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First evidence for smooth band termination in valence space in the mass 130 region:
Spectroscopy of127La
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High spin states in127La have been studied using the32S(100Mo,p4n) reaction at a beam energy of 155
MeV. Gamma rays were detected using the EUROBALL III spectrometer. One of the side bands in127La is
observed to be populated to a spin of83

2
1. These data are compared with cranked Nilsson-Strutinski calcula-

tions which suggest that the structure is a smoothly terminating band, in valence space, based upon a
p@(g7/2d5/2)

5(h11/2)
2# ^ n@(g7/2d5/2)

12(h11/2)
6(d3/2s1/2)

2# configuration, which can carry a maximum spin of
47.5\. This is the first identification of such a structure in this mass region.

PACS number~s!: 21.10.Re, 27.60.1j, 23.20.Lv
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An interesting feature of the nuclei with up to 10–20 v
lence particles outside the100Sn core is the smooth termina
ing bands which have been studied extensively in rec
years~e.g., see@1–9#!. In these nuclei the bands arise fro
proton two-particle–two-hole (2p-2h) excitations across the
Z550 shell gap and the smooth termination results from
gradual alignment of the individual spin vectors of all t
valence particles with the rotation axis@10,11#. At medium
spins these structures are essentially prolate and have a q
rupole deformation,«2;0.25, which is induced through th
promotion of protons from the up-sloping~with increasing
«2) pg9/2 orbital to the down-slopingp(d5/2,g7/2) and
ph11/2 orbitals. At higher frequencies, as the valence prot
and neutrons align their spin vectors with the axis of rotat
and the nucleus gradually changes to a noncollective ob
shape, the dynamic moments of inertia,I(2), decrease with
increasing spin to about one third of the rigid body valu
Moreover, the energy of the last few states in the band
observed to increase rather than decrease when a rot
liquid drop reference energy is subtracted (E2ERLD). As the
number of valence particles increases there are two diffe
scenarios for the continuation of these bands. First, ther
the possibility of bands which are based on twog9/2 proton
holes in theZ550 core, i.e., like the smooth terminatin
bands in theZ550253 nuclei@1–9#. As the mass numbe
increases, however, the maximum spin for these struct
will soon become greater than can be observed in exp
ment, because of the large number of valence particles
holes involved in the configurations. Indeed, the super
formed bands around132Ce are interpreted to be of this typ
@12# and to terminate with spins of the order of 80\. Sec-
ondly, bands with no holes in theZ550 core are possible
These will have a maximum spin ofI;40250\. To date,
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however, there is no clear evidence for terminating structu
of this type. Furthermore, it has generally been assumed
such terminations would be difficult to observe because m
of them are predicted to have high excitation energy@12#.

At present,smoothterminating bands have only been o
served in special configurations having one or two holes
well-defined cores. All terminating bands built from valenc
space configurations, e.g., in theA5100 region@13,9# and in
the A51552160 region@14,9#, show clear irregularities. It
is therefore of special interest to find out if it is possible
follow smoothbands, built purely on valence space config
rations, to termination. In the present work we have stud
excited states in127La. These data have revealed the fi
evidence for a smooth terminating structure in valence sp
based on twoh11/2 protons and sixh11/2 neutrons.

High spin states in127La were populated using th
32S(100Mo,p4n) reaction at a beam energy of 155 MeV
Gamma rays were detected using the EUROBALL III@15#
spectrometer, located at the Legnaro National Laborat
Italy. For this experiment the array contained 27 large
axial HPGe detectors, 25 clovers, and 13 cluster detect
The target consisted of two stacked, enriched (.97%) self-
supporting 100Mo foils, each of thickness 600mg/cm2. A
total of 1.33109 events were recorded to digital linear tap
These data were unfolded and sorted into a symmetrized
percube@16# which contained approximately 73109 events.
This was used to extend the previously published le
scheme for127La @17,18# ~see Fig. 1!. In addition to the
hypercube, the data were also sorted into 1d spectra. These
were generated by directly unfolding the high fold data us
certain gating constraints, i.e., three or four simultane
gates from a list of transitions. The unfolding procedure
Ref. @19# was used to create these spectra. In this Ra
©2000 The American Physical Society03-1
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Communication we wish to focus on band 2~band 4 of Ref.

@18#!, which has previously been assigned ap(@422# 3
2

^ (h11/2)
2) configuration. However, some discussion w

also be presented on band 1 which is built on aph11/2 con-
figuration at low spin.

Figure 2 shows a spectrum of the transitions in ban
obtained in the present work. This band has been exten
by eight transitions, excluding the tentative 1911 keVg ray
at the top of the band, from that of Ref.@17#. The present
work has firmly established the presence of a doublet at 1
keV within this band, in agreement with the decay sche
published in Ref.@17#. Bands 1 and 3 have also been e

FIG. 1. Partial decay scheme for127La deduced from the presen
work.
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tended by 5 and 7 transitions, respectively, in the pres
work. A directional correlation from oriented states@20#
analysis was carried out using all of the clover detect
~which are located at;90° to the beam direction! and five of
the cluster detectors, located at an angle of approxima
155°. A matrix was constructed of all clover detectors
one axis and the five cluster detectors on the other a
Gates were set on known electric quadrupole (E2) transi-
tions on both axes and the directional correlation rati
I (u;90°)/I (u;155°) were determined. Using this metho
it was possible to show that all transitions in band 2 up to
1432 keV gamma ray are electric quadrupoles. The disc
sion below assumes that all transitions in band 2 above
are alsoE2’s.

Figure 3 shows the dynamic and kinematic moments
inertia, I(2) andI(1), for band 2 as a function of rotationa
frequency. Total Routhian surface calculations and syst
atics suggest that the rise inI(2) at \v;0.5 MeV results
from the alignment of a pair ofh11/2 neutrons and that the
small hump at\v;0.7 MeV is due to the alignment of a
g7/2 proton pair. Beyond\v;0.7 MeV the dynamic mo-
ments of inertia show features similar to those observed
the smooth terminating bands in theA;110 mass region,
decreasing to values which are much lower than the ki
matic moments of inertia see~Fig. 3!.

Calculations have been performed, without pairing,
127La, using the configuration dependent shell correction
proach and a cranked Nilsson potential, with single-parti
k andm parameters from Ref.@22#. Note that since pairing is
not included in the calculations, they are not expected
show good agreement with the experimental data until sp
in excess of 30\. The results for all parity and signature
(p,a), configurations are shown in Fig. 4 along wi
the experimental data for bands 1–3. The nom
clature used to identify the structures in th
figure is @p1p2(p3),n1(n2 ,n3)#, which is equivalent
to a configuration of p(g9/2)

2p1(h11/2)
p2( i 13/2)

p3

^ n(h11/2)
n1(h9/2f 7/2)

n2( i 13/2)
n3 relative to a 100Sn closed

core. Note thatn2 andn3 /p3 have been omitted for configu
rations with no particles in the (h9/2f 7/2) or (i 13/2) orbitals.
These calculations indicate that terminating bands, with c
figurations which do not involve g9/2 proton holes, are yras
~or very close to yrast! between;25\ and;40\ for all four
possible (p,a) configurations. Comparison of the theoretic
calculations with the experimental results~Fig. 4! indicates
that band 2 has a (p,a)5(1,2 1

2 ), ~@02,6#!, configuration.
This structure is predicted to terminate at 47.5\ with the

p@~g7/2d5/2!
5~h11/2!

2#21.5

^ n@~g7/2d5/2!
12~h11/2!

6~d3/2s1/2!
2#26

configuration, relative to a100Sn core. Unfortunately, the
band is not observed up to termination, however, the res
do suggest that this band represents the first observation
smooth terminating structure in valence space in this m
region.

The @02,6# configuration describes the properties of ba
2 with a reasonable degree of success. It is also possib
3-2
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FIG. 2. Spectrum showing band 2 in127La produced using the 1d unfolding technique mentioned in the text. Four fold data were u
in this analysis. Allg rays in the band, up to the 1739 keV transition, were included in the gate list. The spectrum results from tak
three coincident gamma rays from the gate list, the fourth coincident gamma ray being used to increment the spectrum shown. T
in band 2 are labeled by their energies in keV. The inset shows the continuation of the band at high spin. The inset spectrum re
taking a sum of coincidences between two gate lists from the cube. These were comprised of all transitions in the band up to and
the 1019 keV doublet and all transitions from 1086 keV up to and including the 1739 keVg ray. Transitions marked with an asteris
represent decays out from the bottom of the band or transitions within other bands fed by band 2. Transitions marked with aC in the inset
are contaminants.
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conclude that when the band reaches high spin~where pair-
ing is of minor importance! this is essentially the only pos
sible configuration for this band. Starting from low spin, t
band has positive parity with an odd number of protons a

it has previously been assigned a@422# 3
2 ^ (h11/2)

2 proton
configuration@18#. Furthermore, it is very unlikely that th
configuration will contain more protons in theh11/2 subshell
than in theg7/2,d5/2 shells. Moreover, a configuration wit
no h11/2 protons would not yield sufficient spin to account f
the observed band. From this we can fix the full proton c
figuration, relative to the Z550 shell gap, as
p(g7/2,d5/2)

5(h11/2)
2. In this process, we have also exclud

configurations with two proton holes in theg9/2 subshell,
since in 127La, which has seven protons outside theZ550
core, no proton holes of this type are expected at low spi
normal deformed configurations. Furthermore, if band 2
volved holes of this type it would not be expected to sh
the rather simplistic decay pattern seen for this band to
lower spin states. This is also consistent with the fact t
configurations with holes in the g9/2 shell are predicted to lie
at high excitation energy at low spin~see Fig. 4!.

Similar reasoning to that presented above indicates
the neutron configuration must have an even number of b
h11/2 particles andN54 (g7/2,d5/2,d3/2,s1/2) particles, i.e.,
the neutron configuration must have positive parity. The p
sibilities then are four, six, and eighth11/2 neutrons. The
calculated bands for the corresponding configuratio
@02,4#, @02,6#, and @02,8# are shown in the (p,a)
5(1,2 1

2 ) panel of Fig. 4. The@02,4# configuration can be
excluded because it is too high in energy at low spin, mo
02130
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over, it terminates at a spin lower than the maximum o
served for band 2 in127La. The low terminating spin is
caused by the configuration having only two (d3/2,s1/2) neu-
trons leading to filled (g7/2,d5/2) subshells. Thus, in this
case, the (g7/2,d5/2) subshells do not contribute any spin
termination. On the other hand, configurations with mo
than two (d3/2,s1/2) particles are highly unfavored energe
cally at high spin because of a high energy cost, with ess
tially no angular-momentum contribution, to excite mo
particles to these subshells. Figure 4 also shows that
@02,8# configuration is highly unfavored on energy groun
at high spin. Therefore, we would not expect to be able

FIG. 3. Kinematic (I(1)) and dynamic (I(2)) moments of inertia
for band 2 in127La as a function of rotational frequency. The ope
symbols are obtained from the tentative transition.
3-3
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FIG. 4. Theoretical~open sym-
bols! and experimental ~filled
symbols! energy minus rigid rotor
reference values for all parity, sig
nature (p,a) configurations in
127La as a function of spin. The
calculated and observed bands a
normalized so that forI p5

79
2

1

band 2 coincides with the calcu
lated @02,6# configuration. Large
open circles indicate the termina
ing states for various configura
tions. ~Note the calculations do
not include pairing, hence they
only become valid for spins in ex
cess of 30\.!
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follow such a configuration to spin values close to termin
tion.

For the structures with four, six, and eighth11/2 neutrons,
it is interesting to compare theseN570 configurations with
the equivalent proton configurations in theZ568 nucleus
158Er @21,14#. In this nucleus it is well established that th
p(h11/2)

8 configuration goes away from yrast with increa
ing spin, while thep(h11/2)

4 configuration terminates in a
favored way at high spin, which means that it is close
yrast only for high spin values. It is only thep(h11/2)

6 con-
figuration which stays close to yrast over a large spin ran
in a similar way to that observed for band 2. This analo
clearly points to the (h11/2)

6 neutron configuration as bein
the only reasonable candidate for band 2 in127La.

A further interesting feature is that the yrast negativ
parity band~band 1! in 127La, which is built on anh11/2
proton at low spin, is only populated up to a spin of63

2
2.

Band 1 clearly shows evidence of an alignment at\v;0.5
MeV, which total Routhian surface calculations and syste
atics suggest is due to a pair ofh11/2 neutrons. This structure
can be associated with the (p,a)5(2,2 1

2 ), @01,6#, configu-
ration shown in Fig. 4~d!. Furthermore, it is observed from
this figure that this structure is crossed at a spin of;33.5\
by the@23,6(21)# configuration, which becomes yrast at ve
high spins. This latter configuration has a somewhat hig
deformation («2;0.36) than the h11/2 band («2;0.2) and is
related to the superdeformed bands in the Ce isotopes, w
are also predicted to have twog9/2 proton holes in their con-
02130
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figurations. The population, at high spin, of such a high
deformed structure may explain why band 1 is not seen
yond a spin of 63

2
2. The future identification of a highly

deformed negative parity band would help confirm this h
pothesis.

It should be noted that in Fig. 4 bands 1–3 appear
approach the calculated curves in a similar way for sp
around;30\, where the present calculations, which negle
pairing, are expected to become realistic. Moreover, the
perimental signature splitting observed between
(1,2 1

2 ) and (1,1 1
2 ) bands~bands 2 and 3! is consistent

with the calculations, lending further support to the interp
tation presented above. In addition, Fig. 4 shows that a
markable correlation in the experimental alignments of ba
1–3 and the crossings between the@01,8#/ @01,6# and@02,8#/
@02,6# configurations. It is clear that in the unpaired regim
the bands under discussion simply differ in the number
h11/2 neutrons present in the configuration. In standard cra
ing calculations, however, there is no attempt made to tr
the numbers of high-j particles (h11/2 neutrons in this case!
before and after the crossing, it is therefore possible t
band 2, for example, could be closer to the@02,8# configura-
tion before then(h11/2)

2 crossing and@02,6# configuration
after the crossing. Features of this nature are discusse
@23#. These results therefore suggest that the present
paired calculations may be able to represent a paired cr
ing, a feature clearly worthy of further investigation.

In summary, high spin states in127La have been popu
lated using the100Mo(32S,p4n) reaction and theg decay
3-4
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studied using the EUROBALL III spectrometer. All the pr
viously observed bands have been seen to higher spin. C
parison of the experimental data with cranked Nilsson ca
lations provides consistent evidence for the interpretation
band 2 as a smooth terminating band which is built upon

p@~g7/2d5/2!
5~h11/2!

2# ^ n@~g7/2d5/2!
12~h11/2!

6~d3/2s1/2!
2#

configuration, with a terminating spin of 47.5\. This band is
observed up to three transitions away from the termina
state, with tentative evidence for the second from last tra
tion. These data provide the first evidence for a band wh
rd
hy

o

d
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smoothly terminates in valence space in this mass reg
Band 1, which has aph11/2 configuration at low spin, has
been extended up to a spin of63

2
2. The present calculation

predict that it is crossed at around this spin by a hig
deformed structure which involves twog9/2 proton holes.
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@23# F. Grümmer, K.W. Schmid, and A. Faessler, Nucl. Phy

A326, 1 ~1979!.
3-5


