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We have studied the levels of '“’La populated in the beta decay of '’Ba by gamma-ray spectros-
copy, which included Compton-suppression gamma-ray spectra of '“°Ba sources that were continu-
ously eluted of the '°La daughter activity using ion-exchange chromatographic techniques. The
study of the gamma-ray deexcitation of the low-energy levels was completed by a measurement of
the low-energy gamma-ray spectrum following thermal neutron capture on '*’La. Also, we have
performed calculations using the interacting-boson-fermion-fermion model. When we compare the
model predictions with the levels and their properties, which we have determined, we find better
agreement than has been obtained using quasiparticle-vibrational models.

I. INTRODUCTION

There have been a large number of theoretical investi-
gations concerning odd-odd nuclei but few based on the
interacting-boson model.! ¢ Further, except for odd-
odd nuclei that abut doubly closed shells, nuclei such as
140La have been difficult to describe in detail. As shown
in Fig. 1, where the levels of '“’La are juxtaposed with
the levels of its N=83 isotones,?’ 33 the low-energy lev-
els of La reflect the fact that it is the midsubshell nu-
cleus, which lies between 5,Sn and the subshell closure at
64Gd. As such, '““La should serve as a good test for sym-
metry models such as the interacting-boson-fermion-
fermion model (IBFFM). We have therefore performed
IBFFM calculations for '*°La.

In order to test our IBFFM calculations, detailed in-
formation on the deexcitation of the low-energy levels is
critical. Unfortunately, such detailed information has
not been available. For example, of the experimental
studies of the levels of '“’La, which have been summa-
rized in the recent Nuclear Data Sheets (NDS) by Pek-
er,?” all but one of the recent spectroscopy investigations
of the '“Ba-"La system have been concerned with
determination of the absolute intensities of the more
abundant gamma rays for metrological uses.>* ™37 Only
Adam and co-workers*® have made a detailed investiga-
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tion of the gamma rays below around 100 keV. A num-
ber of low-energy (E, <600 keV) transitions, which are
critical to testing the present IBFFM calculations, have
not been observed and limits have only been set on the in-
tensities of some.

The lack of observation of low-energy low-intensity
transitions is mainly due to two factors. First, the
parent-daughter '*°Ba-'*La activity occurs in transient
equilibrium and the daughter '*°La decay to '*°Ce pro-
duces a large number of high-energy gamma rays. The
second factor is that, even if the '*La daughter activity is
suppressed, the most intense gamma ray resulting from
the beta decay of '“Ba to levels of '*°La is the highest-
energy gamma ray and hence it produces a high Comp-
ton continuum in the low-energy portion of the spectra.
In order to overcome these factors, we have devised a
special technique to continuously suppress the presence
of the YLa daughter activity and simultaneously mea-
sure the gamma rays using a Compton-suppression spec-
trometer. Here we present the results of our gamma-ray
spectroscopy studies of the low-energy levels of '“La
populated in the beta decay of '“°Ba.

The earlier study'? of the gamma rays emitted after
thermal neutron capture in '*La has been extended by
measurements of the gamma-ray and conversion-electron
spectra with use of the spectrometers at the High Flux
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FIG. 1. Experimentally known levels of the N=283 isotones
below 700 keV (data taken from Refs. 27-40 and this work).

Reactor of the Institut Laue Langevin (ILL) in Grenoble,
France. The results, covering the energy ranges
30<E, <120 keV and 20 < Ecg <1000 keV are presented
elsewhere®® while a preliminary level scheme has been
presented.®’ The decrease in the gamma-ray detection
efficiency with decreasing gamma-ray energy (< 100 keV)
and the increasing uncertainty in the gamma-ray intensi-
ty determination, caused by self-absorption in the target,
required us to perform a separate, additional, measure-
ment of the low-energy gamma-ray spectrum. The main
aim of the present study, performed at an external beam
of the FRJ-2 research reactor of Kernforschungsanlage
Julich (KFA), was to detect hitherto unobserved low-
energy transitions from the decay of the low-energy levels
in "La and in particular the 63-keV 4~ and 49-keV 6~
levels. Both the latter two levels are populated from the
3%, 4% thermal neutron-capture state, whereas only the
first level is populated, albeit very weakly, following the
beta decay of '°Ba. The results of this study, which also
yields lower uncertainties for the gamma-ray intensities
of the intense low-energy transitions, are presented
herein.

II. EXPERIMENTS

A. Beta decay of '“°Ba

The sources of '“°Ba were produced by two separate
methods. In the first, Ba was isolated from the fission
products produced in an underground nuclear explosion
using standard radiochemical procedures.*! These
sources were sealed in counting planchets. Gamma-ray
spectra were measured with a large-volume Ge(Li) spec-
trometer, a Compton-suppression spectrometer,** and a
high-resolution, low-energy, photon spectrometer.
Multigamma-ray standards*>** were measured simultane-

ously with the '*°La sources in order to obtain precise en-
ergy values. The gamma-ray energies and relative inten-
sities were determined from the spectra taken on all sys-
tems. The photopeak efficiencies for the Ge(Li) detectors
and the nonlinearity corrections for the analyzer systems
were measured independently using standard calibration
sources.** Spectra were analyzed with the code
GAMANAL.*

A second set of sources was prepared in which the
4012 was continuously removed from the “°Ba parent by
ion-exchange separation. The experimental setup is
shown schematically in Fig. 2. The ion-exchange column
was located directly under the entrance aperture to the
Compton-suppression spectrometer. The up-stream end
of the ion-exchange column was connected to a pressur-
ized source of eluant and the down-stream end was con-
nected to a waste bottle housed in a Pb shield. Prelimi-
nary experiments established that a sufficiently rapid and
complete separation could be obtained using a short
column of Dowex 50X 10 cation exchange resin and us-
ing an eluant consisting of a pH 5 solution of 0.5 mol
alpha-hydroxy isobuteric acid in 50% ethyl alcohol (al-
coholic alpha-But). All of the apparatus near the source
was made of plastic to minimize scattering and absorp-
tion of the low-energy gamma rays from the '“°Ba. The
column itself was made from a 3-cm? plastic syringe bar-
rel with a small glass wool plug at the end. This plug
supported approximately 2.5 cm of Dowex 50X 10 100-
200 mesh resin with a layer of colloidal resin (settling rate
3-8 mm/min) about 0.7 cm thick on top.

Ge (L)

lon-exchange
column

~3.4 kPa from
N, gas-bottle
and regulator

FIG. 2. Diagrammatic sketch of the experimental setup for
measuring the Compton-suppression spectra of a '*°Ba-'“’La
source in which the daughter '°La activity was continuously
eluted from the '“Ba parent activity. The '“°Ba activity, con-
tained on the ion-exchange resin, was eluted with a solution of
alcoholic alpha-But under a pressure of ~% psi. The column
was aligned with the central axis of the Compton-suppression
spectrometer’s aperture (see text).
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For the Compton-suppression spectroscopy measure-
ments, first a source of approximately 2 mCi of '“*Ba-
9La in alcoholic alpha-But solution was equilibrated in
a centrifuge tube with about 0.2 ml of colloidal resin and
centrifuged. Then the solution, containing virtually all of
the '“La, was discarded and the resin containing the
149Ba was transferred as a slurry to the top of the column
with a transfer pipette. This gave a total thickness of
about 1 cm of colloidal resin at the top of the column,
sufficient for good separation of the Ba and La, but thin
enough to permit adequate flow at low pressure. Finally,
once all the connections were made, any air bubbles
worked out, and the column was flowing properly, accu-
mulation of the spectrum was begun. From time to time
over the course of a measurement the accumulated spec-
trum was checked for evidence of the 487- or 1596-keV
gamma rays of '““La. If they appeared to be becoming
too intense, pressure was increased slightly to increase
flow rate of the eluant. The flow rate could be monitored
quite closely by counting drops of eluant from the end of
the column that occurred over a specific period of time.
A typical experiment ran continuously for four days at a
flow rate of 5 ml/h.

B. Neutron-capture gamma-ray experiments

The low-energy gamma-ray spectra from the thermal
neutron capture in '**La have been measured at the exter-
nal neutron beam facility*® at the FRJ-2 research reactor
of KFA Julich. A thin target was produced by pressing a
homogeneous mixture of 10 mg of La,0; and 10 mg of
deuterized polyethylene into a tablet of 17.7 mg/cm? (7.3
mg/cm® of La). The natural abundances and thermal
neutron-capture cross sections*’ of '®La [0.09% and
57.2(57) b, respectively] and '*°La [99.91% and 8.93(4) b,
respectively] yield 0.57% and 99.43% capture contribu-
tion in 'La and '*°La, respectively, and thus allow the
use of natural target material. The target was suspended
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at an angle of 30° to the axis of the vertical neutron beam
within the neutron shielding tube in front of a 1.4-cm?
HP-Ge detector. Details of the setup and the relative
detection efficiency have been given elsewhere. *®

III. EXPERIMENTAL RESULTS
AND LEVEL SCHEME

In Fig. 3 we show a typical spectrum of the eluted
140Ba source taken with the Compton-suppression spec-
trometer. In Table I we give the gamma-ray energies and
intensities that we measure for the decay of '“°Ba to the
levels of '“°La, and in Fig. 4 we show the placement of
the gamma rays in the '*°La level scheme.

In general, our values for the intensities of the more in-
tense gamma rays agree with those reported by Debertin
and co-workers.** Our increased sensitivity is illustrated
by the fact that we can measure an intensity of the 418-
keV gamma ray as being 0.15 units relative to the 537-
keV gamma ray having 1000 units, while Adam et al.’®
only report a limit of <0.4 units. Also, we note that the
precision gamma-ray energies, which we measure using
techniques described elsewhere,*** have been adjusted
to the remeasurement of the 411-keV fiducial of '*°Au re-
ported by Kessler et al.*

The low-energy part of the gamma-ray spectrum re-
sulting from thermal neutron capture in the setup de-
scribed in Sec. II B is shown in Fig. 5. The energy cali-
bration has been achieved with known gamma rays*> 4
from *'Co, '»’Eu, and **'Am registered in a separate run
simultaneously with those from the La(n,,, gamma) reac-
tion. A third-order correction was applied to take into
account the nonlinearity of the electronic system. From
the relative gamma-ray intensities, corrected for self-
absorption in the target, the absolute intensities were ob-
tained by normalizing to the strong gamma rays of the
328.8- and 487.0-keV *°Ce gamma rays, which are emit-
ted?” with an intensity of 20.6(4) and 44.3(8) per 100 de-
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FIG. 3. Compton-suppression spectrum of a '“°Ba-'*’La source enriched in '*°Ba by ion-exchange techniques. The photopeaks la-

beled La/Ce belong the decay of 1*°La to '*°Ce (see text).
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cays, respectively, and a t, ,, =1.6781(3) d. The resulting
gamma-ray and x-ray energies and intensities are present-
ed in Table II.

The 14.18(8)-keV gamma ray is observed for the first
time. It corresponds to the 100% deexcitation from
the 48.9-keV 6~ level to the 34.7-keV 57 levels
[AE=14.209(6) keV level energy difference’’]. The as-
sumption of a pure M1 character for this transition yields
the total transition intensity as 20%+4/100 neutrons, in
agreement with the total population of the 48.9-keV lev-
el.* The spectral shape, shown in the Fig. 5 inset, shows
that in the *La(n,,, gamma) reaction, the 13.8-keV tran-
sition (between the 43.8-keV 1~ and 30.3-keV 27 levels)
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FIG. 4. Levels of '*La populated by the beta decay of '“’Ba.

TABLE I. Gamma-ray energies and intensities observed
from the beta decay of '“°Ba to levels of '*°La.
Energy* Intensity® Assignment
(keV) (relative) From To

13.846(15)¢ 50(7)¢ 44 30

29.966(1)" 610(40)¢ 30 GS

44.27(— )¢ <0.08 44 GS

63.17(22) 0.0012(6) 63 GS

99.49(2) 0.0008(5) 163 63
113.514(31) 0.66(5) 581 467
118.837(3) 2.50(3) 162 44
132.687(1) 8.3(2) 162 30
162.660(1) 254.5(29) 162 GS
183.83(9)' 0.04(2)f
275.18(18)" 0.015(6)"
304.849(3) 176(2) 467 162
418.44(4) 0.15(1) 581 162
423.722(1) 127(1) 67 44
437.575(2) 79.1(4) 467 30
467.58(— )¢ <0.02 467 GS
537.261(9) 1000(3) 581 44
551.08(4) 0.128(8) 581 30
699.89(13)" 0.034(9)"

*The gamma-ray energies have been corrected for the new value
of the '""’Au 411-keV gamma-ray energy measured by Kessler
et al. (Ref. 49).

“Intensities are relative to the 537-keV gamma ray. For abso-
lute intensities, multiply by 0.02439(22) [see Debertin et al.
(Ref. 34)].

‘Energy measured by Kern and Mauron (Ref. 50).

9This intensity is consistent with the recent measurements of
Adam et al. (Ref. 38).

“This gamma ray was not observed in our measurements. The
energy represents the level energy difference of the levels given
in the assignment column.

These gamma rays were observed in the chemically enriched Ba
sources that were measured with the Compton-suppression
spectrometer. Their association with the '“*Ba decay must be
taken as purely tenuous until the gamma rays are observed to
belong in the '“°La system.

is appreciably weaker than the 14.2-keV transition. This
is in contrast to that observed in the beta decay of '*°Ba,
where the 48.9-keV 6~ state is not populated at all.
Thermal neutron capture in 1397 a with a %+ g.s. leads, by
99%, to the formation of the 4™ capture state.*” The
lower spin difference of the 48.9-keV 6~ level (AJ=2)
favors the population of this state as compared to the
43.8-keV 17 level (AJ=3), which explains the observed
intensities.

The calculated x-ray intensities were used to deduce
the intensities of the 34.7- and 38.7-keV gamma rays
from the unresolved gamma-ray—x-ray doublets. The ob-
served La Ka,/K a; intensity ratio of 0.536(5) is in good
agreement with the calculated value of 0.544 (estimated
error less than 2%).%° This result and the fitted K, and
Ka, energies of Table II demonstrate the quality of the
data deduced from the multiplets at 34 and 38 keV. The
calculated Ce Ka,/Ka, intensity ratio of 0.546(11) and
the observed intensities given in Table II yield a gamma-
ray intensity of 0.23(11)/100 neutrons for the 34.6-keV
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transition. The fitted average energy, the total intensity,
and the energies of the two components, which contrib-
ute to the unresolved peak, yield a gamma-ray intensity
of 0.39(12)/100 neutrons [(54%16)% of the peak intensi-
ty]. Both values are in agreement and yield finally a
gamma-ray intensity of 0.31(8)/100 neutrons for the
34.6-keV transition. The calculated ratios® La
KB,/(KB;+KB,)=0213 and La KpB,/(Ka,+Ka,)
=0.039 can be used to derive the gamma-ray intensity of
the 38.7-keV transition. They yield 0.074(21) and
0.091(17)/100 neutrons, respectively, or the weighted
average 0.084(13)/100 neutrons. A possible 40.6-keV
photopeak from a weak transition between the 103.8-keV
6~ level and the 63.2-keV 4~ level, not observed in the
earlier *°La(n,,, gamma) study,'? may be obscured by
the Eu Ka, peak. Comparison of the measured Eu
Ka,/Ka, ratio (see Fig. 5) of 0.51 and the calculated ra-
tio>>3® of 0.55(1) yields an upper limit of 0.004/100 neu-
trons for the 40.6-keV E2 transition.

R. A. MEYER et al. 41

The photopeaks which are labeled “esc’ in Fig. 5 can
be interpreted as Ge K x-ray escape peaks. Their ener-
gies are lower by 11.0 and 9.9 keV than those of the in-
tense peaks at 30.0, 33.0 (La Ka,), 33.4 (La Ka,), and
37.8 (La KB3;+KpB,) keV. These energy differences corre-
spond to the Ge K8 and K a x-ray energies of 10.981 and
9.876 keV, respectively.’’ The observed ratios of the sum
of the peak areas with energy differences of —11.0 and
—9.9 keV to the peak area of the true photopeaks are
(photopeak energy in brackets []) 0.045(7) [30.0],
0.036(2) [33.0], 0.025(2) [33.4], and 0.014(2) [37.8]. These
ratios agree with the experimental and calculated ratios
given in Ref. 58 for the escape peak to photopeak ratios,
which confirms this interpretation. Therefore the transi-
tion of 26.60 between the 602.0- and 575-keV levels, given
in the preliminary level scheme,*’ must be omitted be-
cause the observed intensity corresponds to what is ex-
pected for the Ge Kf3 escape peak of the 37.8-keV photo-
peak.
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FIG. 5. The low-energy spectrum from thermal neutron capture in the experimental setup described in Sec. II. The energies of the
photopeaks from the La(n, gamma) reaction are given in boxes. The photopeaks labeled Ge and Al result from neutron capture in
the HP-Ge detector (Ref. 51) and the Al cryostat material (Ref. 52). The photopeaks labeled with Eu x-ray components result from a
tiny Eu impurity in the target [the most intense '*'Eu(n, gamma) photopeaks of 89.849 and 77.258 keV (Ref. 53) are observed in the
higher section of the spectrum, too, and yield an Eu impurity on the order of 10 ppm]. Photopeaks labeled by an x-ray component
only are from La, whereas those with the additional label Ce are emitted after the beta decay of La. The labels “esc’ denote photo-
peaks which correspond to the intense low-energy photopeaks with an escape of a Ge K quantum from the detector (E gumma less 9.876
and Eg,mm, less 10.981 keV, respectively). The inset shows the 14.18(8) keV line with four channels summed.
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TABLE I1. Low-energy gamma rays and K x rays emitted after thermal neutron capture in natural La and observed with a 1.4-cm?

HP-Ge detector.

Energy in keV Intensity per 100n Placement
Assignment? This work Note b This work Note ¢ From To
140 13.846(15)¢ <0.09 43.8 30.0
1401 2 14.18(8) 0.39(8) 48.9 34.7
14012 28.545(22) 28.536(7) 0.145(15) 0.16(6) 63.2 34.7
1401 5 29.961(5) 29.9640(7) 2.39(7) 2.1(8) 30.0 0.0
LaKa, 33.021(9) 33.0340° 8.09(7)
LaKa, 33.443(6) 33.4419°¢ 15.08(13)
CeKa, 34.20(5) 34.2788° 0.27(6)
1401 5 34.6467(13) 0.27(8) 34.7 0.0
34.680(12) 0.73(2)f
CeKa, 34.7196°
Lakp,
37.786(6) 37.7736¢ 4.33(7)
LaK B,
1401 5 38.6948(15) 711.6 673.0
38.729(8) 0.995(16)"
Lakp, 38.7283¢
1402 40.63¢ <0.004 103.8 63.2
1401 2 43.82¢8 <0.003 43.8 0.0
14012 45.948(18) 45.9(1) 0.169(7) 0.17(6) 318.2 272.3
1401 2 49.723(23) 0.070(8) 3220 272.3
1401 2 54.952(6) 54.9443(11) 2.02(7) 2.1(6) 103.8 48.9
1401 2 56.276(33) 56.246(7) 0.065(6) 0.16(4) 658.2 602.0
14012 63.185(6) 63.1791(8) 3.15(12) 3.7(7) 63.2 0.0
10 5 69.14(3) 69.1834(27) 0.185(15) 0.22(7) 103.8 34.7

2The K x-ray line designation follows that of Refs. 55 and 56.

®Measured with the crystal spectrometers at ILL (Refs. 39 and 40) unless labeled by another reference.
°From Ref. 12. The values given there are based on the cross section of 8.2(8) b for the thermal neutron capture of **La. The
gamma-ray intensities given here have been reduced according to the actual value of 8.93(4) b given in Ref. 47.

4From Ref. 50.
¢Calculated from the electron binding energies given in Ref. 57.

"The gamma-ray intensity is deduced from the total intensity (see text).
£The upper gamma-ray intensity limits are given for the low-intensity ( E2) transitions.

IV. THEORETICAL DESCRIPTION
OF THE LEVELS OF '*La

A. Previous theoretical investigations

In the zeroth-order approximation, the four lowest
multiplets in '“°La arise from the coupling of a neutron
(n)in f,, or p;, orbitals to a quasiproton (p) in g4,
and ds,, orbitals. Thus the lowest-lying negative-parity
states are based on the multiplets

(pg71,2nf7,2) 0, ...
(pd5/2nf7/2) 1, PN
(Pg7,2nP3,2) 2, ...,

> ’

)

4

’67
5
4

(pds;np3 ) 1,

>

These proton-neutron multiplets will be referred to as gf,
df, gp, and dp multiplets, respectively.

From the positive sign of the ground-state quadrupole
moment of '¥La, Q(1¥)=+0.22 e b, it follows that the

87,2 quasiparticle is holelike, that is u(g,,,)<v(gs,)

and hence, that the ds,, quasiparticle is particlelike, that
is u(ds,;)>v(ds,,). Therefore the gf and df proton-
neutron multiplets are of hole-particle and particle-
particle type, respectively. If the Brennan-Bernstein rule!
is applied, the lowest-energy level is predicted to be 6.
Thus the experimentally observed 3~ ground state
strongly violates the Brennan-Bernstein rule, revealing
the complexity of the structure of '“’La.

In Refs. 2 and 3 the states arising from gf and df mul-
tiplets have been described by applying the parabolic
rule.* In this description the exchange of quadrupole bo-
son and spin-vibration boson was included in the leading
order. In Ref. 2 the 07 (1) and 7 (1) levels were assigned
to the gf parabola and the remaining levels were assigned
to achieve the best fit. The resulting occupation probabil-
ities (v2) extracted from the parabolic rule were 0.63 and
0.42 for the g,,, and d5,, proton quasiparticles, respec-
tively. These values are in modest agreement with the
spectroscopic factors extracted from (*He,d) studies,’
which gave 0.42 and 0.21, respectively. However, this
procedure predicts the ground state to be 5, while the
experimental 2 and 3~ levels are appreciably displaced
from the predicted parabolas.?
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Here we investigate an alternate fit to the parabolic
rule, where the 37 (1) ground state and the 17 (1), 27 (1),
47(1), 57(1), 6 (1), and 77 (1) levels have been fit to the
gf parabola, leaving the 0™ (1) state out of the fitting pro-
cedure. In this case we take the quasiparticle energies of
lowest states in '*La and '3°Ba, the occupation strengths
from the Reehal-Soresen parametrization® [v%(pg;,,)
=0.612, v%pds,)=0.254, vinf,,)=0.088, and
vX(np,,,)=0.021], and the interaction strengths as
a®1)=0.25 and a°2)=2.5. The two lowest-energy
proton-neutron parabolas that result from this procedure
are presented in Fig. 6(A). In Fig. 6(B), this theoretical
spectrum is compared to the low-energy experimental
levels of '*OLa.

Several investigations of the level structure of '*°La
have been made using an odd-odd quasiparticle model
(OOQM). Several attempts to extend the quasiparticle
approach to odd-odd nuclei’ ~? have been made, and Stru-
ble!® has given a detailed accounting of '*°La within this
framework. In the latter, a residual interaction, the finite
range central interaction with Gaussian shape, was used.
The calculated ground state was predicted to be 6,
which is in accordance with the Brennan-Bernstein rule.
Struble concludes that the OOQM calculation underesti-
mates configuration mixing between the g,,, and ds,,
quasiproton states for spins 1, 2, and 3, and is related to
the problem of relative ordering of the states.

In another recent investigation'! the energy spectrum
of "9La was calculated using a weak-coupling shell model
in a proton-neutron formalism with a modified surface
delta interaction. As in the other previous calculations,
this calculation also failed to reproduce the correct
ground state. However, this calculation gave a better
overall agreement with experiment for energies of the 13
lowest levels. Unfortunately, the position of higher-
energy states and in particular that of the 0 (1) state was

“ds/zvf

7/2

E(MeV)

not reported. '!

A rather simplistic approach to the low-lying
negative-parity states of '“’La directly related to experi-
ment has been used by Jurney et al.'> There, only the gf
and df two-quasiparticle states were considered, and
their mixing amplitudes for each state were fitted sepa-
rately to the experimental (d,p) amplitudes. A second fit
was made for the transitions, which are largely of M1
type. In this way a rather good fit to the electromagnetic
and transfer data was obtained. However, there is a basic
open question as to the energies corresponding to these
wave functions and about the interaction that would
simultaneously give these wave functions.

B. Calculation of levels within the IBFFM

Over the last decade the IBM and the IBFM have been
extensively applied to the description of even-even and
odd-mass nuclei.'*'* This approach has been recently
extended to odd-odd nuclei.'**?* This new model was re-
ferred to as the IBFFM.!*~ 22 In a related development,
a few dynamical symmetries and supersymmetries have
been introduced. ! 132!

The IBFFM Hamiltonian reads

Hgrpm =Higem (p) T Higpm(n) — H gy t H . (pn) .

Here, Hgg\y(p) and Hgpy(n) denote the IBFM Ham-
iltonians'® for odd-mass nuclei with an odd proton and
odd neutron, respectively. H gy denotes the IBM Hamil-
tonian,”* and H, (pn) denotes the residual proton-
neutron interaction. In the IBFFM/OTQM computer
code,?* the following residual interactions are incorporat-
ed: multipole-multipole, surface-delta, spin-spin, spin-
spin-delta, and tensor interaction.

Because we investigate the states below 1 MeV with
small boson admixtures, a harmonic IBM core has been

I(I+1)

FIG. 6. (A) Application of the parabolic rule to '“’La with two requirements: (i) the 3 “(1) level is at the bottom of gf parabola and
(ii) the 07 (1) level is excluded from the fit. (B) Comparison of the spectrum in (A) to the experimental negative-parity levels of '“°La.
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FIG. 7. IBFFM negative-parity energy spectrum of '*°’La compared with the experimentally known energy spectrum and with the
three previous calculations performed using the odd-odd quasiparticle model (OOQM) (Ref. 10), the parabolic rule (PR) (Ref. 2), and
the weak-coupling shell model in the proton-neutron formalism (WCPN) (Ref. 11).

used with d-boson energy given by the energy of the first
excited state in the core nucleus '**Bag,. Six valence-shell
particles in the core determine the boson number as
N=3. The quasiparticle energy differences were taken as
€lp(ds,,—87,,)]1=0.105 MeV and e€[n(p;,,—f1,2)]
=0.95 MeV and the occupancies were taken as
v%(pgs,,)=0.8, vipds,,)=0.1, vi(nf,;,,)=0.088, and
uz(np3/2 )=0.021. The quasiparticle energies and proton
occupation probabilities are close to the standard BCS
parametrization,® but slightly adjusted to '““La. The
neutron occupation probabilities were chosen according
to Ref. 6. The interaction strengths employed in the
present calculation, determined in order to get an overall

TABLE III. Static moments of low-lying states of '*°La cal-
culated in the IBFFM. The only available experimental static
moments (Ref. 27) are Q{3(1)} =0.103(11) e b (cf 0.11 predicted)
w1f3(1)] =0.730(15)uy (cf. 0.68 predicted).

Level Q (eb) wo(py)
37D 0.11 0.68
2°(1) 0.14 0.14
5°(1) 0.05 1.08
17D —0.12 —2.08
67 (1) —0.08 1.36
4°(1) 0.11 0.89
6 (2) —0.87 2.47
27°(2) 0.11 —0.16
47(2) —0.28 1.29
7°(1) —0.05 1.51
37(2) 0.07 0.23

TABLE IV. Branching ratios for the low-energy, negative-
parity levels in '“°La, calculated within the IBFFM, compared
with the experimental data. The J(n) identification of the ob-
served levels, given in the first two columns to the left, is as-
signed to the IBFFM levels in accordance with Fig. 7. For each
level the branching ratios are normalized to the most intense ex-
perimental transition.

Transition Branching ratio®
From To Expt. IBFFM
1(1) (D <0.16 0.001

2(1 100 100
4(1) 3(D 100 100
2(D) 107
5(1) 4.6(5) 9
6(1) 1077
6(2) 5(1) 9(1) 680
6(1)* 100 100
4(1) <0.2 2x107*
2(2) 3(n 100 100
2(1) 3.3(D 16
1(1) 0.98(2) 79
41 0.0003(2) 0.001
1(2) 3( <0.01 0.001
2(D 44.9(6) 72
(D 72.2(10) 61
2(2) 100 100
3(2) 0.003
o(1) 2(1) 0.0128(6) 0.04
n 100 100
2(2) 0.015(1) 0.006
1(2) 0.066(5) 4.9

*The sequence of the calculated 6 states has been interchanged
(see text).

“The sequence of the calculated 6 states have been inter-
changed (see text).
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TABLE V. Comparison of the experimental lifetimes with
our IBFFM calculation.

Half-life
Level Expt.? IBFFM
27(D 0.25(4) ns 0.13 ns
17(D 0.52(14) ns 0.12 ns
27(2) <0.01 ns 0.009 ns
17(2) <7.7 ps 0.3 ps

*Experimental values taken from Ref. 27.

agreement with the experimental properties of '“’La, are
boson-fermion dynamical interaction strengths
I'o(p)=T,(n)=0.46 MeV, spin-spin interaction strength
V,,=0.13 MeV, spin-spin-delta interaction strength
Voos=—0.02 MeV, tensor interaction strength
V= —0.02 MeV, and the hexadecapole-hexadecapole in-
teraction strength V,, = —0.18 MeV. The energy pattern
of the 14 lowest-energy levels in '““La imposes very
stringent conditions on the IBFFM parametrization. In
searching for the correct parametrization, our guideline
was the multiplet classification from Fig. 6, which arises
in IBFFM as the leading-order perturbation effect due to
the I'y(p), T'y(n), and V, terms (nota bene: the relation
of the parabolic rule to boson-fermion symmetry has been
recently discussed in Ref. 22). The additional V; term
shifts the 07 (1) state to a higher energy, while the V,,
term keeps the 37 (1) state at a low energy.

The results of our calculation for the low-energy
negative-parity spectrum are presented in Fig. 7 and
compared to the experimental levels and to the previous-
ly calculated spectra. All the IBFFM levels up to 0.6
MeV are assigned to experimentally known levels. These
assignments were made taking into account the elec-
tromagnetic properties, transfer data, and the present re-
sults. Here we focus our consideration on the lowest two
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multipets that we observe in “°La and elsewhere® we dis-
cuss the higher-energy levels.

In Tables III-V we compare the calculated electromag-
netic properties of '“’La in IBFFM with the experimen-
tally known level spectra and properties taken from the
recent compilation of Peker?’ and our present results.
The effective charges and gyromagnetic ratios used in the
calculation have the standard values: ef=1.5, ¢"=0.5,
e"*=22, g/(p)=1, g,(n)=0, g.(p)=0.6g,(p,free),
g,(n)=0.6g.(nfree), and gg=Z/A=0.41 (for a more
complete definition of these parameters see Ref. 24).

V. DISCUSSION

The IBFFM wave functions of the low-lying states in
Fig. 7 are dominated by two-quasiparticle components
|(pg+,2nf+,,)J ) and/or |(pds,,nf5,,)J ). For each state
we present in Table VI the amplitudes associated with
these two two-quasiparticle components. These ampli-
tudes will be referred to as a,, and a,;, respectively. On
the basis of the largest component in each wave function,
the IBFFM levels from Fig. 7 can clearly be classified
into two multiplets, as shown in Fig. 8. In this figure the
points (full circles) which present the IBFFM states are
for each multiplet connected by a full line, and the points
(triangles) which present the experimental levels by a
dashed line.

In the wave functions of the 0™ (1) and 7 (1) states, the
(pg7,2nf7,,) component is the only component with
n, =0, but it amounts to nearly 90% of the total wave
function. The wave functions of the levels 17(2), 27 (1),
and 17(1), 27(2) which are associated with the
(pg7,2nf7,,) and (pds,,nf,,,) multiplets, respectively,
exhibit sizable mixing of these two two-quasiparticle
components.

Due to the mixing of the two-quasiparticle components
in the wave functions of the 17 (1) and 1™ (2) states, the

TABLE VI. Absolute amplitudes of proton-neutron components |(pg;,nf,,)J) and

|(pds,,nf,,)J ) in the wave functions of the '“°La states.
IBFFM ooQM* TCF®
la(pn)|

Level (gf) (df) (gf) (df) (gf) Comment
0~ (1) 0.96 0.97 1.00
17(1) 0.39 0.80 0.16 0.97 0.81
17(2) 0.87 0.34 0.97 0.17 0.54
27(1) 0.76 0.48 0.26 0.90 0.69
27(Q2) 0.48 0.70 0.95 0.27 0.72
37(1 0.91 0.04 0.98 0.02 0.90
37(2) 0.04 0.89 0.02 0.99 0.43
47 (1) 0.87 0.12 0.99 0.03 0.99
47(2) 0.10 0.83 0.04 0.92 0.14
57(1) 0.88 0.05 0.99 0.00 0.87
57(2) 0.05 0.93 0.01 0.99 0.14
67 (1) 0.88 0.20 1.00 0.08 0.98 See note c.
67(2) 0.21 0.86 0.08 1.00 0.20 See note c.
77(1) 0.94 1.00 1.00
“See Ref. 10.
See Ref. 12.

“The sequence of the calculated 6 states has been interchanged (see text).
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e |BFFM
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FIG. 8. Classification of the IBFFM levels into multiplets on the basis of largest components in the wave functions. The experi-
mental levels of '*°La are compared with the theoretical spectra on the basis of level energies, electromagnetic deexcitation, and
transfer properties. IBFFM and experimental levels are presented by solid circles and triangles, respectively.

B(M1) values for both the 07 (1) to 17 (1) and 0™ (1) to
17(2) transitions are large, but the transition probability
for the latter is sizably reduced with respect to the former
due to the smaller transition energy. The remaining two
transitions, depopulating the 07 (1) to the 27 (1) and 27 (2)
levels are even weaker because of the fifth power energy
factor. Thus depopulation of the 0™ (1) state is dominated
by the 07 (1) to 17 (1) transition.

The mixing between the two multiplets is, in particu-
lar, reflected in the decay pattern of the 17 (2) state. Due
to sizable mixing between the pg,,,nf;,, and pds,nf;,,
components, the B(M 1) values for the transitions to the
27(1), 17(1), and 27 (2) states are large (0.51, 0.47, and
2.12u3,, respectively), and accordingly, the corresponding
transition probabilities are large.

The ordering of the experimental levels agrees with the
ordering of the calculated IBFFM levels for the states of
all spins shown in Fig. 7, except for J=6. Namely, the
lowest experimental 6~ level is strongly populated in the
experimental (d,p) reaction, revealing that this state has
a large amplitude of the |(pg;,,nf7,,)6) component. On
the other hand, the calculated second 6 state has the
largest |(pg;,,nf;,,)6) component, and thus presents the
counterpart of the lowest experimental 6 level. There-
fore, the first and second calculated 6~ states are as-
signed to the experimental 6 (2) and 6 (1) levels, respec-
tively, as displayed in Fig. 7. Such an assignment, sys-
tematically employed in Tables III and IV, is in accor-
dance with the observed branching ratios.

In Table VI the a,, and a,;; amplitudes are compared
with the results of the OOQM calculation from Ref. 10
and the results of fitting the two-component ansatz to the
experimental (d,p) amplitudes.'? With respect to the
ground state, it is interesting to note that the study of
beta-gamma directional correlations®® in the decay of
0 a indicates a value of ayr~0.04, in agreement with
the present calculation. As was pointed out in Ref. 10,

the OOQM calculation underestimates the configuration
mixing between the pg,,, and pds,, configurations for
spins 1, 2, and 3. Another problem of the OOQM calcu-
lation was posed by the 1~ states. Namely, the experi-
mental data seem to indicate that the 17 (1) state has g4,
as its largest proton component, while the OOQM calcu-
lation, in accordance with the Brennan-Bernstein rule,
computed the largest proton component to be ds5,,. As
seen from Table VI, the present IBFFM calculation im-
proves the structure of the wave functions in both cases,
but still the mixing appears too small. This is also seen in
a comparison of the calculated and experimental branch-
ing ratios, which would improve by increasing the mixing
in the wave functions. However, we have not succeeded
in increasing the mixing further without distorting the
energy pattern. It might be possible that additional in-
teraction terms are needed in this respect.

VI. CONCLUSIONS

We have measured the deexcitation properties of levels
in 'La populated by the beta decay of '“°Ba using
Compton-suppression techniques on sources whose
daughter '*°La was continuously eluted by ion-exchange
chromatography. The low-energy transitions between
the low-energy levels have been studied by a measure-
ment of the gamma rays (E, <70 keV) emitted after
thermal neutron capture in '*’La. We have performed
new theoretical investigations within the framework of
the IBFFM and compared them to previous calculations.
We find that the IBFFM calculation provides the best
available description of the low-energy levels in '“°La.
The higher-energy levels and the results of a comprehen-
sive (n, gamma) and (n,e ~ ) study of high-energy gamma
rays following thermal neutron capture in '**La will be
discussed elsewhere. >’
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FIG. 2. Diagrammatic sketch of the experimental setup for
measuring the Compton-suppression spectra of a '*'Ba-'*’La
source in which the daughter '*°La activity was continuously
eluted from the '*'Ba parent activity. The '*’Ba activity, con-
tained on the ion-exchange resin, was eluted with a solution of
alcoholic alpha-But under a pressure of ~% psi. The column
was aligned with the central axis of the Compton-suppression
spectrometer’s aperture (see text).



