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Spectroscopy of **La
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The 'La nucleus has been studied using the fusion-evaporation reaction '**Sn('’N,6n) induced by the "N
radioactive beam. The level scheme has been constructed from the y-y coincidence measurement with an array of
12 HPGe detectors, and the lifetimes of two previously known isomeric states has been deduced. The transitions
and their intensities observed in the current work as well as the level scheme derived from them is in agreement

with the results of a recently published work. However, our interpretation of the results differs significantly in
terms of spin and parity assignments, thus solving various contradictions concerning the configurations of some

of the bands discussed in the aforementioned work.
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I. INTRODUCTION

The nuclei around the N = 82 shell closure offer a
unique laboratory for the study of the shape coexistence in
different spin regions, from low and medium spins where
spherical and triaxial shapes compete [1,2]. These nuclei often
present isomeric states which have simple multi-quasiparticle
configurations and are therefore easier to interpret. However,
close to the line of stability the experimental information on
high-spin states is scarce, mainly due to the lack of available
projectile-target combinations for the production of these
nuclei through fusion-evaporation reactions. This is the case
for the A ~ 135 nuclei with neutron numbers close to N = 82.

Based on the CASCADE model [3], i.e., a combined model
of a one-dimensional potential model (Bass model) for fusion
reactions and a statistical decay model, the highest angular mo-
menta of the '*3La states populated by the fusion-evaporation
reactions >*Sn('"N,6n) and '*>Sn(!’N,4n) are estimated to be
45h and 35h, respectively, and the associated cross sections to
be around 660 and 80 mb, respectively. Since the present work
aims at populating high-spin states in '*3La, it is reasonable to
use the '2*Sn('7N,6n) reaction, instead of '22Sn('"N,4n). The
development at Research Center for Nuclear Physics (RCNP),
Osaka University, of an intense 7N radioactive beam offered
the possibility to populate high-spin states in nuclei close to the
line of stability by inducing fusion-evaporation reactions [4].

By bombarding the heaviest stable tin isotope >*Sn, we
could populate high-spin states in ' La via the strongly
populated 6n reaction channel. The use of a radioactive beam,
which is several orders of magnitude less intense than a stable
beam, leads inherently for the time-being to low statistics. In
order to obtain a set of data with good statistics we optimized
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both the radioactive ion beam production and the efficiency
of the detection setup. We could therefore obtain a reasonable
data set to develop the level scheme of '**La and to measure
the lifetime of the known isomers in this nucleus [5].

The results on '33La reported in the present paper and the
related interpretation are to be considered as a contribution
to clarify the interpretation of the results recently reported in
Ref. [6] which is in disagreement with ours.

II. EXPERIMENTAL DETAILS

High-spin states in '3La have been populated through the
1243n(1'N, 6n) reaction with a radioactive secondary beam
of "N produced using the *Be('80,'’N)!’B transfer reaction
on a 40 um thick °Be target. The '30 primary beam was
delivered by the AVF cyclotron of the RCNP Osaka facility
at an energy of 9.2 MeV /u and an average intensity of 7 uA.
The radioactive "N beam was selected using an achromatic
spectrometer [7,8], achieving a maximum intensity on the
target of 1.2 x 10° pps [4].

A parallel plate avalanche counter (PPAC) detecting the
ions passing through was used to trigger the acquisition system.
The y rays of the residual nuclei produced by the fusion-
evaporation reaction were detected with an array of 12 coaxial
HPGe detectors, eight of them with anti-Compton shields,
positioned at a distance of 7 cm from the target and at three
different angles with respect to the beam axis: four at 50°, four
at 90°, and four at 130°. The total efficiency of the array was
around 3% at 1.3 MeV. A Si-ball consisting of 30 Si wafers
of 170 pum thickness, with a total efficiency of around 40%
for protons, was used to select the weakly populated pxn and
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FIG. 1. Spectrum in coincidence with the PPAC and a veto on
Si-ball obtained by summing the gates on the 584, 202, 593, 376, and
380 keV transitions.

axn reaction channels (barium and cesium isotopes) from the
dominating xn channels (lanthanum isotopes). The veto of the
Si-ball also helped to reduce the background from the cesium
and barium isotopes in the analysis of the lanthanum isotopes.

The 6n reaction channel leading to '*La was populated
with a cross section of around 0.7 b as calculated by PACE4 [9]
and CASCADE [3]. The recoiling residual nuclei were stopped
in the 20 zom thick >*Sn target placed in the center of the y -ray
detector array to measure the prompt and isomeric decays. The
repetition rate between the beam pulses of 148 ns was divided
by two, leading to a beam period of 296 ns. Combined with
a 0.2 ns time resolution of the CAMAC acquisition system it
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allowed us to extract lifetime of isomeric states by measuring
the time difference between two y-rays and/or between a y
ray and the time signal of the PPAC anode. The recorded
y-coincidence events were sorted in various two-dimensional
matrices. We collected 6.5 x 107 y events from which we
could extract 2.1 x 10° y-y and 5.2 x 103 y-y-y coincidence
events. A spectrum in coincidence with the PPAC and a veto
on the Si-ball, obtained by summing the gates on several
transitions is shown in Fig. 1

III. RESULTS AND LEVEL SCHEME

The level scheme of '3*La constructed with the y-ray
transitions observed in the present experiment is shown in
Fig. 3. Coincidence spectra gated on specific transitions
relevant for the most intense bands are shown in Fig. 2. The
experimental information on the observed transitions are given
in Table I. In the present experiment we did not measure
the DCO ratios and polarization asymmetries, therefore the
spin-parity assignments are based on the data published in
Ref. [6]. All transitions were observed previously [5,6], but
important differences with respect to the recently published
results in Ref. [6] are observed and presented below.

A. Spin and parity assignment to the observed states in 3La

To facilitate the comparison with the level scheme of
Ref. [6] we have adopted the same labeling of the bands.
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FIG. 2. Spectra in coincidence with the PPAC and a veto on Si-ball, obtained by gating on the 202 keV transition to show the transitions of
band 5, on the 134 and 471 keV transitions to show the transitions of band 8, and on the 138 keV transition to show the transitions of band 6.
The in-band transitions are indicated with a star symbol, while the Bi x rays from the the anti-Compton shields are indicated with an “X”".
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FIG. 3. Level scheme of '3°La resulting from the present work.

As can be seen in Fig. 3, we have drawn the transitions
assigned to band 8 differently than in Ref. [6], in agreement
with our interpretation of the experimental results. The first
important difference with respect to Ref. [6] concerns the
transitions of band 8. The band-head spin and parity of band
8 are assigned (15/27) on the basis of the DCO ratio (Rpco)
and the polarization asymmetry (A) of the 380 keV transition
towards the yrast 15/2 state, which are 1.07(3)€ (the Q and
D superscripts indicate the quadrupole or dipole nature of
the gating transitions) and 0.19(2), respectively. The 320 keV
transition from the (15/27) band-head was too weak to allow
the extraction of the Rpco and A values. In the discussion
of the polarization asymmetry A one should keep in mind
that the sign of A for stretched and unstretched transitions is
opposite [10]: for an unstretched M1 transition with A7 =0
the sign is positive and for an unstretched E'1 transition with
Al = 0 the sign is negative. The 380 keV transition has the

Rpco compatible with a Al =2 or Al = 0 transition, while
A is positive. This is in agreement with an E2 (Al =2)
or M1 (AI =0) character of the 380 keV transition. In
addition to the Rpco and A values, the decay of the (15/27)
state at 1758 keV can help to disentangle between these two
multipolarity assignments. If we assigna AI = 2 multipolarity
to the 380 keV transition, one obtains a spin-parity 19/2~
for the state at 1758 keV, which would decay through an
unrealistic M3 transition of 320 keV towards the 13/2~ state.
We therefore conclude that the 380 keV transition has A7 = 0
M1 character and leads to spin-parity (15/27) for the state at
1758 keV.

The 376 keV transition of band 8 is assigned as an Al =0
transition in Ref. [6], leading to spin-parity (15/27) for the
state at 2134 keV. This assignment takes into account the
Rpco = 1.11(3)¢ and the positive polarization asymmetry
A = 0.18(1) of the 376 keV transition, which are in agreement
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TABLE 1. Energies, intensities (corrected for detector efficiency
and internal conversion), and spin-parity assignments of y-ray
transitions of '3°La. The transitions are grouped in bands and the
transitions connecting a given band to low-lying states are listed at
the end of each band separated by a blank line.

y-ray energy(keV)  E;(keV) Intensity ST = JF
Band 3

596.5(3) 716 7(2) 11/2F — 7/2*
119.2(2) 119 15(4) 7/2F — 5/2*
Band 4

583.8(1) 584 100(12) 9/2t — 5/2%F
464.3(2) 584 103) 9/2t — 772
Band 5

592.5(1) 1379 86(12) 15/2= — 11/2~
856.0(1) 2235 25(4) (19/27) — 15/2~
873.9(1) 3109 10(5) (23/27) — (19/27)
202.4(1) 786 102(16) 11/2= — 9/2*
652.5(2) 1439 17(2) (13/27) —» 11/2~
Band 6

138.3(1) 3641 18(4) (27/27) — (25/27)
320.8(1) 3962 23(7) (29/27) —» (27/27)
360.3(2) 4322 18(3) (31/27) — (29/27)
503.6(3) 4826 6(2) (33/27) —» (31/27)
559.0(2) 5385 6(2) (35/27) — (33/27)
394.2(2) 3503 12(4) (25/27) — (23/27)
433.8(3) 3503 4(2) (25/27) — (25/2")
764.8(2) 3503 7(4) (25/27) — (23/2™)
Band 7

251.4(4) 5467 5(1) (35/27) — (33/27)
311.5(1) 5779 8(4) (37/27) — (35/27)
386.6(3) 6165 6(3) (39/27) —» (37/27)
(473.8(3)) (6639) <2 (41/27) - (39/27)
1253.9(2) 5216 7(2) (33/27) — (29/27)
Band 8

133.9(1) 2268 46(10) (21/27) - (19/27)
238.6(2) 2977 29(7) (25/27) — (23/2")
330.7(3) 3069 10(4) (25/2%) — (23/2")
375.8(1) 2134 50(10) (19/27) — (15/27)
470.6(1) 2738 42(8) (23/2%) — (21/27)
666.5(1) 3644 28(5) (27/2%) — (25/2")
624.7(1) 4268 8(2) (29/27) — (27/2")
319.8(1) 1758 17(9) (15/27) — (13/27)
379.5(2) 1758 61(12) (15/27) — 15/2~

with either Al =2 E2 or Al = 0 M1 character. It is assigned
as a Al = 0 transition in Ref. [6], ignoring the unrealistic
consequences induced by this assignment. In fact, the Al =0
assignment for the 376 keV transition is based on two weak and
questionable arguments. The first one is that the Rpco value of
the 376 keV transition is similar to that of the A/ = 0380 keV
transition, which cannot be considered conclusive since an
analog statement is also valid if the 376 keV transition has a
Al = 2 multipolarity. The second argument is the consistency
with the spin-parity of the higher-lying band 6, which is also
non conclusive, since the spin-parity of band 6 can be obtained
consistently through a different multipolarity assignment of
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the other transitions assigned to band 8, as discussed in
the following. Moreover, the Al =0 E2 assignment for the
376 keV transition would lead to a third 15/27 state, which
is expected to be weakly populated. This is in contradiction
with the observed strong population of the 2134 keV state. It
is therefore rather natural to assign a spin-parity (19/27) to
the 2134 keV state.

The next 134 keV transition in band 8 has Rpco = 1.72(6)P
and is assigned as a Al =2 E2 transition, which is in dis-
agreement with an expected Rpco ~ 2.0” within the quoted
errors. Moreover, in Ref. [6], a 132 keV transition is reported
with Rpco = 1.63(6)P which is similar to that of the 134 keV
transition which is assigned as a A/ =1 M1 transition. It
is contradictory that two transitions with similar Rpco are
assigned different multipolarities. We assign therefore the
134 keV transition de-exciting the state at 2268 keV as a
Al =1 M1+ E2 transition with a large mixing ratio, as
indicated by the Rpco = 1.72(6)” value which is much higher
than 1, the expected value for a pure M1 transition.

The 471 keV transition populating the (21/27) state at
2268 keV has Rpco = 1.04(4)? and A = 0.03(1), which
indicates an E1 transition leading to spin-parity (23/2%") for
the initial state. This is again in contradiction with the Q + D
multipolarity and 23/27) — 19/2(7) assignment proposed in
Ref. [6]. We finally obtain the same spin value of 23 /2 for the
state at 2738 keV as that reported in Ref. [6], but an opposite
parity, i.e., positive.

The next three transitions on top of the (23/2%) state
with energies of 239, 667, and 625 keV are all Al =1
M1 transitions, leading to spin-parity (25/2%), (27/2%), and
(29/2%) for the states at 2977, 3644, and 4268 keV, respec-
tively. The (23/2") state at 2738 keV is also populated by
the 765 keV transition which has Rpco = 0.50(2)€ and A =
0.15(3), clearly indicating a AI = 1 E1 transition leading to
a state with spin (25/27) at an energy of 3503 keV. The E'1
character of the 765 keV transition is again in contradiction
with the M1 character assigned in Ref. [6], but accidentally
leads to the same spin-parity for the 25/27 state at 3503 keV.

B. Lifetimes of the 11/2~ and (23/2%) states

Several methods based on time difference spectra were used
to extract the lifetimes of the 11/2~ and (23/2%) states at
excitation energies of 786 and 2738 keV, respectively. Before
this work the lifetime of the 11/2~ state was known to be
smaller than 20 ns [11], while the reported lifetime of the
(23/27) state was 50 ns in Refs. [12,13] and 25.9(15) ns in
Ref. [5].

1. Lifetime of the (23/2%) state

The half-life of the (23/2%) isomer at 2.738 MeV was
revised to be 28.4(8) ns, which is much more precise than
the reported values of 50 ns [12,13] and 25.9(15) ns [5].
The improvement was due to the use of beam timing (PPAC)
and taking into account the detector time resolution which is
comparable with the half-life. The time spectrum between the
beam and the 471 keV y ray, which depopulates the isomer,
is shown in Fig. 4. No delayed component was observed for
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FIG. 4. Time spectrum between the beam (PPAC) and the
471-keV y ray depopulating the isomer in '*La.

the 239, 331, and 667 keV transitions feeding the (23/2%)
state. The 765 keV transition was too weak to create a time
spectrum and anyhow has a negligible contribution to the
feeding of the (23/2%) isomer. The fitting was performed
with an exponential convoluted with a gaussian function which
represents the detector resolution of 32 ns (FWHM) at 471 keV.
The chi-square value was examined in a two dimensional plane
of the amplitude vs. the half-life, as shown in Fig. 5. The
half-life of 28.4 ns was determined from a least chi-square
condition and the error of 0.8 ns was estimated from an ellipse
corresponding to an lo error limit.

2. Lifetime of the 11/2~ state

The population of the 11/2~ isomeric state by the (23/2%)
isomer decay with lifetime of the same order of magnitude
as that of the 11/27 state prohibits the direct use of the time
difference spectra between the y rays de-exciting the 11/2~
state and the beam timing signal from the PPAC. To overcome
this difficulty, time difference spectra were produced between
all couples of Ge detectors. To increase the statistics of the
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FIG. 5. (Color online) Contour plot of the chi-square value as a
function of the amplitude and the half-life. The minimum chi-square
value shown by a cross is obtained with a half-life of 28.4 ns. The
reduced chi-square value of 2.69 demonstrates a reasonable fitting.
The white circle shows an ellipse corresponding to the region where
the chi-square values are 2.3 larger than the minimum one, showing
an lo error limit.
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spectra, several y-rays above the 11/2~ isomer were used as
start, with energies of 593, 653, 376, 380, and 471 keV, while
the stop was given by the 202 keV transition de-exciting the
11/27 state. For the determination of a lifetime comparable
with the time resolution of the experimental setup of 32 ns
(FWHM) at 471 keV, the slope method where the straight line
of the decay obtained in a semilogarithmic plot is fitted, is not
applicable, because there are not enough data points to fit the
straight line. The centroid shift method (CSM) is independent
of the time distribution slope. This statistical method is the
proper technique to extract life time shorter than the time
resolution [14]. When the lifetime is of the same order of
magnitude or longer than the FWHM of the prompt response
function, a fit of the slope can give good results, as in the case
of the (23/2%) isomer discussed below. When the lifetime is
shorter than the time resolution of the setup, as in the case of
the 11/2~ state, only the CSM technique can give reasonable
results. We have applied the CSM technique to the 11/27 state,
but for checking the reliability of the method, we also applied
it to the (23/2%) state for which we obtained T ,, = 25(5) ns,
which is in agreement with previous published results and
with the more precise results obtained from A7ppac—ge time
difference spectra (see Sec. IIIB1). The experimental time
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o
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FIG. 6. (Color online) Time spectra between two y rays popu-
lating and de-exciting the 11/2~ and (23/2%) states in '**La. The
prompt time distribution was generated summing the time difference
spectra of two groups of prompt transitions: (239, 667, 625) keV and
(134, 471, 376, 380) keV. The time distribution of the 11/2~ state
was obtained as the time difference between the (134, 380, 376, 471,
593, 653, 856) keV transitions and the 202 keV transition. The time
distribution of the (23/2%) state was obtained as the time difference
between the (239, 667, 625) keV transitions and the (134, 471, 376,
380) keV transitions.
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difference spectra for the 11/2~ and (23/2%) states are shown
in Fig. 6, in which also time difference spectra for prompt
transitions are shown for comparison.

The centroid shift method allowed us to reduce the upper
limit on the lifetime of the 11/2~ isomer to 10 ns, which fits
well in the systematics of the isomeric states in the Lanthanum
isotopes, as shown in Fig. 7, and gives a good guide for possible
future lifetime measurements.

IV. DISCUSSION

A discussion of the observed bands of '**La and a
comparison with the neighboring N = 78 nuclei '*’Pr, '3°Pm,
and '"'Eu can be found in Ref. [5], while an interpretation
of band 6 of **La has been recently published in Ref. [6].
We will focus our attention to the interpretation of band
8, which has a different structure than that reported in the
previous papers [5,6]. The previously reported band 8 cannot
be considered as a band, since it consists of only one transition
of 376 keV. We have three states with negative parity, the first
with spins 15/27 which is nonyrast, while the second and third
ones with spins (19/27) and (21/27) are yrast. At higher spins
we have three states with positive parity and spins (23/21),
(25/2™), (27/2*) which are all yrast, and finally the nonyrast
(29/2") state de-excited by the 625 keV transition.

The strongly populated (15/27) and (19/27) states at
1758 and 2134 keV, respectively, have been discussed in the
framework of the triaxial rotor model, deducing an asymmetry
parameter y ~ 25° [13]. In the shell model approach the
configurations of the yrast 15/27 and (19/27) states can
be understood as the coupling of one proton in whyy, and
two protons in the m(ds;2g7/2) orbitals coupled to spin 2+
or 47, respectively. The presence of low-lying configurations
involving two protons in the 7 (ds/287/2) orbitals is expected,
since the lowest-lying bands of '3°La are built on 5/2%
and 7/2" band heads, which have configurations based on
the 7(ds/287/2) orbitals [6]. The strong 380 keV transition
connecting the two 15/27 states can be understood by the
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FIG. 8. Comparison between the low-lying states of '**La and of
the two neighboring even-even isotones '**Ba [21,22] and '**Ce [23].

presence of two protons in the m(ds/g7,2) orbitals in the
configurations of both states.

The (21/27) state can be built on a g7/, ® v(hi1/2d3/2)
maximum aligned configuration, which is expected to be yrast.
Such a configuration could also induce an isomeric character
for the (21/27) state, with a lifetime similar to that of the
(23/2") state, which has not been observed experimentally
due to the scarce statistics.

The isomeric (23/2%) state can be built on the 7hj;, ®
Vhi12(81 /2d3/2)1 configuration, which account for the E1
471 keV transition which occurs between the opposite
parity Al =1 mhy, and mgy,, orbitals. We expect the
existence of such yrast states with three quasiparticle con-
figurations involving one proton in why;/, with two neutrons
invhyiy, and v(sy2d3 /2)1. States with configurations based on
Vhi 5(s1/2d3,2)" in even-even nuclei and vh%l/z(sl/gdm)l in
odd-even nuclei of the A ~ 135 mass region are commonly
found yrast and often have an isomeric character [20-25]. The
energies of the low-lying states of '3°La are compared to the
low-lying levels of the neighboring even-even isotones '**Ba
and '*°Ce in Fig. 8. One can observe a nice correspondence
between the 5~ and 7~ states in '**Ba and '3°Ce nuclei
with the (23/2%) state in '**La, which support the 7h;/2 ®
vhii2(81/2d3 /2)1 configuration assignment to this state.

The higher lying (25/2%) state is strongly connected
to the (23/2") state interpreted as based on the mwhy; 2®
Vhiia(sy /2d3/2)] configuration. We can naturally assign the
(25/27) state to the maximum aligned configuration Ay, ®
Vhii2d3)2.

V. SUMMARY

High-spin states in '**La have been populated using the
fusion-evaporation reaction '*Sn(!’N,6n) induced by the '’N
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radioactive beam. The y-y coincidences measured with an
array of 12 HPGe detectors allowed the study of the 'La
level scheme and to measure the lifetime of two previously
reported isomers. New parity and spins are assigned to several
states. The configurations for the different bands are discussed
and contradictions present in a recently published paper on
135La are solved.
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