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High spin states in'?"'?®fa have been investigated using tH&Mo(%?S,p4n), E=160 MeV,
100Mo(345,p4n), E=155 MeV, and®Mo(%6S,p4n), E=160 MeV reactions, respectively: rays were
detected using the EUROBALL IV}¢"1%1a) and EUROGAM II {?%.a) arrays. The results have enabled the
negative parity yrast band, built on thh,,,, orbital at low spin, and the lowest lyingr(«) = (+, = %) bands
to be extended to higher spins. The positive party; — 3, bands in*?”1?{.a and the positive parityg= 3,
band in *?"La can be interpreted, with the aid of cranked Nilsson-Strutinsky calculations, as examples of
smoothly terminating bands in valence space based on both signatures offhe,ds,)®(hi1/0)?]
® V[ (972052 *(h11/9 8(d32812) 2] configuration, wherex= 12,14 for 127121 a, respectively. The favored=
—% bands of these configurations are predicted to termina%g*aand%:”, respectively, and experimentally
the bands are observed to within two transitions of these terminating states. The data for the positive parity,
=13, band in'®La do not allow any firm conclusions to be made regarding the high spin structure of this
band. The positive parity bands i¥'La have a different structure at high spin compared with the lighter
nuclei. In this case the bands may be interpreted in terms of 7B(g7ds2)°%(h11)?]

@ V[ (9720572 *(h11/9 8(d3/281) *] configuration relative to 8°°Sn core.

PACS numbses): 21.10.Re, 21.60.Ev, 23.20.Lv, 27.69.

[. INTRODUCTION this type, based on proton two-particle—two-holgy{2h)
excitations across thé=50 shell gap, are well known in the
Although the phenomenon of smoothly terminating bandsA~ 110 region(e.qg., see Ref41,3,4)).

is now well established in th&~ 110 and 60 regiongl], the As the mass numbek, and hence the number of valence

investigation of similar bands in other mass regions is im-articles, increases there are two different scenarios for the

portant in order to obtain a more complete understanding ofontinuation of these bands. First, there is the possibility of

many-fermion quantum mechanical systems, since a continlands which are based on tvgy, proton holes in theZ

ous transition from collective rotation to a noncollective =50 core, i.e., similar to the smooth terminating bands in the

single particle state appears to be a unique feature of nucleZ=50-53 nucle[1]. However, asA increases the maximum

In a smoothly terminating band a specific configuration posspin for these structures will soon become greater than can

sesses collective, rotational-like, features at low spin bube observed in experiment, because of the large number of

gradually loses this collectivity as the spin increases andalence particles and holes involved in the configurations.

eventually terminates at the maximum spin in a fully alignedindeed, the superdeformed bands arouritCe are inter-

state of single particle charactek,2]. In this configuration, preted to be of this typgs] and to terminate with spins of the

the nucleus slowly traces a path over many states through th@der of 8@ . Secondly, bands with no holes in tie=50

triaxial plane from a near prolate to either a noncollectivecore are possible. These are expected to have a maximum

oblate (y=60°) or noncollective prolate =—120°) spin of| ~40-60% in the A~130 region.

shape. Furthermore, in order to observe smooth band termi- Recent work on the spectroscopy &La has revealed

nation it is essential that a particular configuration can behe first evidence in the mass 130 region for smooth band

followed up to or close to the terminating state. Structures ofermination[6]. The observed structure has been assigned a
configuration which does not have holes in thg, orbital.
Recent calculation$5] have provided some tentative evi-

*Present address: Dipartimento di Matematica e Fisica, Universitglence that the La nuclei near=130 may be good cases for
of Camerino, via Madonna delle Carceri, 1-62032 Camerino, Italy.studies of structures which terminate smoothly at moderate
"Permanent address: Dept. of Physics, China Institute of Atomispins, i.e.,~504. Here the particles involved in the configu-
Energy, P.O. Box 275, Beijing 102413, China. rations occupy valence orbitals outsidé®Sn core. In view
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of the results obtained if?La it is clearly of interest to BGO ball threshold of 18 or greater. The high spin states in
pursue this work further, both in this nucleus and in the?L.a were populated using th€Mo(**S,p4n) reaction at
neighboring nuclei in order to investigate whether the samé& beam energy of 155 MeW rays from this reaction were
smoothly terminating configuration is favored in all three detected in the EUROGAM Il spectrometgd]. In this ex-
isotopes, and also, to see whether any of the bands can iperiment the target consisted of two stacked self-supporting
followed to their terminating states. foils of Mo with a nominal thickness of 60Qug/cnt.

In the present work the spectroscopy’df3La has been Approximately 8< 10° Compton suppressed events with fold
investigated using data taken with the EUROBALL IV array. 5 and above were collected to tape. The beams for all three
In addition, data previously obtained with Eurogam Il haveexperiments were provided by the Vivitron accelerator at
also been analyzed in order to study the high spin structur€NRS, Strasbourg.
of ®%La. The results suggest that the lowest,&)=(+, The data from each experiment were unpacked into either
—1) configuration is favored at high spin in all three nuclei; y-y-v triples or y-y-y-y quadruples events and sorted into

however, there is a significant change in the behavior of th&ADWARE cubes or hypercubd8]. For the *?’La and *!La

(m,a)=(+,*%) bands in*3La. This paper discusses these data cubes were created both with and without gates on the
structures and the negative parity yrast bands in all threéum energy signal from the inner BGO ball, the latter being

nuclei and the data are compared to the results of crankedsed to try and enhance the selection of the high spin states
Nilsson-Strutinsky calculations. in these nuclei. In addition to the cubes, the data were also

sorted into 1d spectra. These were generated directly from
the high-fold data using certaiprray gating constraints, i.e.,
IIl. EXPERIMENTAL DETAILS AND DATA ANALYSIS three or four simultaneous gates from a list of transitions.
The nuclei'?”13} a were populated at high-spin using the These spectra were agaiq generated bo_th with and without a
100\0(32S,p4n) and °Mo(3°S,p4n) reactions, respec- gate on the sum energy signal from the inner BGO ball. The
tively, at beam energies of 160 MeY.rays were detected in Unfolding procedure of Ref.10] was used to create these
the EUROBALL IV spectromete7] which contained a 161 SPectra.
element inner bismuth germand®GO) ball. In each case,
the target consisted of a single 5Q@g/cn? self-supporting,
enriched,'®Mo foil. A beam of approximately 30 enA was
used in both experiments. In tHé’La experiment, approxi- Partial decay schemes deduced from the present work for
mately 1.2< 10° events with fold four or higher and an inner 2913} 3 are shown in Fig. 1. The decay scheme téfLa
BGO ball threshold of 14 or above were collected. For thehas changed only slightly from that published in Ri]
133 a experiment, the number of fold four and higher eventshence it has not been reproduced here. One of the prime aims
obtained was about 1:510°, but in this case with an inner of the *"La experiment was to try and extend the knoih

IIl. RESULTS AND DISCUSSION
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FIG. 2. Spectrum showing the high spin part of thex=(+, 0 MI{\#
— 1) band(band 2 in ?’La. This spectrum was produced by un- 08 10 12 13
folding the data and sorting into ad histogram using the method ' ’ , y 1
olding 9 9 9 E, (MeV)

given in the text. For this particular spectrum quintuple events were

used, i.e., an event must have had fogurays belonging to a gate FIG. 3. Spectra showing the high-spin portion of the, &)=

list which contains ally rays in this band up to the 1739 keV (+ _%) bands(band 2 in each casén (a) 1La and(b) ?La. In
transition. A gate was also used on the BGO sum energy signal i, cases the spectrum results from a sum of all double gates of
create this spectrum. The limits for this gate were chosen by f'rsfransitions in the bands and is taken fromADWARE cube.y rays

gating on _they_ fa)/s in baqd 2 and creating a s_um energy E”Gobelonging to the bands of interest are labeled by their energies in
spectrum in coincidence with theserays. Appropriate gates were keV

then applied to the BGO sum energy signal. No background has

been subtracted from the spectrugnrays in the band are labeled )
by their energies in keV. An analysis of theRADWARE hypercube containing the

129 a data has enabled us to extend the lowestaf) =

(m,a)=(+,—%) smooth terminating band up to the termi- (+,— 3) band(band 2 shown in Fig. 8b) by five transitions
nating state af2*. Unfortunately, this did not prove to be Up to a spin and parity o *. Its signature partner has been
possible and we were only able to confirm the presence ofxtended by four transitions compared to the data presented
the previously tentatively assigned 1910 keV transition at thén Refs.[11,12]. The yrast negative parity band, built on the
top of this band, band 2 of Reff6] (see Fig. 2 Two new  whyy,, orbital, has been extended by two transitiqs59
transitions of energies 1431 and 1537 keV were identified irand 1229 keY from that observed in previous wofk1,12.
the (,e)=(+,%) signature partner banand 3. In the present work the previously known 1157 ke\ay is

In previous work on'?’La [6] it was noted that the yrast observed to be a doubl'e.t, and from intensity considerations
negative parity band, built on theh,,, proton orbital, could the new 1159 keV transition has been placed before the 1182

not be extended to very high spins. A possible reason for thiL‘eV transition in the decay scheme. A tentatiyeray of
was discussed in terms of the cranked NiIsson-Strutinsk)‘?nergyl\;gL295 k'eV has been placed at th'e' top of this band.
calculations(see Fig. 4 of Ref[6]) which predicted that at _ FO'  La, eight and seven new transitions have been ob-
high spin (~ %) the structure is crossed by a highly de- S€ved in the lowest #t,a)=(+,—3) and (7a)
formed (8,~0.35) negative-parity band whose configura-=(+,z) bands(bands 2 and 3 respectively, compared to
tion involves two gg, proton holes. In this work it was previous work[13]. Figure 3a) shows the upper portion of
speculated that the highly deformed band possibly tookhe spectrum of transitions in band 2. Finally, thd,,,,
much of the population intensity from the normal deformedstructure has been extended by two transiti¢h867 and
band at high spins. In the present work there is evidence fot129 keV in the present work.

a very weakly populated<(0.2%) highly deformed structure ~ Figure 4 shows a plot of the energy minus a rigid rotor
which may belong td?’La. However, we cannot rule out the reference energyH-Eg p) against spin for bands 2 and 3 in
possibility that the band belongs t#3.a, since low-spin  *2"*?®!3La. The rigid rotor reference is calculated using an
transitions from both nuclei are observed with similarA®® mass scaled parameter based on the value of 0.007,
strength in spectra generated fronR@DWARE cube with a  which was used in*%r [14]. The figure clearly indicates
sum of gates on the highly deformed band transitions. Théhat thea=—3 structures in*?"'?{.a show evidence for a
energies of the transitions in this band, in keV, &889), band crossing at spins &f# and3t#, respectively. Previous
964, 1034, 1102, 1174, 1250, 1324, 1399, 1475, 1549, 1628york on 127124 a [6,11] has assigned this crossing to the
1706, 1788, 1867. The use of the inner BGO ball could notalignment of a pair oh,,,, neutrons. This same crossing is
uniquely resolve the ambiguity in the assignment. Sincealso clearly observed in the=3 band in'?’La at spin2#.
there is no definitive proof that this structure belongs toHowever, although there is a slight change in the slope of the
127 a, it will not be discussed further. E-Eg.p curve for thea=3 band in'?®a at about the same
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spin it is not so clear whether this results from thé{;,,)?
crossing. This structure clearly needs extending to higheiz
spins in order to confirm the presence of the crossing. AT
further feature that is evident from Fig. 4 is that the,
neutron crossing is absent in the lowest,&)=(+,*+3)
bands in'®i_a. A possible reason for this difference in be-

havior between these bands and the equivalent bands in th,

eV)

0.009566 K

lighter odd mass La isotopes will be discussed below. - PlLagy [++1/2] ag, [+-1/2]
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Figure 5 shows a comparison of 'the'experimental Qata for g, s. Energy minus a rigid rotor reference energyEq, o)
band_s 2 and 3 in all th_ree nuclei with crar_1ked Nilsson-yarsus spin plots for ther,a) = (+,+ %) bands in(a),(b) ?'La,
Strutinsky model calculations. These calculations were pery) d) 129.a, and (e),(f) *'La, respectively. The results of the
formed without pairing using the configuration dependentyranked Nilsson-Strutinsky calculations are shown with open sym-
shell correction approach and a cranked Nilsson potentialols whilst the experimental data are shown with filled symbols.
with single-particlex and .. parameters from Refl15], but  (Note the calculations do not include pairing, hence they only be-
with the modification that thg: value of theN=6 neutron  come valid for spins in excess of B0 The large open circles
shell being increased from 0.34 to 0.40 in order to get théndicate terminating states. The experimental and theoretical ener-
i132 Neutron shell at a lower ener@¥5]. Note, since pairing gies are normalized for each nucleus at high spin for thenf
is not included in the calculations they are not expected te=(+,—3) configuration.
show good agreement with the experimental data until spins
in excess of 30. The nomenclature used to identify the has been observed up 8, i.e., two transitions from ter-
structures in this figure igp1p,,n, ], which is equivalent to  mination. The weakness of the last transiti@ee Fig. 2
a configuration ofr(gg) ~P(hyy9)P2®@ v(hyy) " relative to  suggests that it will be extremely difficult to observe this
a *°%n closed core. The large circles indicate the terminatstructure up to the terminating state. The calculations also
ing states for specific configurations, while the dotted linessupport this observation since it is clear from Figb)Sthat
mark the locus of the yrast states. These calculations indicat@e final two states depart very rapidly from the yrast line,
that bands which are predicted to terminate around $pin thus the intensity for populating these states may be expected
~40-507%, with configurations which do not involvgy,  to be extremely weak.
proton holes, are yrast or very close to yrast. A discussion of Figure §b) shows that thex=— 3 signature of th¢02,6]
the results for the various nuclei is given below. configuration is yrast over a large spin range and hence one

Bands 2 and 3 in'?"La were previously identified may expect smooth band termination behavior for this band.
as signature partners with an[(g705)°(h119)?] Band 3 would also be expected to terminate smoothly, how-
@ V[ (97,952 *A(h11,9)8(d32812) %] configuration[6] relative  ever, the calculations show that the=1 signature departs
to a %%n core. Such a configuration implies that thefrom the yrast line at a somewhat earlier spin than its signa-
072,05, subshells are almost fully occupied. For tle ture partner, consequently, for this band it will be even more
= — 3 signature(band 32 this structure is expected to termi- difficult to observe the terminating state. A further interest-
nate at a spin and parity 6 *. In the present work this band ing feature of the calculations, as noted previo(i§ly is that
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30 - - - configuration relative to 8°°Sn core, which terminates in a
—e— Experimental band 2 and 3 fully aligned " state. In this case the neutray,,ds,
--0-- [02,6] bands subshells are completely full. The results therefore indicate
— 127 that this band is observed up to two states below the termi-
> o9d 7 La,, ] i =1 gj i-
) o ? nating state. For the= 5 signature partner band the experi
< 3 N mental data only extend to thé * state, i.e., far below the
Q ;"\ terminating states for either tH®2,6] or [02,8] configura-
= H I‘. tions. It is clear from Fig. &) that for this signature the
= 104 | 4\ ," v [02,6] configuration departs from the yrast line somewhat
"'i ! ," 3 ," YR ! P earlier than its signature partner while tf@2,8| configura-
I " '\q.' | ;' '\:’ 'u‘,' ‘," \;' tion rapidly departs from the yrast line at spin%, hence,
~ 5 A SR B S one would expect there to be less chance of being able to
5 2 'R S - S :
0 i populate this band to the terminating state for either of these
30 f : t configurations.
—e— Experimental band 2 and 3 From Fig. 4 there is evidence in tle= — 3 band(band 2
—--0-—- [02,8] bands 1) of 2 a for the alignment of a pair of;;,, neutrons at a
57 7774 slightly higher spin than that observed for the equivalent
% . : i band in'?"La. In Fig. 5 this crossing shows up as a crossing
X - ) ? between thé¢02,8] and[02,6] configurations in the unpaired
S o calculations. Theoretically, the spin at which the two con-
= : figurations cross is indeed slightly higher }ALa compared
i R to ?"La and is in good agreement with the experimental
g Povdog observations. In the case of the=1 signature for'*dLa the
é P Vi data do not quite extend far enough for the presence of this
w crossing to be confirmed.
g & Previous work on**4_a [13] assigned bands 2 and 3 in
1 this nucleus to be signature partners based omr(gy,
28 32 36 20 ®h3,,) configuration at low spin. This is nominally the

Spin (R)

same configuration as bands 2 and 3 in bbtth*?{.a at low
spin. The present work supports these assignments. How-
ever, it is evident from Fig. 4 that at high spin these struc-

FIG. 6. Comparison of experimental and theoretical signature[ures do not show an . -
y experimental evidence for the
; ngyhll,z)z crossing which is seen in structures based on the
same configurations if?"*?{a. Thus, it would appear that
the bands remain in the same configuration over the whole
the position of the ¢h;;,,)? crossing compares very well spin range in which they are observed. This can be under-
with the crossing in the unpaired calculations of f82,8]  stood in terms of the cranked Nilsson-Strutinsky calculations
and[02,6] configurations for both signatures. It is also inter- [see Figs. &), 5(f)] where it can be seen that the crossing
esting to note that the cranked Nilsson-Strutinsky calculabetween th¢02,8] and[02,6] configurations occurs at much
tions are able to reproduce the observed experimental signaigher spindfrequenciesthan is observed in the lower mass
ture splitting between the lowestr(a)=(+,*+ 1) bands at nuclei. The irregularities seen in the calculations for the
high frequenciegsee Fig. 6. [02,8] and[02,6] bands at high spins if*!La result from the
Bands 2 and 3 in‘?®La have previously been assigned ajumps between different minima in the potential energy sur-
m(g7,®h3,,) configuration at low spif11]. The present face. Such a scenario should not be unexpected since this
work agrees with this assignment. Figure&)Sand §d)  nucleus is known to be extremely soft [13]. Thus, we
show the comparison between the lowestd)=(+,=%)  believe that in'*_a bands 2 and 3 are associated with the
configurations from the cranked Nilsson-Strutinsky calcula{02,8] rather than the[02,6] configuration at high spin.
tions with the experimentally observed bands. At low spin[Note, in the unpaired regime the bands under discussion
both bands are expected to havf0a,8] configuration. The simply differ in the number oh,,,, neutrons present in the
comparison of experimental data with calculations suggestsonfiguration. In standard cranking calculations, however,
that band 2 is based on thé2,6] configuration at high spin. there is no attempt made to track the numbers of high-
One might also expect that band 3 will have the same conparticles i1, neutrons in this cagebefore and after the
figuration in this spin regime, however, the experimentalcrossing. It is therefore possible that band 2'#41*1a, for
data do not extend to sufficiently high spin for this to beexample, could be closer to tf62,8] configuration before
confirmed. Indeed, Fig. (6) tentatively suggests that the the w(hy;)? crossing and [02,6] configuration after
[02,8] configuration may be more appropriate for thisthe crossing. A possible configuration at high spin for
band. With the above assignment, band 2 hashe 4a bands could be 7[(g72052)°%(h119)%]215
a  7[(972959) *(h129)°1@ V[ (97852 (N1 *(dai51)?] @ ¥[(G7/2d52) A1) *(dziz8112) 124, relative to the 1%%n
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core, which would have terminating spins%$f and£# for LA e s - s
the «=—3% and a=3% bands, respectively. However, these
aligned states are very unfavored energetically so no clear
termination is calculated. Once again, it is interesting to note
that at high spins the calculations, based ¢028| configu-
ration, can reproduce the experimentally observed signature

splitting for bands 2 and 8ee Fig. 6.

w

\V]

—_

B. Negative parity yrast bands

E - 0.01007 I(1+1) (MeV)

In ¥27La the yrast negative parity band has previously D
been associated with ti@1,6] configuration at high spif6]. | 27 a0 [-=1/2] |
Figure 7 shows a comparison of the energy minus a rigid
rotor reference energy plot for the lowest,@)=(—,—3)
bands in 12712913t 3 from the cranked Nilsson-Strutinsky
calculations with the experimental data. Clearly the crossing
between thg01,6] and[01,8] configurations can reproduce
the observed spins at which theh(;;,,)? alignment occurs in
21 a (~24) and PLa (~%4). In ¥1La, however, Fig.

7 shows that thg01,6] configuration does not cross the
[01,8] configuration until spin~352% but that there is a kink
(i.e., a change of slopén the[01,8] configuration at around
spin 4 4. This kink in the calculations results from the fact
that the '®La nucleus is veryy soft and hence the position
of the minimum in the energy surface changes substantially
from y~25° to y~—25° where the kink occurs. Experi- - S
mentally, the observed behavior of the band appears to agree

o
I
1

- N w

E - 0.009815 I(1+1) (MeV)
o

nicely with the calculations. However, one cannot rule out < |
the possibility that it is the alignment of dn 4/, neutron pair 2
that is responsible for the change of slope in the experimen- = T
tal data. If the latter is true, it certainly puts some doubts on 3 -
our interpretation in terms of the cranked Nilsson-Strutinsky :‘g ]
model for the observed crossings in the negative parity bands 2
of 127124 a. These results suggest that further experimental § 7
work is required in order to determine whether the distur- S T
bance in the negative parity yrast band ifiLa at around " D o
4% is due to the alignment of a pair bf,,, neutrons or to a i gy, [--1/2] i
change in the shape of the nucleus without a change in the i
overall structure of the band. '110 20 30 40 50
Finally, it is interesting to note that the negative parity 1 ()

yrast bands in all three nuclei are observed up to the spins
where the cranked Nilsson-Strutinsky calculations predict FIG. 7. Energy minus a rigid rotor reference ener@yEx,p)
that the structures begin to depart rapidly from the yrast lingersus spin plots for the,«)=(—,— ) bands in(@ ?'La, (b)
(see Fig. 7. This suggests that the calculations correctly pre-'29 a, and (c) ®!La, respectively. The results of the cranked
dict the point at which these configurations become nonyrashilsson-Strutinsky calculations are shown with open symbols while
the experimental data are shown with filled symbdNote the
C. Summary calculations do not include pairing, hence they only become valid

. . for spins in excess of 3Q) The large open circles indicate termi-
In summary they-ray spectroscopy of the negative-parity nating states. The experimental and theoretical energies were nor-

yrast bands and the lowestr(a)=(+,*3) bands in ; ; i (4 1L
127,13} 3 and*?%a have been studied using the EUROBALL (rjloil;izgjr;ﬁénesém nucleus at high spin for the,&)=(.~2)

IV and EUROGAM Il arrays, respectively. A comparison of

the data for the positive parity structures 1A"'?1.a with =32, band in'?®a are inconclusive in that they do not extend
cranked Nilsson-Strutinsky calculations suggests thatathe to a sufficiently high spin to enable any firm conclusions to
=—3 bands in these nuclei and the=3 band in be made regarding the structure of this band at high spin.
21 a are smoothly terminating structures basedHowever, in 13 a the calculations suggest that the equiva-
on [ (97052 °(h11/2) 21® V[ (972052 (129 °(d315812)%]  lent bands have 02,8] configuration at high spin, since the
([02,6]) configurations at high spin withx=12,14 for  alignment of a pair oh,,,, neutrons is not observed experi-
127129 a, respectively. The data for the positive parity, mentally in either signature. Overall the results indicate that
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the lowest ¢r,)=(+,*= %) bands in'?"La and the ¢r,) in **4a in order to try and determine the nature of the
=(+,—%) band in'®a do behave as smoothly terminating change in slope of th&-Eg  curve in the negative-parity
bands. It will be very difficult, however, to populate the ac- yrast band of**'La.

tual terminating states in these isotopes since the calculations
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