltonian (A2.1) is

explicitly written in the following form:

h*

Heot = 53t

(L= g} 4Py _;',..r'j 4 Hi.p. with
M = M, = M,

This is the moment of inertia around 2/, and y’ axis. Using the relations
Fr e =2 and 17,5 ot R0 A1

the rotational part of the Hamiltonian can be written as follows:

h ; : h ; , h . Y.
(I° = 1) — ==Ly j- +I_j3) + —(4J- + J-Js) (A2.20)

‘(-{:-\-.’ - ‘lk

M ) 7 oM
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The second term is referred to Corioli’s term. and the third term is named as recoil
term. The Corioli’s term influence the single particle motion of a micleon. In
particular, nucleon in a high-; orbital is strongly perturbed by this term and thus
the phenomenon of backbend is caused. It is well known that diagonal element for

the Coriort’s term caleulated with the wave function (A2.9) is non zero only for

I = 1/2. The energy 1s given by
- h . ) =2 T LN, )
Eix = E\I I(I+1)— K*— {—IJ! ! (I = 5) (.f 1 E) ‘I”:.I_"—r"“'i_} (A2.21)

From this expression. one can see that the energy f]i’}u'nli* on the plmsf' factor
(=1)-7. Since both of I and j are half integer in odd-A nuclei. the following
signature quantum munber «; is given to the states with spin I in accordance with

eqs (A2.18) and (A2.19), namely.

1 1
ay = = —1)y-z. (A2.22)

In the rotational band having an odd nucleon in a high-j intruder orbital as intrinsic
configuration, states with I = j + even is lower in energy than the states with
I = j + odd. The states with I = j + even are called as "favored” and the states
| with [ = _;’ + odd are referred to "unfavored” states. The t‘url't'r&lmlnliug ni_u'tlil'fnl‘t'

l|11}I‘IlT1llll lllllllljt’l“.‘* are

favored signature arp= =~ 1)/ % (for high j orbital) (A42.23)
and

: : l il il T .

unfavored signature Q= (= it (for high j orbital) (.42.24)

The signature dependence in rotational energies E;x splits the band members
into two groups according to the signatures a; and as. The differences between
E i (favored) and Ejc(un favored) is a measure of "signature splitting”. and varies

with spins or the intrinsic configuration.

The operator of the magnetic dipole transition i1s resemble to the Corioli’s

interaction, and then the values of B(M1) has also signature dependence. According

0l




to the ('l'nllkiliu,' Inlult‘l, the I't‘Iulinll 1S a8 f“lin\\'k‘:

B(M1 : favored — unfavored. AI = —1) > B(M]1 : un favored — favored, AI = —1)
(A2.25)
This relation is found in many experimental data on odd-A nuclei at above the first
||;|i‘l\']n'1u| as \‘.'{‘” as I]Ir’ l)l'llil\'i(lI' Ilf‘ f‘_l HH_}"r.‘f'm'rn“ | -2 f‘:l If-rH'rn'r n"] i]l Ihl’ 1»]1r\1'l_{_}'
spectrini. We l’l’lll‘l ll!'f’illl' T}lt‘h‘l' l'}kil]';lf'f!‘l'?‘n as normal .N'i'll‘}'H_-!.f_f'H TE rfr.p:.“n.rff.n.r.‘r.. The
]!I'II}II‘I'Tif'h of the bands studied in the present work violate this rule. thus we have

given to them the terminology of signature inversion.
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Tables

Table 1. Excitation energies. y-ray energies, angular distribution ratios, v-ray
relative intensities, branching ratios and B(M1)/B(E2) ratios for the band 1 of
21La. The uncertainties of 4 ray energies are in the range from 0.2 keV for strong
transitions to 1.2 keV for weak high-energy transitions. Doublets are marked by

asterisks.

By El Angular "~ Relative Branching B(M1)/B(E2)
(keV) (kel") distribution ratio intvn.»it}' ratio 1,rifll.-*"r"'h:'a
685 685 1.711(9) 35.2(4)
191.1 122.1 1.47(2) 100 95.3(11) 1.98(14)
191.0 1.47(26) 3:2(119 4.7(3)
323.9 132.7 1.25(17) 88.9(10) 83.6(7) 1.64(4)
250.0" 1.52(5) 17.2(5) 16.4(4)
048.7 224.6 0.92(14) 86.3(10) 80.8(7) 1.52(3)
357.6 1.52(5) 19.5(6) 19.2(4)
749.3 200.5 0.93(14) 60.1(8) 50.0(8) 1.20(3)
425.3 1.48(4) 04.7(10) 50.0(9)
1068.9 319.6 0.80(2) 43.0(9) 60.2(11) 1.23(4)
520.4 1.96(6) 29.3(9) 39.8(10)
1343.0 273.7 0.84(2) 21.8(6) 27.4(9) 0.94(4)
593.6 1.70(4) a7.7(1) 72.6(17)
1738.9 396.2 0.76(2) 24.7(8) 39.7(22) 1.00(7)
669.9 1.76(6) 23.2(9) 60.3(30)
2093.1 353.8 0.78(4) 7.2(4) 13.7(8) 0.59(4)
749.5  1.80(5) 43.6(11) 86.3(22)
2542.3 4494 0.79(4) 8.4(4) 25.6(24) 0.88(10)
S03.3  1.80(7) 21.7(8) 74.4(48)
2085.4 R892.3 1.49(6) 22.7(9)
3461.2 918.9 1.98(13) 15.2(8)

3998 1013

4472 1011 *

5095 1097  2.07(35)
SHE 1078 1.61(14)
6235 1140 ¥

b =]
I
—

6088 1138 5
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Table 2. Excitation energies. y-ray energies, angular distribution ratios and ~y-ray

relative intensities for band 2 of '*"La. See also the captions of Table 1.

Ey E. Angular Relative
(keV) (keV) distribution ratio intensity
84.7 84.7 1.46(7) 28.8(2)
382.7 1RCESB% o 10Tl ) 32.5(5)
2074 1.14(32) 6.7(3)
805.5 206.3 0.92(16) 5.2(2)
401.1  1.40(10) 9.7(3)
4225 1.55(9) 23.6(5)
1346.9 541.1 1.65(6) 30.3(5)
1997.9 650.6 1.71(5) :
2746.8 T48.5 1.80(8) i
3584.3 837.1 1.73(11) 16.8(5)
4498.7 914.0 1.78(16) 11.9(5)
0474.2 975.2 1.69(21) 4.8(4)
6535 1062 1.52(32) 2.8(5)

17676 1141
8864 1190
10110 1246

Table 3. Excitation energies, y-ray energies, angular distribution ratios, vy-ray
relative intensities, branching ratios and B(M1)/B(E2) ratios for band 3 of '*La.

See also the captions of Table 1.

Ex E, Angular Relative Branching B(M1)/B(E2)
(keV') (keV) distribution ratio intensity ratio (u2/e*b*)
211.9 126.9 1.45(5) 42.2(5)
4039 192.0 * 19.2(4)
598.4 194.0 * 6.1(3) 30.2(13) 0.77(5)
386.4 1.40(9) 10.4(3) 32.2(13)
215.5 0.92(15) 10.4(3) 37.6(11)
859.0 261.5 0.89(4) 10.8(3) 63.1(21) 1.61(10)
455.5 1.73(19) 6.9(3) 30.0(16)
477.1  1.64(19) 3.2(2) 6.9(9)
1129.0 268.7 0.97(5) 17.9(3) 40.5(16) 1.03(6)
531.0  L.70(8) 13.5(4) 59.5(24)
1452.8 3246 *
593.8  1.78(20) 8.5(4)

1780.6 326.5 *
6al.6) "
2163.1 3739 *
700.3  1.78(16) 6.2(3)
2529.0 7484 *
2933.1 780.0 1.55(20) 9.2(5)




Table 4. The energies. relative intensities and half-lives of the v rays observed

off-line for the “*Si4+'""Rh reaction. They are classfied according to the half-lives.

128 B(’l

E. (keV) Intensity Error T1/2(sec) Error
284.5 1042.0 51.0 300 1
440.6 44.22 2.6 388 50
479.9 520.6 16.0 323 4
488.5 88.58 3.6 321 21
061.4 50.93 3.8 319 36
601.3 129.0 4.7 345 17
607.6 42.94 5.2 423 72
609.9 81.33 3.8 380 36
627.0 31.39 2.8 579 212
633.6 56.00 2.9 340 33
644.6 128.6 4.2 323 20
659.4 49.19 3.3 334 47
796.4 20.14 a.1 308 46
885.7 82.08 4.2 333 32
916.4 22.09 3.4 213 81
1037.0 34.36 B 274 53
1041.0 101.2 4.1 424 39
1054.0 78.61 3.8 341 39
1089.0 74.22 4.3 320 31
1071.0 38.70 3.5 367 81
1102.0 32.52 4.2 409 109
128Cig
E.(keV) Intensity Error T1/2(sec) Error
273.8 251.3 12.0 -11125 6374
85X e
E. (keV) Intensity Error T1/2(sec) Error
527.1 180.5 5.9 6567 3708
970.0 21508 3.4 1731 1954
1141.0 23.70 3.9 1412 1830
12TBa
E. (keV) Intensity Error T1/2(sec) Error
26.43 14.03 1.6 304 15
506.41 50.11 4.7 319 10
708
E.(keV) Intensity Error T1/2(sec) Error
115.3 52.56 4.1 838 68
181.9 59.01 4.0 804 81




Table 4. continmed.

. ”TX_e .

E.(keV) Intensity Error 7T1/2(sec) Error

1250  11.04 1.3 116358 5707617
4123¢  2039° RS 9252 37532
s

E,(keV) Intensity Error T1/2(sec) Error

141.1 36.10 2.3 339 26

210sec
E.(keV) Intensity Error T1/2(sec¢) Error
324 .4 25.32 2.6 210 28
338.5 79.54 4.7 218 18

240sec
E. (keV) Intensity Error T1/2(sec) Error
23.55 34.01 3.6 244 T
26.43 14.03 1.6 304 15
33.47 1291.0 131 254 0
37.88 297.1 29.0 246 1
66.76 48.66 4.4 248 T
68.27 65.88 5.8 253 6
104.2 150.9 10.0 243 2
121.0 18.72 1.6 234 28
137.5 19.70 1.5 243 26
176.9 67.13 4.0 240 20
178.6 13.79 4.3 229 15
219.7 124.9 6.9 237 i
267.7 28.01 3.4 246 15
545.8 121.7 9.2 257 16
827.0 28.18 3.5 238 36

280sec
E.(keV') Intensity Error T1/2(sec) Error
25.34 T 1.1 276.845 24
118.0 24.20 25 273 31
134.5 76.29 4.8 278 8
171.7 116.0 6.6 272 9
079.1 44.56 3.6 280 93
0927.8 42.65 3.8 277 53
1037.0 34.36 3.3 274 53




Table 4. continued.

300sec
E. (keV) Intensity Error T1/2(sec) Error
22.35 29.73 3.2 311 12
26.43 14.03 1.6 304 15
56.41 50.11 4.7 319 10
65.69 23.93 2.4 337 26
77.34 42.00 3.9 312 10
141.1 36.10 2.3 339 26
180.6 117.6 6.9 239 14
191.7 31.65 2.2 334 47
221.8 49.57 3.1 313 26
520.7 25.15 2.9 314 73
543.5 41.64 3.6 323 60
1107.0 18.34 3.6 299 56
350sec
E (keV) Intensity Error T1/2(sec) Error
79.64 38.74 3.2 349 17
287.3 80.81 4.0 361 RS
887.6 38.33 3.8 330 61
953.9 28.02 3.7 355 85
1165.0 43.22 4.0 340 64
390sec
E.(keV) Intensity Error T1/2(sec) Error
32.24 832.6 84.0 380 2
36.46 193.9 19.0 399 N
202.1 26.27 2.1 386 66
340.9 33.18 10.0 388 50
440.6 44,22 2.6 388 50
567.9 58.41 4.1 401 67.020
764.5 46.47 3.8 398 69
400sec
E.(keV) Intensity Error T1/2(sec) Error
1506 2871 32 B€° = 88
90.59 G IR, 533.987 131
146.7 523.1 31.0 520 5
168.8 21.07 1.6 446 76
234.4 50.02 3.0 513 57
271.6 46.03 2.9 502 71
316.6 41.00 2.9 413 63
319.0 57.56 3.6 548 92
330.8 17.26 2.5 467 162
596.8 29.00 2.8 491 143
940.1 18.92 3.5 472 140
991.3 24.14 4.1 433 137




Table 4.

continued.

600sec
E.(keV) Intensity Error T1/2(sec) Error
'31.00 522.0 530 743 @ 7
142.9 25.51 1.8 66T 141
354.3 iy 2.5 637 112
399.7 47.10 3.4 593 90
454.7 92.16 2.8 637 112
003.5 57.47 3.6 T06 96
571.0 34.22 3.6 678 227
084.5 006.74 4.1 710 262
627.1 48.84 5.0 579 212
1084.0 70.75 20). 705 114
1146.0 174.4 9.8 672 31
800sec
E (keV) Intensity Error T1/2(sec) Error
115.3 02.56 4.1 838 6
181.9 59.01 4.0 804 81
208.5 12.12 1.5 736 252
253.8 104.0 9.0 873 102
335.9 34.51 2.9 802 929
349.2 12.91 1.9 8901 197
449.1 58.82 3:1 891 197
794.7 44.60 5.1 792 271
1000sec
E (keV') Intensity Error T1/2(sec) Error
20,12 30.77 33 1658 232
55.29 12.74 1.4 058 223
BT, 138.7 9.5 1425 104
278.8 258.8 13.0 1239 81
307.3 54.75 3.4 1076 280)
357.4 16.10 2.6 1086 167
372.5 137.6 6.3 2450 061
457.5 92.12 4.2 1086 167
056.6 38.40 3.8 1195 542
672.2 99.85 3.5 1002 274
1141.0 23.70 3.9 1412 1830
1177.0 71.86 2.0 1545 691
other
E. (keV) Intensity Error T1/2(sec) Error
112.0 66.09 4.6 7466 5136
188.7 2231 12.0 39333 70127

214.3

22.95

1.9

3302

4377




Table 5. Excitation energies, y-ray energies and relative intensities observed in the
4 decay of '*®Ce. The intensities are normalized to the intensity of the 147 keV 4

ray (I147kev=100). Doublet are marked by asterisks.

Ex(keV) E,(keV) Intensity Ex(keV) E. (keV) Intensity
23.4 23.4 30.0(8) 938.8 476.3 L.6(3)"
127.5 104.1 6G0O.5(T) 578.5 R.6(8)
170.0 146.6 100.0(8) 632.9 12.3(9)
242.8 f i . 812.3 4.5(19)*
115.4 7.4(4) 950.0 707.2 10.5(28)*
2194 37.0(7) 1079.9 T08.7 3.7(10)
245.0 117.9 8.9(3) T17T.2 3.6(9)
221.6 12.4(5) 774.5 6.2(9)
305.9 178.4 14.4(5) 910.2 4.8(11)
329.6 87 f 052.4 6.7(11)
159.2 113) 1129.1 666.2 1.4(7)
202.0 1.7(6) 885.2 29.1(14)
306.2 4.1(6) 059.1 10.5(11)
346.9 102.0 3208 1187.3 816.0 1.6(3)"
176.9 12.0(4) 825.8 9.5(10)
361.5 191.5 6.2(4) 1159.0 1.6(4)*
234.2 14.8(5) 1394.6 1149.6 9.6(12)
338.1 16.4(7) 91.5 68.1 35.4(7)
370.8 243.3 18.2(5) 263.0 171.5 24.0(5)
463.1 293.1 4.6(5) 271.8 180.3 22.7(5)
339.5 4.8(6) 422.0 330.1 3.7(5)
631.1 388.3 4.4(06) 463.7 i M | 8.5(6)
459.8 1.9(3)* 469.8 378.3 5.0(5)
487.6 395.8 4.3(6)




Table 6. Excitation energies, y-ray energies. relative intensities(Izy = 100) and

multiporalities of the transitions in "**Ba.

Ex(keV) E.(keV) Intensity Multipolarity _

284.1 284.1 100.00(40) E2
763.1 479.3 58.30(20) E2
884.5 600.4 10.91(8) M1/E2
884.3 8.11(8) E2
1324.2 440.0 2.17(4) M1/E2
561.2 0.99(3) M1/E2
1040.1 10.31(10) M1/E2
1372.0 487.8 10.94(7) E2
609.0 8.61(7) M1/E2
1087.9  8.75(9) E2
1406.7 643.6 15.15(11) E2
1799.3 427.2 0.80(4)
475.1 l,(]Sl_::_i
014.8 3.14(5)
1036.0 1.69(5) M1 or El
15146  0.68(4)
1832.9 1070.1 4.77(7) M1 or E1
1548.8 1.57(4) M1 or E1
1931.0 606.8 2.21(4)
1167.5 1.62(5)
1939.0 531.3 0.40(5)*
567.0 4.08(6)
1175.7 1.21(4)
2009.0 17249  0.61(5)
2038.3 715.5 0.50(5)
1154.3  0.40(4)
1754.2 1.12(5) M1 or E1
2038.7 632.5 6.23(6)
1275.6  4.76(7)

2174.7 1411.6 3.75(7)
2201.9 1318.0 0.69(5)

1439.1 1.58(5H)

1917.8 1.16(5)
2244 .8 1481.7 0.57(5)
2395.5 088.8 1.71(6)
2412.4 1005.7 1.16(5)




| Table 6. continued,

Ex(keV)

Intensity  Multipolarity

2424.9

2450.3

2530.5

2570.0

2625.

=]

2626.

2669.5
2720.

2848.:

-] 3

et

2877.1

2929.0
2076.6

091.8
626.0
1052.9
1100.7
1660.9
412.0
1078.8
1687.2
491.7
1123.8
531.3
1163.5
451.2
087.0
793.8
1302.1
1906.2
682.0
673.1
1049.0
482.5
838.7
038.8
1505.1
1505.1
1096.1
T74.7
1046.4
1143.8
1604.7
1652.6
1710.0

0.38(4)
1.81(4)
1.24(3)
1.00(4)
3.86(5)
10.01(10) M1/E2
4.76(7)
.98(5)
1.06(4)
1.78(5)
(0.51(4)
0.57(3)
1.17(6)
0.40(5)*
0.75(4)
0.29(6)
0.87(5)
1.83(15)
1.35(4)
0.57(4)
0.62(5)
0.35(4)
0.19(8)
0.77(3)
1.06(6)
2.66(5)
3.67(7)
3.67(8)
0.64(4)
1.32(4)
0.22(6)
1.45(5)
1.43(6)
0.45(4)

0.31(4)
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Table 7. Energy levels, spins, parities, I(EC+37%) and log ft for the 3 decay of

Eyx(kel”)

01T Wi 31'1\'

H{EC+3)%

previous work

I(EC4+3)%

log ft

1406.7
1799.3
1832.9
1931.0
1939.0
2038.7
2174.7
2201.9
2395.5
24249
2450.3
2530.5
2625.7
2626.7
2801.1

3

1

2848.:
2877.

2976.6

3.35
3.00
1.91
1.89
2.62
4.00
2.68
2.29

1.26

22.2:

3.10
1.07
1.07

(o

3.t ‘_1+
3% 4+
5t
(67)
{&"))
(47)
o
(7T7)
(47)
4~ 5%
4~ 5
(07)
4- 5F
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N N o= Lo ~]
0o o o =]

o R L I |
I3

Ca o

OO

(%]

e

6.6
6.6
6.0
T2
6.8
6.3

=] &y D
= O O
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Table 8. Excitation energies, v ray energies, relative intesities (Iyasey=100). and

DCO ratios of the high spin states of "**La produced by the O+'"In reaction.

Doublets are marked by asterisks.

Ex(keV) E,(keV) Intensity DCO ratio
84.9 84.9 50.7(46) 0.73(17)
48.4 3.9(2)
151.3 114.0 4.8(5) 0.69(31)
66.4* 45.4(41) 1.19(16)
255.8 170.9 2.0(1)
104.1 90.3(83) 1.04(6)
394.0 242.7 7.8(3) 0.79(22)
138.2 04.1(88) 1.02(6)
629.1 373.3 21.0(4)  0.72(17)
234.8 100.0(6)  1.14(7)
851.1 457.6 35.5(5)  0.76(15)
222.0) 77.6(5)  1.06(11)
1186.5 557.4 15.4(4)  0.63(17)
334.8 54.5(9) 1.05(14)
1485.2 633.8 24.1(9)  0.61(20)
208.7 20.5(5)  1.33(37)
1903.6 717.5 16.7(4)
418.4 15.9(4)
2271.8 786.7 12.2(5)
368.2 9.1(3)
2761.4 857.8 5.0(4)

3194.6

4.0(3)




Table 8. continued.
Ex(keV) E,(keV) Intensity DCO ratio
70.3 70.3 31.3(28) 1.48(58)
65.2% 20.5(19) 1.68(75)
151.9 140.1 1.6(1)
81.6 45.3(41) 1.07(14)
271.6 201.9 1.4(1) 0.50(25)
119.7 58.6(54) 1.00(8)
445.4 203.5 .12} 0.72(21)
173.4 50.1 IIUJ I.U{){g]
654.4 382.8 9.7(3) 0.52(16)
209.0 44.7(4) 1.13(13)
915.0 469.6 10.5(3) 0.54(20)
260.0 33.5(4) 1.09(21)
1205.3 550.6 14.7(3)
290.2 14.5(3) 0.97(29)
1543.8 628.8 14.9(4)
338.2 14.9(3)
1906.4 700.8 26.8(4)
362.6 11.9(3)
2313.3 769.5 8.4(3)
407.0 8.0(4)
2737.7 831.1 10.8(4)
424 .4 4.0(2)
3197.8 884.5 16.1(4)
459.9 4.6(2)
3652.4 014.7 8.1(3)
452.7T 6.0(3)

Table 9. The 3, and 4 of minmum points of caleulation of the total routhian

surface.

Configuration is p(-,-1/2) and n(-,-1/2) Configuration is p(-.-1/2) and p(+.-1/2)

w %, 5 @ 3, -
0.060 0274 1.0 0.060 0.281 0.5
0.120 0.271 1.4 0.120 0.281 0.9
0.180 0.269 1.2 0.180 0.281 1.2
0.300 0.268 -0.2 0.300 0.282 14
0.420 0.263 0.2 0.420 0.267 1.9

0.540 0.247 2.8 0.540 0.272 1.1




Figure captions

Figure 1.

Spectra of v rays observed in the **Cl4+-"*Mo reaction at a bombarding energy of 135
MeV. In the singles spectrum. a prominent peak at 137 keV is due to the Coulomb
excitation of the target. The spectrum denoted by "3p0On gate”™ was obtained by
placing the gate on the 3pOn channel in a particle-y coincidence measurement. A
charged I:;n'Til’lt‘ IIUllIi}:lil‘il_\' filter and a neutron detector were 1'1111J1|)_\'t‘:l to generate
the gates for channel selection. The photo peaks at 230. 421 and 577 keV correspond
to the 5 rays of the ground-state of '**Ba produced in the "*Mo(**Cl.3p)"**Ba
reaction. The spectrum in the lowest panel was processed by setting the gate on

1pln and 2pln channels. Most of the photo peaks can be aseribed to '**La.,

Figure 2.

Examples of coincidence spectra observed by the NORDBALL spectrometer, in
order to construct the level scheme of " La using the **Mo(™*Cl, 2pn)'*'La reaction
at 150 MeV. The spectrum (A ) is a sum of two spectra obtained by placing the gate
on 450 keV 5 ray and on the 803 keV ~ ray the band 1(see Fig.3). Other spectra
are produced in a similar manner to the spectrum (A). The gates are set on the
274, 425 and 594 keV v rays of the band 1 in (B). the 261 keV 5 ray of the band 3

in (C) and the 838, 914 and 976 keV 4 rays of the band 2 in (D).

Figure 3.
Partial level scheme of "' La constructed in the present work. Since the ground and

low-lying states are not known. the excitation energies are not determined. The
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energies given in the figure are measured from the lowest level.

Figure 4.
A singles spectrum of X rays and v rays measured during off beam periods after

the irradiation of **Si beam on a "“Rh target.

Figure 5.

The decay curves of 68 and 104 keV 4 rays and Lanthanum X ray.

Figure 6.

Low ]_\'in_!: l'.\‘('itl‘t'] states iI] 1'l,"'LEI 1‘(111.\'[1‘11(“‘:1 fl'()lll Tlll' o — l‘{)ilu‘i(ll‘lu't'

measurement after the 7 decay of '**Ce.

Figure 7.
The decay curves of the 284, 479 and 643 keV 4 rays of the ground-state band of

I.‘.‘-\B‘,I

Figure 8.

The level scheme of '**Ba obtained by the 3 decay of '**La.

Figure 9.

The ratios of yields measured at two correlation angles of 20° and 80° for the 4
rays of '*"Ba populated by the 3 decay of "La. The angular correlation were
measured by three HPGe detectors. The expression “gate” in each figure from (a)
to (d) means that the 4 ray with this energy is the second radiation in a cascade

consisting of two successive v transitions.

Figure 10.

Ratios of theoretical values of angular correlation function. The first radiation in a
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cascade of two successive transitions are assumed to be a mixed multipole transition
with mixing ratio 6. The numbers like "5 — 4 — 2" indicate the spin sequence of a

cascade.

Figure 11.
Coincidence spectra obtained to construct the level scheme of '®La (a) from
"WRh(*S1.2pn)'**La. (b) from "In('*0,3u)'**La. The gates are placed on 222,

66 and 85 keV v rays.(see also Fig, 14)

Figure 12.
Coincidence spectra obtained to construct the level scheme of '“La from
W (1%0.31)"*8La. The gates are placed on 104, 138 and 114 keV 4 ravs.(see also

Fig. 14)

Figure 13.
Comcidence spectra obtained to construct the level scheme of '**La from
BIn('"0.31n)"**La. The gates are placed on 120, 82 and 70 keV ~ rays.(see also

Fig. 14)

Figure 14.
Partial level scheme of i established from
v-v coincidence from ""In('*0.3n)'"*®*La. The spin assignment are based on the

investigation of 3 decays(see text).

Figure 15.
Comecidence spectra obtained to construct the level scheme of '**La. The gates are

placed on 138, 104 and 66 keV v rays.(see also Fig. 14)

Figure 16.




Level schemes in the vicinity of the band head of the band 1 in '**La. The level
schemes (a) and (b) are reported by Nolan ef al. and Godfrey et al. A new level

scheme constructed in this work i1s presented as (¢).

Figure 17.

DCO ratios for transitions in the bands 1 and 2 in '***La.

Figure 18.

Experimental ronthians ¢’ as a function of rotational frequency hw for '**La. Harris

parameters are taken to be J,=17 MeV~'h* and J, =25.8 MeV*h".

Figure 19.
Experimental spin alignments i(w) as a function of rotational frequency hw for

121 ,a. Harris parameters are taken to be J,=17 MeV~'h* and J;=25.8 MeV—3h%.
Figure 20.

Calculated quasiproton energies ¢’ as a function of rotational frequency hw for '**La.
The paring gaps are assumed to be Ap = 1.26 MeV for proton and An = 1.13 MeV
for neutron, respectively, The parameters of quadrupole deformation are e, =0.26

and ~ s

Figure 21.
Caleulated quasineutron energies ¢’ as a function of rotational frequency hw for

21La. The same parameters as for quasiproton are used.

Figure 22.

Caleulated gquasineutron energies ¢’ as a function of rotational frequency hw for
| 12 1 h

La. The same parameters as for quasiproton are used.



Figure 23.

\ l'(}lll't'])lllhl fll't':l_\-' .'-i{'llt‘III!‘ [.n]' l]]t' 5] tll'l"?l_\'.‘- ]“JH(_'!‘ illlfi l"'\I_.h.

Figure 24.
Experimental data of the signature splitting in odd-odd Ce and La isotopes. It

should be noted that the experimental spin assignments are performed only three

nuelei of ' Cs, '*%Cs and '*®*La.

Figure 25.

The experimental and caleulated signature splittings of '*La. New data obtained in
the present work are marked by open circles. Diamond marks are the old data taken
from ref. [18]. The theoretical values are the results of calculations by particle-rotor

model. in which triaxial deformation and the residual interaction between valence

proton and neutron are taken into account.

Figure 26.
The experimental and calculated signature splitting of odd-odd Cs and La isotopes.

This figure is taken from ref. [13].
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