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Abstract

|

Heavy-ion reactions have been used to populate states in the odd-A La
nuclei (A = 125 » 137). The y-ray spectra indicate strong population of a
band based on the 11/2 state ?f each isotope. The character of this band
indicates a.new type of éoupligg, and can only be explained if the state has

a prolate deformation. This is in contrast to earlier suggestions of oblate

shapes for these nuclei.
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NUCLEAR REACTIONs 130»128:126,124,1220 (11 )01y

137’.135’133’131_’»_1291'48., E = ho’hs.,50,52.5’56.5 MeV;

lehsn(th,SnY)133La, 120,118,1168n(1hN’3nY)131,129,127La

- E = 50.5,53,58,62,64.8,67,68.5,72,76 MeV; and

1125n(l6 1251a, E = 72,76,82,88,94 MeV;
125,127,129,131,135,137

_ 0,2npyY)

measured O(Ey,e), O«

levels, J, . Enriched targets. Ge(Li) detector.
; ' -

La deduced
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1. Introduction

The neutron-deficient nuc&%i with 2 > 54, N <%8 have . |

been ekteﬁsively sfudied since this was firsf proposed as & new regionAof
deformationl). The energy levels of the ground-state rotational baﬁds2’3’h)
and the 1life-times of the first 2% étatesk’5’6) of some Qf these doubly- |
even nuclei support the suggésted?deformation; Theoretical calculationsY’e’g)
of the shapes of nuclei in this reglon have indicated competltlon between
oblate and prolate deformations, khe oblate shape belng slightly more stable
7.8y,

in refs. though the reverse is true in ref. 9) where hexadecupole
deformétion is included. The theoretical calculations suggest that these
nuclei might be extremely soft to‘Y-vibrations. It is possible, therefore,
that some of the observed E2 enhaﬁcemént arises froﬁ dynamic effects rather
than static deformations.

The possibility of determining the sign of the nuclear deformation from
studies of very neutron-deficientldoubly¥even nuclei ié remote. However,
studies of odd-A nuclei offer two possible methods whiéh.are reiétively simple
experimentaliy. These are:

1) determining the sign of the mixing rafio §(E2/ML) for the cascade
trgnSitions in rotational bands. The rotational model then predicts
the sign of the quadrupole moment if informaﬁion on the magnetic
momenf of the band is available. This possibility haé been recently
discussedlo).

2) determining the spins and parities of the lower-lying quasi-particle
states.v Tﬂis ordering depends critically on the'signﬂof the nuclear

deformation, and if states can be assignedvto definite Nilsson

orbitals the sign of the deformation may be determined.

(Y
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The odd-A nuclei in this region have.recently beén
studied b&'several authbrs,'aﬁd‘the‘second of the above methods has been used

to deduce the nuclear shape. The existence of low-lying 11/27 1levels, assigned

129Lé and lleg has been used to support the

127

as the [505] Nilsson state, in

ll,l2)

. The occurrence of levels in Cs with

different signs of deformation has been postulatedl3). Isomers in the odd-N

125 127

: 1k, . ‘ :
Ba and Ba have been observedl ) and again interpreted as

isotopes’
arising from oblﬁte deformation. It should be stressed that the arguments
supporting a negative deformatibn parametervhavé generally been based on the
aSéignmeht of only one 11/2° lével in each nucleus. 1In cohtrast to these data,
én isomér with an anomalously large prolate deformation has been reported in
1330, (ref. 15))L

| It should be noted that'such results are not as definitive as might
be hoped. For example, in the preseht case a low-lying 11/2- state might be
the [505] Nilsson level, as has beenvsuggésted, and so igdicate an‘oblate
shape, or it might be the 11/2 level of the band based on the [550] Q = 1/2
Nilsson state. The latter state has a large negative decoupling pargmeter, and
so results in a distorted band with the 11/2 member lying low if on the prolate
side. Thus, the mere occurrence of a low—lying 11/27 level really doesvnot
decide Between oblate and prblate shapes.

But the results of an in-beam study of the rotational band Buiit on this level

may allow a deciéion to be made. An oblgte nucleus should show a normal.

rotational band with MI-E2 cascade and E2 cross-over transitions, while the

§ = 1/2 band should show a simpler cascade made up only of E2 radiations. A

schematic illustration of these possible level spacings and transitions is
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shown in fig. 1. With this in mind, a sequence of odd-mass La isotopes from
A =125 to 137. were studied by in-beam spectroscopic techniques following

(HI,xn) reactions..

e
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2. Experimental Method

The’reéctibns used’afé;indicated in Tabie 1; the Bérkeley HILAC
provided the heavy-ion beams. The beam pulsés, normally'S ms lohg with a
fepetition rate of 36 times/s éan be further chopped uéing an electrostatic
deflector system in order to'provide 5eém bursts as short és.0.25 Us with
continuously variable repeat interféls (> 2.5 us). This facilityigas used
to study isomeric decéys; Seif-Sdppofting%ahd lead—backed targets of
isotopically enrichedvmaterial§ were used, and were typically 1-2 mg/cm%liﬁ
thickness.

Singles‘y-ray spectra were recorded both in-beam and between beam
pulses, usipg a Ge(Li) detector at 90° to the beam direction. Excitation
functidns were performed for all the isotopes studied ahd provided a unique
assignment of the mass. In some cases angular distributions were perfdrﬁed
using two Ge(Li)_detectors; one of which was fixed and used as a monitor. The

16).

It is possible by half-life considerations alone to restrict the

method has been described in ref.

' prompt’ transitions'(rl/2~< 26 ns) observed td.El,.Ml'or E2 mulfipolarities.
Thevmethod of population‘of the stgtesl7) generally implies that the observéd
'Y—rays_decaf from a state of higher spin to one of lower Spin. The fbllowing
"stretChéd" cascades and their chqracteristic angular distributions are
possible:

(i) stretched E2 (I » I-2) transitions for which the angular distribution.

coefficients typicall‘ly lie in the range +0.2 < A2.< +0.5.

(ii) pure A = 1 transitions (I - I-1) for which A, has about the same

magnitude as in (i) but-is of opposite sign. The large hindrance -

factor associated with El transitions is usually sufficient to :produce

a measurable half-life ahd thus distinguish M1 from EI transitions.

.[ |
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(iii) (I ~» I—l)vmixed E2/M1 tranéitigns; when § is positive and small,
an essentially isotropic distribution results, and when § is

negative, large hagative Azﬁs are expected (A2 < =0.5).

Only in cases of very large E2 /ML admixtures cen any ambiguity arise, and such §'s

are not common for rotational transitions. Frequently, therefore, measurements at

only two angles, usually 0° and QO°; are sufficient to determine the y-ray
. . ) “

multipolafity, and such studies were made in the cases of 21 129

135

La, La, and
La. .

Two Ge(Li)vdetectors,vpiaééd opposite each other and at 90° to ghe
beam direction, were used for Y-choincidence measurements. A conventional
fast;sléw system was used incorporating.a time—toéamplitude converter (TAC).
The data were stored eventvby-evept on magnetic tape using a PDP-T computer
system. Each event is characterized by four parameters; the two Y-ray
‘energies; the fast—timing signal from thé TAC; and a slow-timing signal
indicating when the coinéidenge ogcurred relative to the beam pulse.' Storage
of the TAC output enables meaéuremeht of half-lives in the range 30-500 ns, and-
also permits subtraction of random coincidence events. The slow-time parameter
enables coincidence events aésociaﬁed with long~lived B-~decay products or
isomers to be recognized. |

Out-of-beam conversion-electron spectra were recorded in the c;se_of

131La, using the chopped-beam facility to study the 170 us isomer decay. A

‘solenoidal spectrometér with a cooled Si(Li) detector was used for this purpose.'

137

Typical resolution for the 62 keV conversion line of Cs was 3.5 keV.
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" In the case of La, Y-ray spectra were recorded in'coincidence with
charged particles evaporated f#om a Ce compoundvsystem. Details of the

method are discussed in ref.18 ).
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Typical>Y¥ray spectra are shown. in figs. > and 3. The results are
.summarized in Table 2. ‘Fofveach isotope we‘havé listed thé Y-ray energies,
the rélafive transition intensities, thé angular distribution coefficients
"when determined;'the Y—ray multip&laritiés and the transition assignméntsf
The dominéﬁt féafure of thé'spectra assoéiatea with_thé lighter iédtopes
studied is.é sequence.of strong y-rays ﬁhich qlosély resembles the y-ray
spectfa of the ground-state band of the neighboring doubly-even Ba isotopes.,
In the cases where aﬁguiér distributibn measurements were performed, these

transitions were found to be consistent with stretched E2 assignments. Even

in the heaviest isétopes studied, 135La and 137La,'-there is one strong

transition which is consistent with a stretched E2 assignment and whose energy

13L

+ -
"is very close to the 2 - ot y-ray of the doubly-even Ba core, i.e., Ba

and l36Ba, respectively. The Y—chbincidencé measurements showed that all

these stretched E2 transitions were in coincidence with each other, and their
relative transition intensities indicated their time ordering. The bands thus
established are shown in fig. T where they are compared to the ground bands of

the doubly-even Ba neighbors.

with 1%°La ana 127
129

the stretched E2 cascade sequence. In La this same band was a dominant

feature and appeared to be based on an isomeric state with a half life of

0.56 s. The delayed transitions were the.oniy other strong ones seen and'Were'v

|
essentially equal in intensity to the lowest member of the band. In the

comparison of these intensities, corrections were made for internal electron

conversion and also for the timing relationship between the in—beam_and out-of-

béam-spectra; The decay of this isomer has beenvstudied préviouSlyll’lz); The

La the only strong Y-rays observed were assigned to

&
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sh.5 keV transition reported in ref. l?) is generally seen in neutron

evaporation resctions studied with Ge(Li) detectors and arises from 7_3mGe,

which has a half life of O.SH S. Thé decaY‘scheme of the‘isomer is shown in
fig. la.

The'l3lLa spectrum again shéws the doublyveven—like band to be dominant,
vand again the oﬁly other strong_tranSitioﬁs'aré associated with the decay of
an isdmeric state, Tl/2 = 170 us. Aﬁ'isomeric decay has been reported
previduéljle), though the y-ray multipolgritiés were not established. Previous
workefs ;bserved dﬁly tﬁo Y—réys,{ofuenefgiés 170 keV and 109 keV, with'the
170 us half life. Two other yY-rays were oﬁserved in our work and are possibly
associated with the isomer.‘ A 196 keV transition showed a half life of
190+30 us, and a 26 keV y-ray h%d a‘half life in the range 10-500 us. Energy
sums suggest that 'the 170 keV and 26 keV tfansitions fbfm a cascade sequence,
with the 196 keV y-ray arising from the cross-over transition. The 196 keV
traﬁsition is about 20 times weaker than the 170 keV line, while the intensity

of the 26 keV transition depends Strongly on itsvmultipolarity. In a separate

131Ce to 131

expefiment we studied the décay of La. The level scheme deduced
from that decay indicaﬁes States'at‘26 keV and 196 keV. The 170 keV/196 keV
intensity ratio is the same in bo%h the 13'lCe decay and the_i70 us isomer
decay, suggeéting Fhat both Y-rays arisévfrom the same state. The isomer
decaybscheme deduced is shown in fig. b, |
: o :
Only the 109 keV and 170 kef transitions were observed in the v

_conversioﬁ electron spectfum; tg% data are summarized in Table 3. ‘The K/ (1+M)
ratios ar¢ defermined iirectly from the electron specfrum; the éxperiment;l_ak

is determined assuming the decay'SCheme of fig. Wb, i.e., assuming the 170 keV

and 109 keV transitions have approximately the same total intensities.
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The i33La spectrum is rather complexf ‘There arebtwo strong transitions
which are obvious candidates for tmé lower two members of the band which was
dbserVed in the lighter isotopes. These two transitions_are in coincidence
with each other and precede .a 60 né delay. The delay is associated with a
level at 535 keV whose deca& is shoﬁn'in fig. bec. A very large proportion of
the cross-section leads to population of this state, which is also observed in

133ce (ref. 19-21). Other strong y-rays are observed which are

the decay of
not fitted into_theilevel scheme. There is coﬂsiderable conflict between the
spin assignmehts made in this workvand those of ref. 20). Assignments made;by
several workers are indicated in fig. bc and are discussed 1atér.

135La spectrum shows several strong y-rays which arise from an

The
isomeric state, Tl/2 = 50 ns, at 2.7 MeV, About 40% of the cross-section
leads to population of this state. The state decays via seven cascade y-rays
to ground. No cther delays 2 éO ns are observed in the cascade sequence. The
relative intensities of the transitions determiné their ordering, indicating
the 470 keV transition to be the isdmeric one. The isOmeric transition has
also 5een identified by studying the time~spectrum of each y~ray in coincidence
witﬁ all Y-rays above abdut 800 kéV. Since no Y—fays above this energy are
- observed in the isomeric decay, the time spectrum obtained is that due only to
tréhsitions preceding each yY-ray studied. The time spectrum not showing a
prompt component is then associatéd with the isomeric transition, and the 470
keV traensition was thus identified. Angular distribution measurements!were

performed and the results are shown in Table 2. The isomeric decay scheme is

shown in fig. 5.

5 A
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The spectrum associated with La shows strong y-rays from the decay
of the well-established 11/2° state at 1.004 MeV. Only one other strong
transition at 782 keV has been assigned. This is in coincidence with the y-rays

from the 11/2° state and has an anisotropy consistent with a stretched E2

transition.
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4. Discussion
k.1. SPIN ANDZEARITY ASSTGNMENTS
Since all types of méésuréments havé'not beén performed for all
'isotopés, it is necessary to rely on enérgy—leQel systématicé in making some
of the assignments. In order tb eétabiish the systematié trends;.thoée
assignments in which we have the most confidence are presented first. The

systematics obtained seem Very cdnvincing, though the assignments for the

135

levels in La above 1.5 MeV must Be considered tentative.

131 22)

4.1.1. The La nucleus. The ground-state spin has been measured

as.3/2 and‘is most likely to have positive parity. The isomeric state decays
by three cascade Y-rays to gfqund (fig. 4Yb). The 109 keV and 170 keV
transitions are clearly established as M2 and Ml respectively, by our electron
dats (Table 3). The 26 keV transition has the same total intensity as the

170 keV only if it has Ml multipolarity. The 196 keV multipolarity has not
been measured, buf'since it c¢mpetes unfavorably’with the 170 keV transition
it is most likely to héve E2 character. Thus, thé spin sequehce shown in

fig. kb is suggested. If weveStimate the M1-E2 mixing ratio of the 170 keV
transition assuming it has an E2 component Qith the same strength as the 196
keV transitioh, we obtain 62(E2/Ml) = .02. This value is in reasonable

133 135

agreement with the 7/2+ > 5/2+ trensition in La or La and supports the v .
spin assignments. The streﬁéhed E2 sequence based on the 11/27 state gives
rise to a band with spins 15/2°, i9/2—, 23/27, etc.v

Receptly, studies of the (d,t) transfer reactién on some doubly-even
“barium isotopes have been carried aut23). States assigned as 5/2+, 7/2+, ana
11/27 are the only levels strongly populated in the odd-A La isotbpes between

masses 131 and 137. These results confirm the 11/2  assignnment for this isomer.

LA
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129

" L.1.2. The La nucleus. The ground—state spin of this nucleus is

Blra, i.e., 3/2%. The

expected to be the same as that of the nei%hboriné
0.56 s isomer has been shown to decay by an E3-Ml.cascade sequencell). This

establishes the spin and parity of the iéoméric state as 1172-. The prominent
E2 sequence decaying to the.isomerAleéds to the 15/2°, 19/2—,'et¢. assignments

for the higher states.

37

4.1.3. The 137 e nucleus. The well-known 11/2° state was strongly

populated, eand only one strong transition of 782 keV was observed to feed this
. .

level. This y~-ray has the characteristics of a stretched E2 transition and

has been assigned as 15/2° -+ 11/2 . Again, the (oyt) reacticn?3) strongly

populates just the well-known 5/2+,«7/2+, and 11/2" states.

o5

127 La nuclei. In both these cases only the

4,1.4. The La and 1

stretched E2 bénd is observed. Comparison with the doubly-even Ba neighbors
and the heavier La isotopes discussed above, strongly suggest we are seeing

the y-rays from the same sequence of states with spins 11/27, 15/27, 19/27,

127 127

ete. A study of the La decay was undertaken, and states in Ba were

populated which displayed features typical of a rotational band. The most
127

likely spin assignments for the Ba states are not inconsistent with an 11/2°

127

assignment for the La parent.

The energy level systematicé indicate that with a decrease in A, the

- + + ' ;
11/2 state drops whilst the 5/2 and 7/2 states rise, so it is not surprising

127

that the 11/27 has dropped below both these states in La. The decay modes

- ’ +
open to the 11/2  state are then B-decay or Mh y-decay to the 3/2

state if the latter remains bélow the 11/2° state. The'single—
; A .

. particle half life for an M4 transition is ~ 10" s, therefore, the
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observed B-decay with Tl/2 = 5.020.5 m would be strongly favored. In La

the 11/2 state may even have become the ground state.

133 133

Ce decay hsas been previously studied

l9—2l).

L,1.5. The La nucleus. The

and the level scheme shown in fig. be deduced The isomeric state at

535 keV is also strongly populated in our in-beam work. The (HI,xn) reaction
introduces very high angular momentum into the compound system; the subsequent
17)

decay by émission of neutrons and Y-rays has been discussed , and the deéay

mechanism generally implies that at a giVen (1ow) ene}g&,~the state with
highestrspin is most heavily populated. The strong populétidn of the 535 keV
state clearly sugéests, then, that this state has higher angular momentum than
the levels below it. It would, therefore, be very surprising if its spin were
as low as 3/2 as suggested in refs. 19-21).

Two of the stronger yY-rays in the spectrum are shown by delayed Y—Y
coincidences to precede the 60 gs délay associatéd with the 535 keV level. The
energiés of these Y-rays are just those expected from the systematics fof the
lower members of the stretched E2 band. A third transition, not observed in
delayed coincidence, has been assigned to the band on energy and intensity
considerafiogs. The agreement with the systematic trends and the degree of
population of the 535 keV level ieads to the assignment of 11/2° for this state.
The lower states would then have tﬁe spins shown in fig. Yc. No angular
distribution data or conversion-electron data were taken in this work. Howevér,

133

conversion coefficients have previously been determined from the Ce

20 . '
decay ). Our re-assignments of the spins below the 535 keV level are entirely
consistent with the electron data. Table b4 compares.thé'experimental and

theoretical conversion coefficient$ for the assignments of this work and of
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20 L . .
ref. ). Our M2 assignment for the 404 keV y-ray looks more

reasoﬁablé than the E1{+M2) ofiref.320), and the M1l and E2 predicfions for

the 47T keV Y;ray cannot be distinguished. If the LOL keV transition were

El, there woﬁldube a large-hindranéé féctor_of b x 108.associated with it.

An attempt was ﬁade'to explain thisls) by assuming.a shape—hindéred transition.
However, the 58.4 keV El1 branch from the same level has a hindrance of only

5, which is typical for El transitions, but should also be shape

15);

1.3 x 10
hindered if one uses the argumenté of ref. ‘ Oﬁr assignments remove this
difficulty, meking the Lok kev Y-ray an M2. The hindrance factor éssociated
with it is then ~ 50 in very'good'agreeﬁent with the 11/2° » 7/2+ transition

31

in T3'La which is hindered by ~ 100.

Fur%her support for our assignments appears in ref. 2h), where the spin
of the 130.T keV level has been.suggested to be "(/2+ and the 97 keV state to

be 3/2+. These assignments are based on systematics of the ML hindrance and
E2 enhancement factors for the 7/2+ -+ 5/2+ transition in a series of La
isotopes. The systematic results of the (a,t) reaction23).most stronglj

suggest an assignment of 11/27 to a level at about 535 keV whilst our in-beam

Y-ray work shows this to be the same level that is obsérved in the B-decay

: ' ' 20,23,24,
studies. The spin and parity assigmments of this work and refs. ’ 3, ) are
compared in fig. kec.

133 | 20 | o |
The Ce B-decay data " ) could be explained if the observed 5.4 h

' 133

v : +
activity is associated with a high-spin state of Ce rather than the 1/2

139

v 20
state proposed in ref. ). High-spin states are known in Ce and several

0dd-A Ba isotopes. The tendency is for thesé states to drop in energy with

133

decreasing mass. It is, therefore, plausible that the 11/2° state in Ce -
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is sufficiently low in engergy to have become a B-~decaying isomer. Some re-

evaluation of the décay data might be in order in the light of the present

23,2h)

data and that of refs. . Theblarge hindrance associated with the

9/2+ > 7/2+ transitioﬁ will be discussed latér.

The nuclear moments of the 535 keV level have been reportédls)r There
has been éome difficulty in the interpretafién of the observed magnetic moment.
However, since we believe the spin of the staté is'll/2f, a.ré—evaluation of

this moment is in order. The observed quantity in ref. 15) must be the g-factor

of the state, which would be g = /I = 1.4 . This is very close to the Schmidﬁ

value for the h proton 1.42). The interpretation of the 11/2°

11/2 (&gchmiat

state as discussed below indicsates mainly h singleéparticle character.

11/2

The single-particle moment for the h proton in this region is calculated to

11/2
be g = 1.4k, with 8g_ = -0.07. The latter value was calculated with the
cal : s

theory of Arima and Horiees)

While the difficulty in the mégnetic moment is resolved, the
experimental result on the quadrupoie moment is still difficult tp explain.
The deformation parameter deduced ffom it was anomalously large, B = O.h7.‘ The
re-eyaluation with the new spin assignment &ields an even larger value bf Q and

B. This is unreasonable, and the measured quadrupole frequency needs to be

checked.

35 135

k.1.6. The 1

La nucleus. The Ce decay has been well studied.
Only one y-ray common to both this decay and to the in-beam wofk has been
observed. This is the 119 keV»7/2+ +'572+ transition, the grqund—state being
well established as 5/2+. TheAangular distribution coefficients, listed in

table 2, are the only available data on which spin assignments can be made.

The known 119 keV transition has an essentially isotropic distribution. This
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is expected froﬁ its esﬁabliéhed E2/M1 cﬁaracter with |8] = .2 (Ref. 26)) if

" the sign of 6 is ?osiﬁive. Most of?the othér Stfong'y—rays éré associated with
the decay of the isomer at 2.7 MeV,'énd only these will be discussed. Four of
the trénsitions have positive Az's with small negative Ah coefficients. These
are generally éonsiétent with strétched A = 2 transitions. The other three
transitions have negative Ae's and are most likely to c§ntain mixtures of A =
I2 and A = 1. Thus, the spin sequence shown in fig. 5 is reasonably well es-
tablished though parity assignments are bgsed on plausibility arguments and
systematic trends, and ﬁust'therefore bé considered tentative. |

The M2 possibility for the positive A_ transitions seems unlikely, the

2
half lives of the states ruling out any such transition with an enhancement
factor less th&n about 3. It is most probable, therefére, that these are
stretched E2 tran;itions. Their Az's can be used.to.célculate the degree of
nuclear alignment By comparisoh!with the tables of Yamazak126) which give the
angular distribution coefficiehts for complete alignment. The alignment thus
derived is attenuated by a factor betﬁeen 2 and 3, the attenuation factor in-~
éreasing with the excitation énergy of the sfate. This apparently surprising
behaviour may be due to the fact that the higher states are populated pre-
dominantly by decays from the isomeric state, and decays through this state may
be seriously attenPated due tofits relatively lQng half-life. We have used at-
tenuatién factors éf 2.3%0.2 for the 202 keV line and 2.8+0.4: for the 133 keV
vand 470 keVv transifions to correct the observed values'of‘A2. Both the 133 keV

~and 202 keV y-rays than have corrected values of A2 typical of mixed A = 1 and

A=1

A = 2 transitions with § (A = é) equal to'O.liO.l. The states from which these
Yeraysvarise have half-lives < 20 ns. A 1% M2 admixture in the 133 keV transi-

| _ :
tion would imply an enhancement factor for the M2 component of > 3. This is
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unlikely and so we assign the 133 keV transition as E2/Ml. The 202 keV could
be E2/M1 or M2/El, either assignment implying a spin 11/2 for the T86 keV state.

" The (a,t) data23)

show»the 11/2" state to lie very’close.to'this energy and the
786 keV state is thus.assigned as 11/2°.

The very lafge'negative A2 coéfficieﬁt of‘the 470 keV transiton can only
be obtained from a A = 1 and A = 2 mixfure with & ~ 1.0, higher multipolarities
being excluded by the'half—life. The half-life is consistent with an M2/El mix-

T

ture with hindrance factors of -1 and'~h x 10 for the M2 and El1 components,

respectively.

If we assume the 786 keV state is indeed the 11/2 state, then the
preceding 553 keV E2 transition is a good candidate for the 15/2 -+ 11/2"
member of the band observed in the lighter isotopes. Based on the doubly-even
nuclei, the 19/2° meﬁber of this band wpuld be expected about 400 keV higher
than the observed 19/2 state. TIts direct population would then be relatively
weak and transitions from”it would' not be seen in-beam. Since the 19/2" band
member is also anticipated to lie close to the observed 23/2 state at 2.13 MeV,
it would not be popﬁlated in the isomér decsay.

The observed 19/2- state at_l;YS MeV possibly has é-similar structure to

135 28))

the 19/2° isomeric state in Cs (Ref.

135

at 1.63 MeV excitation energy. At
least the Cs state gives"a'clear indication of the ehergy,at which high-spin
3-quasi-particle states are expected in this region of A.

Several strong transitions are observed which feed the iSomeriC’state;
but no attempt has Been made to assign multipolarities to these transifions.

139

4L.1.7. The La nucleus. No attempt was made to study levels of this

nucleus. in our work, but well-established levels with spin and parity 7/2+,

+ —-
5/2°, and 11/2 aid in establishing the systematics. Again these are just the

states strongly populated in the (a,t) reaction'of»ref. 23).
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4.2. THE POSITIVE-PARITY STATES
P {

ol . i ' .
The energy-level variation of these states is shown in fig. 6. States

131 137

with spins 3/2, 5/2, 7/2, and 9/2 have been identified in La to La. The

139

+
9/2 state is not known in

129

La and only the 3/2+ and 5/2+ levels have been

La. The (a,t) proton transfer reactionsg3) consistently
I | .

+ L - : :
populate only the 5/2 , 7/2+, and 11/2 states. Levels populated by these

observed in

reactions should.be predominantiy particle—states. This effectively rules out

the possibility of a static ob;atelshape since the 7/2+ state would certainly

lie below the Fermi surféce for such s deformation. Thus, the 5/2+ and 7/2+

stgtes must be associated with either a static prolate deformation or a spherical

(soft—vibrating) nucleus. The 3/2" and 9/2° states wefe'not observed, or observed

only weakly, in the transfer work and may .be either hole-states or collective states.
If we assume the behavior of the positive ﬁarity states in fig. 6 to

be interpretqble from a strong-coupling écheme, the 3/2, 5/2, and T/2 states

can be assigned to specifié Nilsson orbits. The geﬁeral trends of such a

description are in qualitative agreeﬁent with fig. 6, assuming increasing

deformation with_decreasiﬁg A. _However, there are several inconsistencies;

One is that there are several particle-states below l.MeV which'should then

be observed in the single-protonvtransfgf reactiéns, but are not seen. More

serious,‘such é scheme leads to assignmeﬁt of the 5/2+ and 7/2+ levels tb

Nilsson states érising from the.g,{/'2 shell, i.e;, 5/2#[&13] and 7/2+[ﬁqh].

But theﬁ.the large Ml hindranée associated with transitions between these

levelszu) is difficult to eiplain (see Table 5). Finally, the presence of the

9/2+ level_is not expected from such a strong-coupling model.

, +
The ML hindrance associated with the 7/2° » 5/2° transition in the

2L

i
i

) to the '~ forbiddenness' of ML
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transitions between the g7/2 and d5/2 levels. If this is the source of hindfance,

then the soft-vibrating picture of the nucleus seems apprdpriate‘at least down to
: i | .

131 29) using pairing-plus-

La. The levels of such a nucleus have been described
quadrupole interactions. The calculated results for a series of light Cs isotopes
show striking‘similarities to the states in fig. 6. Indeed, eicépt fhat the 3/2"
state appears too high in the'calculations, the agreemént is'remarkable. With this
descfiption the 5/2+ ahd 7/2+ states have‘largely single-particle character, whilst
the other states invoive core-excitatibn. In particular, the 9/2+ level would
then be a 5/2% particle coupled to a 2* cdre—exéitation; This is supported by
the values of the ratios,'Rexp/R .p. Vith R = T(E2; 9/2 + 5/2) /203 9/2 > 1/2),
given in Table 5, and also by the energies of the 9/2 > 5/2 tran51tlons listed
there which are within 20 keV of the corresponding 2+ ad O+ transition of the
doubly-even core nuclei. The properties of the positive-parity states seem, then,
to be well desc?ibed by this model. A new scheme Viil be preseﬁted below for the
negative—parity states and will be shown to describe them very well; it remains to
be seen what such a model‘will yield for these positive-parity leVéls.
4.3. THE NEGATIVE-PARITY BAND

Transitions associated ﬁith-this bahd are reasonably well established in
the lightef isotopes, though only one fransition has been assigned’in>the two.
heavier nuclei, 135La and 137.La.' The bands sare shown in fig. 7 where they are
compared with the doubly;even Ba isotopes. Clearly, these bands do not display the
characteristics typical of an odd—Avrotatiohal bana based either on a § = 11/2
state (oblate) or a (distorted) 1/2 band (prolate), as orlglnally expected, and

illustrated in fig. 1. That is, for the former case, a series of M1-E2 cascade and

E2 cross-over transitions should be seen, with the 15/2 -+ 11/2 spacing more than 4

times the 2 + O spacing in the ground band of the doubly-even Ba core nucleus. For

the latter case, only a stretched E2 cascade should be seen, but the 15/2 -+ 11/2

' + .
spacing should be about twice the energy of the 2 level in the doubly-even core.

However, neither of these
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cases are founa. What is observed in fig. T is a stfetchea E2 cascade having

transition energies.which very cléSely resemble those of the Ba core nucleus itself.
A possible explanation for this result is that we aré observing weak

li/2 proton to the core?o).. .

nearly degenerate levels at each of the states of the core nucléus, and the

coupling of an h This would provide a multiplet of

sequence of the highest-spin members of each multiplet would yield a stretched

‘E2 cascade like that observed. However, we do not believe this is the answer for

a number of reasons. Since the multiplet members should not be_eiactly degenerate,
more than oﬁe transition should be observed between the core states, even though
the highest-spin members are favored in the (HI,xn) reacfion. But only one trans-
ition ig seen in every casévand-in'eaqh nucleus. In addition, the level spacings
in the Ba core are small enough to indicate that the multiplet splittings would
not be small compared to the core spacings. '

We believe that a new couplihg scheme, which we'call'"rotation—aligned",
is the explanation for the band observed. A preliminary account of this has

31), but we would like to give here the physical baékgrouhd

already been published
for the scheme, and to amplify the description. Consider a partiéle coupled to
an axially-symmetric rotation core. The Hamiltonian can be written

2 *2

. . - hm
Bintr Hrot ' Hintr_+ 24 R ; , ‘ (1)

—-> .
By means of the relation, R = f - 3, eq. (1) may be expressed in a form

appropriate to the use of wave functions of}the strong—coupling 1imit where

 is a good quantum number,



—22- - ' LBL-1601

o
2 2 .
= + + + <j > - +
H=H +5[II _1) 3 207] + H_ (2)
with
52 : L :
= = e + ]
By = - gg T+ 13 | (3)
Hitp Dust also be specified, as for example, by the Nilsson model. We shall use,

1. . . N ;.
as before3 ), & linear spproximation to the Nilsson expression,

ZE G 2068 [30° - 4(3 + 1) | |
B(@) = B,(ntd) + 973 [ TERCY ] (+)

where the constant, 206, has been determined to give the best fitting to the

hll/2 protons in the complete Nilsson diasgram.

In the limit of strong coupling, the term _Hc becames vanishingly
small; §2 becomes a good quantum number, and each state involves &

: 2
y - v .
distribution in R. Thus, eq. (2) approaches the expression, 5 I(I + 1) + constant,

nemely, that of the Bohr-Mottelson rigid rot0132’33).

This reflects the fact
that the most efficient way to carry angular momentum in a strongly-deformed
nucleus is by rotation of the core; h2/2€r is small, and the different projections

of the particle angular momentum have relatively large energy separations.

But as the deformation, B, is made smaller, the value of h2/23‘goes up, ¥

so that there comes a point where it is cheaper energetically to vary the pro-
Jection of the particle angular momentum than the rotational angular momentum of the

core. Near this limit, the so-called Coriolis term,ch, becones very large and

H&nﬁrbecomes small. This corresponds to the_weak-coupling limit3o),,where
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(neafly) degeneraté mulﬁiplets of levels occur at the spacings of the core
eiéitations. ﬁo; R is a gdddwquan£um number, butbeaéh state has a distrib-
ution of § values.

However? neither of these limits éorrespdnds very well to the actual
sifuation with the odd-mass La nuclei. Calculations made by exactly diago-
nalizing.eq. (2)rindicate that for an odd hll/2 proton in-La‘the strong-coupling
limit is approached only for B > 0.4 and the weak-coupling limit for B < 0.08,
Whiie the real nuclei have intermediate deformations of 0.15-0.25. In the real
intermediate“case, it_might be expectedvthat the total angular momentum of.the
nucleus would be carried most efficiently by a more equal sharing between the
particle and core motioné. This is bestldone if their rotational aﬁeS'aré
nearly aligned.(éuCh states go over eventuélly into the highest-spin member in
each.ﬁeak—coupling multiplet). Heﬁce, the origin of the name, "rotation
aligned", for this coupling scheme. The force which drives a nucleus from
étrong coupling into the néw scheme is the Coriolis force, and when the pérticle
and core»aﬁgular momenta are nearly aligned, the Coriolis force becomes very
small and there is no longer any appreciable coupling between the particle and
‘ the rotation of the cofe. Thus, the differences in energy for these levels
are just those of the core itseif. The result is observation of a gamma-ray
éascade,!4 J+4 » j+2 > j, consisting of stretched E2 transitions very similar
to those of.the'ground bands of the ﬁeighboring doubly-even core nuclei. This
band of levels has been called the "decoupled" band.

For this band, spatial alignment of the particle angular

mementum with that of the deformed core requires, in terms of the strong-
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coupling wave functions, contriButions-from all possible Q—compqnénfs for a
given j. But the most important one will be that of Q.= 1/2 and the least
important will be @ = j; this can be eésily understood since the.rotation axis is
at right angles to the nuclear symmetry axis. Thus, fbr this new scheme to

be possible, the Fermi surface must not be very far from the @ = 1/2 level. 'This
| ﬁeang low with respect to the hliyz'shéll on the prolate sidé; and high on the
oblate side. An additional requirement is that B cannot be too large, as then
the level scheme will go over into the strong-coupling model. These requirements
enable predictions as to where_this'scheme should occur, and help explain why
there is a difference in behavior between the oblate and prolate sides as shown
in fig. 8. When tﬁe Fermi surface approaches the hll/2 shell from below,

the Q = 11/2 state is lowest for large negétive Yglues of B, because that
particle orbital best fits into the oblate potential. This yields a normal .

Q = 11/2 rotational band as shown on the far left in fig. 8 . But as |B|

decreases through the region.neaf 0.1 thé hucléus switéhes rather rapidly from

the strong-coupling to the weak-coupling scheme, skippiﬁg the new one Because the
lowesthnergy érbital of the rotation-alighed scheme does not fit into the potential
of the rotating oblate spheroid as well as those of othef projections. Weak coupling
yields the series of nearly degenerate multiplets shown around B = 0. But as

the nucleus passes through B = 0 and becomes prolate, the ﬁew coupling scheme

takes over from weak coupling for the reasons already descfibed and because the
high-spin member of each multiplet does fit well into the rotating prolate potential.
Only at large values, B > 0.3, does this scheme slowly change into the strongr
coupling model; If the Fermi sufface moves up into the middle of the‘hll/e shell,

the new coupling scheme has a hard time éstablishing itself because it requires
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s large proportion of the = 1/2 component. When the Fermi surface.gets to

the top &f the“hli/2 shell, thél behavior on the two sides reverses, and Coriolis
decoupling appears on the dblatevSidé, where Q = 1/2'dominates, again at
intermediate values of B. | |

The previous discussion'can also be turned around so that if one knows
where the Fefmi surface is and determines the nature of the band, i.e., whether
‘deformation-aligned or rotation-aligned, the shape of the nucleus is determined.
In the present'exambles of the odd-mass La nuclei (Z = ST), tﬁe Fermi surface

is below the h proton shell.-  As shown in fig. 7 , the bands built on

11/2
the 11/2° states are all decoupled. From fig. 8 , it can be seen that
this reQuires that these nuclei be'prolate with deformations in the range
0.1 S<B<0.3, This is in contfadiction to thevconclusiohs of eaflier workers,
but we believe the evidence is very compelling.

In addition,'we should point out that fhe type of behavior described
above for tﬁe odd-maess La nuclei is certainly not restricted just to them. Any
high-j shell shbula show this behavior under the proper conditions, and, in

particular, the uniquerarity levels in each shell should be candidates, as they

have the highest value of J in that shell. Whenever the Fermi surface approaches

such a. ' shell from below on the prolate side or from sbove on the oblate side,

the occurrence of.a_band Js 3425 b, .o, withlspacingb similér to those
. _ . ‘ v

of the ground band of the neighboring doubly-even core nuclel might be expected.

For example, under these conditioﬁs such behavior ébuld occur for other hll/2

odd-proton nuclei, for g9/2 bdd—prdton and odd-neutron nuclei, and for hll/2

and 113/2 odd-neutron nuclei. Later papers will discuss a number of such examples

that have been siudied.
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H has been emphasized that the new coupling schéme is not weék éoupling,
and we have derived it starting from the stfong-coupling limit by including
exactly the effects of the Coriolis interaction.‘ This same intermédiate—coupling
scheme can be obtained by starting-ffom the weak-coupling limit and including
the effects of the parﬁicle—quadrupo;e deformation term, 62Y2. VogelBh) described
such a treatmenf, but considered only the diggoﬁal terms. Recently the exact

35)

diagonalization starting from this limit has been performed » yielding the

same resﬁlts giveﬁ here and in thevprevious paper3l)

Finally we should point out that although we believe this new coupling
scheme is a’good approximation to the actﬁal behavior of a number of nuclei,
such as the odd-mass La's, the calculations are obtained from diasgonalization of
eq. (2).which.represents a rather simple model, namely, a single particle
coupled to an axially-symmetric rotof of quadrupolar deformation. To whatever
extent real nuclei are asymmetric (gamma deformation), show octupole, hexadecﬁpole,
and higher distortions, and are non—rigid, this simple picture will have to be

modified. But the remarkable agreement of calculated behavior with experimental

results for the La and other nuclei studied leads us to believe that the picture

may not be very sensitive to these other effects.
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5. 'Conclusion
: S
We may summarize the experimental findings of this work as follows:

125‘137La,vaIIOWblying 11/27 level has been

23))

|
1
1

vl). in éach of the nuclei,
. observed:(with.help from the.(d,f) studies of ref. ;

2) the in-beam spectroscdpic work shows that abbve'this 11/2- state there
are one or>more‘states.conneCted by strong, stretched E2 transitions,
yielding on ascending sequence at levels 11/2—,‘15/2—, 19/27, couss

3) the spacings of this band ih each odd-mass nuéleus are closely similar
to those of the ground band of the neighboring doubiy—even Ba core;

139

4) the 11/2° state dfopsimonotonically in energy from ~1.42 MeV in La,

\

12?La.

to perhapé becoming the ground-étaté in

v Feaﬁurés 2) and 3) ébov?‘shbw that the properties of these 11/2” bands
aré not those expeéted from either a strong- or weak—dqupliné scheme. - But, all
of the results can be encompasséd byva new coupling scheme for a high-j particle
bound to an'axially-symmetric rotor. At mode;ate deformation the Coriolis
inferactidn tends to decouple the particle from the symmetry axis of the nucleus
and to align the particle angular momentum with that of the core. The lowest-
lying high—spin levels will then fofm a sequenée Js j+2, j+b,.... with energy
spacings the same as-thése of the doubly-even core, Jjust as is observed for the
odd-mass La nuélei. To prodhéefsucH_a band, the Fermi_surfﬁce musﬁ be near the
Q= 1/21Nilssonnorbital. For the La isotopés, Z = 57; this.can only .be tfue‘if

the nuclei are prolate. So, in disagreement with .earlier workers, we conclude

|

that the odd-mass La nuclei are prolate,vnot‘oblate.
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" Table 1

Target . Reaction i’z"od‘ucti ~ Energies used
10re (*'B,4n) P 40,15,50,52.5
12}8,1,e ,_ (M5 4n) 135, Lgo.,hs,g_g,sz.s,ss.s
126, ._ (Mg, ) | _133La | 42,47,50,52.5,56.5
12k SR | t(th’Sn) 133, 61;.8,_6_8_._5_,72'
12k, (Mg, k) g 50,56.5
Py, 0 a, 50.5.53,56
122, - (11B,4n) 129, 50,56.5 |
18 (¥, 3n) 1291g 53,58,62,67,76
16, (**y,3n) 1271 52-5,}23
AE | (.160’2np) 12518 ! _'(_2_,76,8é,88?9h_
*Best energy is u.ncierlined. |
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J Tabie %

’ Relative Ny e
Ly B Transition A, = G,A_(max) "i¥i= Transition
Isotope Y Inténsity 2 2°2 7 'polarity Assignment

125 240.9 100 (£2)% 15/27»11/27
437.1 92 (E2)® 19/27+15/2"
60k. 3 97 (g2) 23/27+19/27

127 252.1 100 .23¢,03 g2 ° 15/27>11/2"
458.6 T2 .25¢.0L g2 P 19/27+15/2"
630.9 | 40 .21%.06 g2 ® 23/2719/2”

S 779.9 15 27,16 E2 P 27/27523/2”

129 68.9 96 M < 572 >3/2"
10L.8 106 E3 © 11/27+5/2"
170.5 w ¢ (7/2">5/27)
269.3 100 .2k+.03 g2 P 15/27>11/2"
Wk, 7 L .29%, 0k g2 P 19/27+15/2"
641.4 48 .22+, 06 g2 ® 23/27%19/2”
785 1L .21%.12 B2 ° 27/27>23/2"

131 26. 8l (M1) 5/2%>3/2"
108.9 108 M € 11/27>7/2"
169.6 100 m €€ 7/2% 572"
195.6 5 - (E2) 7/2%>3/2"
2Ll 8 () ¢ (9/2%>7/2%)
335.6 100 (E2) ® 15/27+11/2"
b2 (g2) ¢ (9/2%+5/2")
532.9 6l (E2) * 19/27+15/27
670.9 LT (E2) 2| 23/27>19/2"
792.1 17 (g2) & 27/27>23/2"

(continued)
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(continued)
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1

o Relative A ces
Isgiope A EY‘ : _-ggzgzizi;n. A ='G2A2(max) pgii;;;y : z::?Z;;;gi
133 - 58,2 190 El 11/27+9/2%
' 130.7 78 ML /2 572"
346. 4 7.4 M 9/2%»7/2"
hob.5 b1 e f ~11/277/2°
Lhk, 7 100 (g2) ® 115/27»11/27
4770 170, g2 T 9/2%+5/2"
681.2 60 (E2) _19/2”»15/2f
789.1 21 (E2) 23/27»19/2”
135 119. 20 .05+ .,0l M 7/2%>5/2*
133.& 48 .19%.02 (i) ® 25/27+23/2”
202.0 86 .23¢,02 B 11/27>9/2"
375.4 - 59 .14.02 (E2) P 19/27»15/2"
379.3 5k .15%.02 (g2) ® 23/27>19/2”
46h.5 <8 . - (9/2%>1/2%)
b70.2 38 Tt .0l (Me/E1 ~ 1) ©  271/2%s25/2"
583.9 1100 .21%.02 g2 ? 9/2%+5/2%
592.8 82 .19¢.02 g2 P ©15/27»11/2”
137 168.8 100 E1 11/27s9/2"
- 781.6 87 B2 15/2 +11/2
82L.6 95 E2 ‘ 9/2 +5/2
835.4 2 oM 9/2%>1/2"
6.5 M2 + E3 11727772t

100

aE2 cascade sequence as51gned on systematics and comparlson w1th doubly-even Ba -

isotope.

bA551gned from angular dlbtrlbutlon data.

As31gned from conver51on-electron work in ref.

f
A531gned from conversion-electron work in ref.

Assigned from conver51on—electroh data of this work. . -

' dObserved in B- decéy from Ca.
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Table 3
l3lLa conversiocn-electron data
EY . Theoretical ‘Expt. Assignment
M3 M2 ML E3 E2 El
. %*
109 o .39 6.3 0.73 L.e  0.95 6.4 M2
K/(L+M 1.8 3.9 6.1 0.k0 1.9 5.0 M2
. *
170 o _ 1.3 .21 1.0 .23 0.05 0.15 . Ml
K/(L + M) 5.k 6.2 1.0 . 3.0 6.3 5.1 Ml
* ' '

Experimental aK's evaluated assuming the 109 keV and 170 keV transitions have

the same total intensities.




o

LBL-1601.

-3h-
| _
Tagble L
’ 133La ‘conversion data
EY Theoretical Expt.
M2 Mm E2 El ’
Lok.5 o .075 .021 .016 .00k49 .07
L | . . ‘
W77 o .0L6 .01k .010 ©.0033 .012%

" 8pata from ref. 19)

bl
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Table'S

G

=
LN
§3

LBL-1601

| R = T(E2;9/2+5/2) R = T(E2,7/2+5/2")

_ + TIML9/22T/2) T(M1,7/2%>5/2")
Excitation core 2 energy
Isotope Energy of 9/2+ + 572" energy Rexp/Rs.p. Réxp/RS-P-
: ' — 3 T
139 - - 1.595 - 3.5 x 10
137 836 828 1.7 x 103 -
| | | 3 3 T
135 584 605 LT x 10 3.9 x 10
. +
133 W77 L6k 3.L x 105 4.9 x 10°
131 L1k 382 0.8 x 10° —
+ 2&

Data tasken from ref.

).
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‘ Flggge Captions

. [ i ' ‘ ,
- : . i . e :
Fig. 1. Schematic'illustration of energy-level scheme for strongly-coupled

: hli/2 particle in (oblate) Q = 11/2 state on left and (prolate) Q = 1/2

state on right (with decoupling parameter a = -6). For comparison, the
level scheme of the doubly-even core is shown in the middle with the séme

Co . b
moment-of-inertia.

La taken with an 8 ¢m3

124

Te(

Fig. 2. In-beam gamma-ray spectrum of 11B,hn)l3l

] . N
plaenar Ge(Li) detector placed at 90° to the beam axis.
" : 4 o122, .11
Fig. 3. In-beam and out-of-beasm gamma-ray spectrum of ~“Te(

1
|

taken with an 8 cm> planar Ge(Li) detector placed at 90° to the beam axis.

B,hn)lggLa

Fig. 4. Lower part of decay schemes for (a) l29La, (b) 131La,'(c) 133La. The

133 23)

references for the ~~-La assignments are: a) this'WOrk, b) ref. .

c) ref. 2h), d) ref. 19).

Fig. 5. Decay scheme for 135La...

Fig. 6. Position of the band headé for the states in the odd-mass lanthanums.

Fig. 7. The bands based on fhe 11/27 states in the odd-mass lanthanﬁms comp;red‘
to the ground-state bands in the correspoﬁding doubiy-éven barium nuclei. |

Fig. 8.  The sequence of energy levels obtained by diagonalizing eq. (2) for

various values of B. The lpwést state of each spin up to I = 23/2 and the

11/2 state is shown. The ordinate is the eigenvalue less the
. ! - . '
11/2 eigenvalue, in units of E,, of the core, and the abscissa

’ .
is B. 'The Fermi surface is taken below the set of orbitels for this
i . -

second I

lowest I

calculation, chresponding to'the case of the lanthénum nuclei.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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