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First evidence for smooth band termination in valence space in the mass 130 region:
Spectroscopy of'?La
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High spin states in‘?’La have been studied using t4é5(:°™o,p4n) reaction at a beam energy of 155
MeV. Gamma rays were detected using the EUROBALL Il spectrometer. One of the side batfdsaitis
observed to be populated to a spin§§f+ . 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
[ (9712952 > (N129 21 ® [ (97,2052 *A(h12/2) 8(d32812) 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 numbgs): 21.10.Re, 27.66:j, 23.20.Lv

An interesting feature of the nuclei with up to 10—20 va- however, there is no clear evidence for terminating structures
lence particles outside th€°Sn core is the smooth terminat- of this type. Furthermore, it has generally been assumed that
ing bands which have been studied extensively in recensuch terminations would be difficult to observe because most
years(e.g., sed1-9]). In these nuclei the bands arise from of them are predicted to have high excitation endrtg.
proton two-particle—two-hole (2-2h) excitations across the At present,smoothterminating bands have only been ob-
Z=50 shell gap and the smooth termination results from theserved in special configurations having one or two holes in
gradual alignment of the individual spin vectors of all the well-defined cores. All terminating bands built from valence-
valence particles with the rotation axXi$0,11. At medium  space configurations, e.g., in tAe= 100 region(13,9] and in
spins these structures are essentially prolate and have a qualde A=155—-160 region[14,9], show clear irregularities. It
rupole deformationg,~0.25, which is induced through the is therefore of special interest to find out if it is possible to
promotion of protons from the up-slopingvith increasing follow smoothbands, built purely on valence space configu-
£5) mgp oOrbital to the down-slopingm(ds;,07,) and  rations, to termination. In the present work we have studied
whyy, Orbitals. At higher frequencies, as the valence protonexcited states in*?!La. These data have revealed the first
and neutrons align their spin vectors with the axis of rotationevidence for a smooth terminating structure in valence space
and the nucleus gradually changes to a noncollective oblateased on twd,,, protons and sih4,, neutrons.
shape, the dynamic moments of inertid?), decrease with High spin states in'?"La were populated using the
increasing spin to about one third of the rigid body value.?S(*°®™o,p4n) reaction at a beam energy of 155 MeV.
Moreover, the energy of the last few states in the bands i§amma rays were detected using the EUROBALL/[15]
observed to increase rather than decrease when a rotatispectrometer, located at the Legnaro National Laboratory,
liquid drop reference energy is subtractéd<Eg, p). As the Italy. For this experiment the array contained 27 large co-
number of valence particles increases there are two differertxial HPGe detectors, 25 clovers, and 13 cluster detectors.
scenarios for the continuation of these bands. First, there iShe target consisted of two stacked, enriched®{%) self-
the possibility of bands which are based on tagg, proton  supporting 1°Mo foils, each of thickness 60Q.g/cn?. A
holes in theZ=50 core, i.e., like the smooth terminating total of 1.3 10° events were recorded to digital linear tape.
bands in thez=50—53 nuclei[1-9]. As the mass number These data were unfolded and sorted into a symmetrized hy-
increases, however, the maximum spin for these structurgsercube[16] which contained approximately>710° events.
will soon become greater than can be observed in experifhis was used to extend the previously published level
ment, because of the large number of valence particles arstheme for'?’La [17,18 (see Fig. 1 In addition to the
holes involved in the configurations. Indeed, the superdehypercube, the data were also sorted intbspectra. These
formed bands arouné®”Ce are interpreted to be of this type were generated by directly unfolding the high fold data using
[12] and to terminate with spins of the order off80Sec-  certain gating constraints, i.e., three or four simultaneous
ondly, bands with no holes in the=50 core are possible. gates from a list of transitions. The unfolding procedure of
These will have a maximum spin of~40—50%. To date, Ref. [19] was used to create these spectra. In this Rapid
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2 tended by 5 and 7 transitions, respectively, in the present
work. A directional correlation from oriented statg20]
®7/2 - analysis was carried out using all of the clover detectors
(which are located at 90° to the beam directigrand five of
(11 the cluster detectors, located at an angle of approximately
155°. A matrix was constructed of all clover detectors on
one axis and the five cluster detectors on the other axis.
1739 Gates were set on known electric quadrupdi) transi-
tions on both axes and the directional correlation ratios,
1(0~90°)/1(6~155°) were determined. Using this method
it was possible to show that all transitions in band 2 up to the
1432 keV gamma ray are electric quadrupoles. The discus-
sion below assumes that all transitions in band 2 above this

1614

1515 are alsoE2’s.
71/2++ Figure 3 shows the dynamic and kinematic moments of
inertia, 3 and 3%, for band 2 as a function of rotational
3 . .
1432 frequency. Total Routhian surface calculations and system-
67/2+ 1 atics suggest that the rise i?) at Aw~0.5 MeV results
so/2 i from the alignment of a pair ofi;;, neutrons and that the
1349 1354 . small hump athw~0.7 MeV is due to the alignment of a
o3/2" 61/ 1400 g, proton pair. Beyondiw~0.7 MeV the dynamic mo-
1262 | so/o- ments of inertia show features similar to those observed in
so/2+ 1283 the smooth terminating bands in te~110 mass region,
e S7/% . decreasing to values which are much lower than the kine-
s5/2+ 1203 %5/2 matic moments of inertia se&ig. 3.
53/27 1271 Calculations have been performed, without pairing, for
ope - 127 a, using the configuration dependent shell correction ap-
s1/2+ 112 512 , g g p p
o 49/2° 11[) proach and a cranked Nilsson potential, with single-particle

x andu parameters from Ref22]. Note that since pairing is
not included in the calculations, they are not expected to
show good agreement with the experimental data until spins
in excess of 30. The results for all parity and signature,
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39/2 1008 30/2- (m,a), configurations are shown in Fig. 4 along with
916 37721 1] the experimental data for bands 1-3. The nomen-

38/2" 33/2+885 38/ clature used to identify the structures in this

s W S 5\531003 figure is [pip2(p3),ni(ny,n3)], which is equivalent

to a configuration of w(gg;) P1(h11/9)P2(i13)P3
@ v(hy19) ™ (hgsf 772)"2(i 139" relative to a °%Sn closed
core. Note thah, andns/p; have been omitted for configu-

vz rations with no particles in thehg,f;,) or (i3, orbitals.

I
/2 5?33_12 5 These calculations indicate that terminating bands, with con-
/2 %‘_21; 283537+ X - figurations which do not involvegg proton holes, are yrast
5/2+ 222277 236 372+ VL S (or very close to yragtbetween~ 254 and~ 40k for all four

possible ¢r,a) configurations. Comparison of the theoretical
calculations with the experimental resulfsig. 4) indicates
that band 2 has ax,a)=(+,—3), ([02,6]), configuration.
This structure is predicted to terminate at 47 \ith the

FIG. 1. Partial decay scheme f&f'La deduced from the present
work.

Communication we wish to focus on bandt#and 4 of Ref.

[18]), which has previously been assigned 4[422]3 7[(970952)%(h11/9 201 5
®(hy19)?) configuration. However, some discussion will 1 ' 6 )
also be presented on band 1 which is built orrta/, con- @ V[(97/2052) " (N11/2)°(d31551/2) 26

figuration at low spin.

Figure 2 shows a spectrum of the transitions in band Zonfiguration, relative to a°sn core. Unfortunately, the
obtained in the present work. This band has been extenddzhnd is not observed up to termination, however, the results
by eight transitions, excluding the tentative 1911 keVay  do suggest that this band represents the first observation of a
at the top of the band, from that of Rgfl7]. The present smooth terminating structure in valence space in this mass
work has firmly established the presence of a doublet at 1018gion.
keV within this band, in agreement with the decay scheme The[02,6] configuration describes the properties of band
published in Ref[17]. Bands 1 and 3 have also been ex-2 with a reasonable degree of success. It is also possible to
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FIG. 2. Spectrum showing band 2 #La produced using thedLunfolding technique mentioned in the text. Four fold data were used
in this analysis. Ally rays in the band, up to the 1739 keV transition, were included in the gate list. The spectrum results from taking any
three coincident gamma rays from the gate list, the fourth coincident gamma ray being used to increment the spectrum shown. Transitions
in band 2 are labeled by their energies in keV. The inset shows the continuation of the band at high spin. The inset spectrum results from
taking a sum of coincidences between two gate lists from the cube. These were comprised of all transitions in the band up to and including
the 1019 keV doublet and all transitions from 1086 keV up to and including the 1739%ykey. Transitions marked with an asterisk
represent decays out from the bottom of the band or transitions within other bands fed by band 2. Transitions mark€dmitte anset
are contaminants.

conclude that when the band reaches high $pimere pair- over, it terminates at a spin lower than the maximum ob-
ing is of minor importancethis is essentially the only pos- served for band 2 in*?"La. The low terminating spin is
sible configuration for this band. Starting from low spin, the caused by the configuration having only twasf,s;/,) neu-
band has positive parity with an odd number of protons androns leading to filled §,,ds;,) subshells. Thus, in this
it has previously been assigned[422]3 ®(h;;)? proton  case, the gz,,ds;;) subshells do not contribute any spin at
configuration[18]. Furthermore, it is very unlikely that the teérmination. On the other hand, configurations with more
configuration will contain more protons in thg,,, subshell  than two @ds,,s,;) particles are highly unfavored energeti-
than in theg,,ds;, shells. Moreover, a configuration with Cally at high spin because of a high energy cost, with essen-
no h, 4, protons would not yield sufficient spin to account for fidlly no angular-momentum contribution, to excite more
the observed band. From this we can fix the full proton conParticles to these subshells. Figure 4 also shows that the
figuration, relative to the Z=50 shell gap, as [02,_8] con_ﬂguratlon is highly unfavored on energy grounds
7(972,d575) (11,2 2. In this process, we have also excluded @t high spin. Therefore, we would not expect to be able to
configurations with two proton holes in thgy,, subshell,
since in *?La, which has seven protons outside the 50
core, no proton holes of this type are expected at low spin in
normal deformed configurations. Furthermore, if band 2 in-
volved holes of this type it would not be expected to show
the rather simplistic decay pattern seen for this band to the”
lower spin states. This is also consistent with the fact that2
configurations with holes in the,g shell are predicted to lie “g,
at high excitation energy at low spisee Fig. 4. 404
Similar reasoning to that presented above indicates tha
the neutron configuration must have an even number of bott 30+
hy,, particles andN=4 (gv»,ds»,d32,S1/9) particles, i.e.,
the neutron configuration must have positive parity. The pos- N R VR R Y B R YRy
sibilities then are four, six, and eiglit;,,, neutrons. The ' | | ’ P;(o(MeV.) ' ’ ’
calculated bands for the corresponding configurations,
[02,4], [02,6], and [02,8] are shown in the 4,«) FIG. 3. Kinematic ‘) and dynamic ®) moments of inertia
=(+,— %) panel of Fig. 4. Th¢02,4] configuration can be for band 2 in'?’La as a function of rotational frequency. The open
excluded because it is too high in energy at low spin, moresymbols are obtained from the tentative transition.
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follow such a configuration to spin values close to termina-figurations. The population, at high spin, of such a highly

tion. deformed structure may explain why band 1 is not seen be-
For the structures with four, six, and eight;, neutrons, yond a spin of~. The future identification of a highly

it is interesting to compare the$é=70 configurations with ~deformed negative parity band would help confirm this hy-

the equivalent proton configurations in tle=68 nucleus Pothesis. o

1581 [21,14). In this nucleus it is well established that the It should be noted that in Fig. 4 bands 1-3 appear to

7(hy12)® configuration goes away from yrast with increas- approach the calculated curves in a similar way for spins
ing spin, while them(hy;,)* configuration terminates in a around~ 30k, where the present calculations, which neglect

favored way at high spin, which means that it is close tOpairing, are expected to become realistic. Moreover, the ex-

- - . erimental signature splitting observed between the
yrast qnly for. high spin values. It is only the(h,,)° con- F+ ~1y and (E +1 bangs(bagnds 2 and Bis consistent
figuration which stays close to yrast over a large spin rang&yith the calculations, lending further support to the interpre-

in a similar way to that °§’Ser"ed for band 2. This analogy;iqn presented above. In addition, Fig. 4 shows that a re-
clearly points to thelfy,/;) > neutron configuration as being markable correlation in the experimental alignments of bands
the only reasonable candidate for band 2% a. ~ 1-3 and the crossings between b8/ [01,6 and[02,8)

A further interesting feature is that the yrast negative-[02 6] configurations. It is clear that in the unpaired regime
parity band(band 3 in **La, which is built on anhy;,  the bands under discussion simply differ in the number of
proton at low spin, is only populated up to a spin%f".  h,,,neutrons present in the configuration. In standard crank-
Band 1 clearly shows evidence of an alignmentfiat~0.5  ing calculations, however, there is no attempt made to track
MeV, which total Routhian surface calculations and systemthe numbers of high-particles Q,4,, neutrons in this cage
atics suggest is due to a pairof, neutrons. This structure before and after the crossing, it is therefore possible that
can be associated with ther (@) =(—,—3), [01,6], configu-  band 2, for example, could be closer to f82,8] configura-
ration shown in Fig. &). Furthermore, it is observed from tion before ther(h,;,)? crossing and 02,6 configuration
this figure that this structure is crossed at a spin-&3.5: after the crossing. Features of this nature are discussed in
by the[23,6(21) configuration, which becomes yrast at very [23]. These results therefore suggest that the present un-
high spins. This latter configuration has a somewhat highepaired calculations may be able to represent a paired cross-
deformation €,~0.36) than the h,, band €,~0.2) and is ing, a feature clearly worthy of further investigation.
related to the superdeformed bands in the Ce isotopes, which In summary, high spin states itf'La have been popu-
are also predicted to have tvgg,, proton holes in their con- lated using thel®Mo(32S,p4n) reaction and they decay
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studied using the EUROBALL Il spectrometer. All the pre- smoothly terminates in valence space in this mass region.
viously observed bands have been seen to higher spin. CorBand 1, which has arh,4,, configuration at low spin, has
parison of the experimental data with cranked Nilsson calcubeen extended up to a spin & . The present calculations
lations provides consistent evidence for the interpretation opredict that it is crossed at around this spin by a highly
band 2 as a smooth terminating band which is built upon thgleformed structure which involves twg, proton holes.

The research was supported by funds from the U.K.
[ (97120572 °(M1212 *1® 1 (G721 A M1112) *(dgy5110) ] EPSRC and the Swedish FI)\Fljatural S():/ience Research Council.
We also wish to thank all the crews and technical support
configuration, with a terminating spin of 47.5This band is  connected with the EUROBALL Il facility, Legnaro, Italy.
observed up to three transitions away from the terminatingrhanks are also due to R. Darlington for manufacturing the
state, with tentative evidence for the second from last transitargets used in the experiment, and to The Crafoord Founda-
tion. These data provide the first evidence for a band whichion.
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