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Resumo

Este trabalho sistematiza a investigacdo da estrutura nuclear através de espectroscopia
gama de reagdes com fons pesados em diversas regioes de massa da tabela de nuclideos.
A relagdo entre modelos tedricos e resultados experimentais, assim como os equipamentos
e técnicas que possibilitam a realizacdo das experiéncias sdo discutidos. Dezoito artigos
publicados sdo apresentados.

Abstract

This work systematizes the investigation of the nuclear structure by means of gamma spec-
trocopy of heavy-ion reactions in various mass regions of the nuclide chart. The relation
between theoretical models and experimental results, as well as the equipment and te-
chniques which allow the performance of experiments are discussed. Eighteen published
articles are presented.
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Capitulo 1

Introducao

Reacdes com fons pesados possibilitam a investigagdo do nicleo atémico em sua terceira
dimensdo principal - momento angular. Nas altimas 2 ou 3 décadas enorme quantidade de
informacao foi obtida através de técnicas de espectroscopia gama em linha deste tipo de
reacdes, consistindo de esquemas de niveis detalhados, medidas de vidas médias, fatores
giromagnéticos etc. Modelos cada vez mais sofisticados foram desenvolvidos objetivando
a explicacdo dos mecanismos que geram alto momento angular no nicleo. O sucesso dos
modelos em determinados momentos, aliado ao seu fracasso em outrossao a principal jus-
tificativa para investimentos em equipamentos cada vez mais sensiveis e capazes de isolar
e estudar os eventos mais raros e exéticos. A proxima geracao destes equipamentos consis-
tira de sistemas virtualmente capazes de detectar e identificar todas as particulas emitidas
em uma reacio o que serd fundamental para a investigacdo de uma nova dimensao - a
temperatura nuclear. Além disso novos sistemas aceleradores permitirao a utilizagao de
feixes radioativos, possibilitando a investigagdo da estrutura nuclear em limites extremos
de suas dimensoes.

Nicleos sio sistemas bem isolados, por isso h4 tdo poucas dimensdes Televantes. Mas
sdo dificeis de examinar, ao contrario de por exemplo uma arvore, cujo funcionamento nao
seria razoavel tentar compreender sem referéncia a praticamente um ecossistema. Alguém
poderia pensar que esta ultima é mais dificil de estudar. Talvez seja. Mas pelo menos
para a arvore podemos olhar, e para o gramado ao seu redor. Do nucleo s6 temos os
“gramados” espectrais para analisar. Dele s6 imaginamos o que podemos auxiliados (as
vezes dificultados...) pelos modelos.

Os modelos sio uma forma simplificada de descrever a estrutura nuclear. Eles evidenci-
am certos aspectos que sao “os mais relevantes” num certo contexto, simetrias por exemplo.
Pode-se afirmar o mesmo de qualquer outro campo da ciéncia, mas é particularmente evi-
dente neste. O ntcleo nio tem um ponto central, como o atomo, ao qual dirige-se a forca
principal de interagdo sobre as suas particulas. Mas apresenta caracteristicas semelhantes
as do modelo de camadas atémico, como se suas particulas “orbitassem” um campo cen-
tral. O nicleo ndo é um corpo rigido, ali4s nem é um sistema classico. Mas comporta-se
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aproximadamente como tal sob certas (outras) condigbes. Os nucleos deformados apre-
sentam bandas rotacionais em que a energia cresce com o quadrado do momento angular.
Isto indica que apesar de tratar-se de um sistema com ntmero elevado de particulas, in-
teragindo de forma complicada e pouco conhecida, ele comporta-se de forma analoga &
de um rotor rigido classico, cuja estrutura interna permanece aproximadamente a mesma,
independentemente da velocidade angular de rotacdo. Alids “muito analoga” no caso de
nicleos superdeformados, descobertos décadas apés a elaboragdo do modelo rotacional.

As medidas experimentais nao se fazem porém de forma linear, sempre com objetivos
claros e definidos. Somos limitados as possibilidades e recursos, mesmo em paises em que
estes nao sao tao escassos.

Este trabalho procura sistematizar mais de 10 anos de pesquisas. E uma tarefa dificil
pela razdo que acabamos de mencionar. Para proporcionar um panorama geral foi omitido
relativamente pouco. Sao incuidos 18 artigos de um total de 29, em principio cabiveis.
Alguma, énfase sera dada a resultados mais recentes, e a mais antigos que revelaram maior
interésse em sua sequéncia. Todas as medidas foram realizadas com utilizacao de técnicas
de espectroscopia gama em linha de reac¢oes com fons pesados, descritas em linhas gerais no
capitulo 3. Os estados de alto spin sdo pofulados através de reagbes de fusao-evaporagao. Os
raios gama sdo detectados em espectrometros de alta resolugdao com utilizagao de detectores
de Germanio hiperpuro (GeHP). Técnicas de coincidéncia y—v permitem a reconstrugao do
esquema de niveis nuclear. Medidas de vidas médias dos estados sao obtidas com técnicas
baseadas em efeito Doppler. De modo geral prova-se a interrelacao entre graus de liberdade
de particula independente e coletivos. Esta expressao enfraqueceu-se por estar em quase
todos os livros. Mas esta no A&mago do modo como vemos a estrutura nuclear. Considere-se
por exemplo a influéncia dos estados de particula independente ocupados sobre o grau de
triaxialidade da deformacdo de nicleos transicionais. O efeito definitivamente esta 14, e
tem influéncia perceptivel sobre as caracteristicas de bandas rotacionais. Nao exatamente
como o esperado... Outro caso é o do colapso das correlagoes de emparelhamento em alto
spin. Frequentemente um resultado é sugestivo, mas nao é conclusivo. Novas varidveis
necessitam ser medidas, ou é necessaria maior precisao experimental.

No capitulo 2 encontra-se uma introdugdo geral aos modelos nucleares mais frequen-
temente utilizados nos artigos. Por razdes de concisdo, e por tratarem-se de trabalhos
fundamentalmente experimentais os modelos sdo tratados de maneira algumas vezes su-
perficial. O objetivo principal é introduzir um minimo de conceitos fundamentais que
facilite a leitura dos artigos. Lamentamos que nem sempre isto tenha sido possivel devido
aos compromissos clareza-concisdo e clareza-completude. Detalhes adicionais podem ser
encontrados nos proprios artigos e formulag¢ées mais abrangentes nas referéncias. No Capi-
tulo 3 encontra-se uma introdugdo a intrumentagdo e ao método experimental. O Capitulo
4 & uma discussdo introdutoéria que sistematiza os artigos agrupando-os por regides de
massa. No caso de trabalhos ainda nao publicados faz-se uma descri¢ao mais completa. O
Capitulo 6 apresenta as conclusdes gerais. Os artigos constituintes desta obra encontram-se
ao final no Apéndice.




Capitulo 2

Modelos Nucleares

2.1 Modelos de particula independente e coletivos

2.1.1 Modelo de camadas esférico e deformado

A forca nuclear possui uma parte repulsiva de curto alcance (=~ 0.4 fm). No entanto
em um nicleo tipico a distancia média entre dois nicleons é muito superior & aquela, e
portanto sentem apenas o efeito de uma cauda atrativa. Isto sugere que, a0 menos como
primeira aproximagao, o niicleo possa ser descrito em termos de movimentos de particulas
independentes em um campo médio atrativo devido a todos os outros nicleons. Esta é
uma abordagem muito produtiva tendo obtido historicamente grande sucesso, como por
exemplo a “explica¢ao” dos nimeros mégicos com a inclusao da interagao spin-orbita.

Inicialmente considerava-se um nticleo com potencial esfericamente simétrico (como por
exemplo o potencial de Woods-Saxon) com parametros ajustados para reproduzir os da-
dos experimentais. No entanto para nucleos afastados de camadas fechadas, o modelo s6
funciona adequadamente assumindo-se um potencial de particula tnica deformado. Den-
tre as varias versdes para o potencial deformado destaca-se por sua importancia histérica
o modelo de Nilsson [1]. A hamiltoniana de Nilsson tem como base o oscilador harmé-
nico deformado (axialmente simétrico), ao qual sdo adicionados termos de spin-Orbita e
6rbita-6rbita. Os ntimeros quanticos assintéticos de Nilsson ([Nn,A]Q2") sdo frequente-
mente utilizados para classificar as configuracaes.

2.1.2 Modelo rotacional

Nicleos deformados apresentam caracteristica bandas rotacionais. As energias dos estados
da banda do estado fundamental de um nicleo deformado par-par, por exemplo, é bem

descrita pela férmula:

E(I) = I(_Q; D)
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onde J é o momento de inércia. No modelo rotacional extremo este é um parametro
constante. Na pratica os momentos de inércia podem ser variaveis e dependem do mo-
mento angular e da configuragio do cabega de banda. Definem-se os momentos de inércia
cinematico J® e dinamico J® através de:

2l —1
1) _
J E,
4h
@ —
J AE,

Onde E, ¢ a energia da transi¢do E2 a partir do estado de spin I, e AE, ¢é a diferenca
de energia entre duas transicdes E2 consecutivas. Para um rotor rigido J é constante e
JU = 7@ = 7.

O modelo rotacional pode ser complementado com os modelos de camadas formando o
modelos tipo rotor mais particulas.

2.2 Parametrizacao da forma nuclear

Para descrever a deformagao (de quadrupolo) nuclear é usual escrever a equagao de super-
ficie de acordo com a convengao de Lund [2] (omitindo-se deformagdes de multipolaridade

mais elevada):

R(8,¢) = Ro {1 + B2 cos 7Yy (6, p) — Basin 7-% [Y2(0,9) + Y57(0, w)]}

onde R representa o raio polar, Y;™ sdo harmonicos esféricos e os parametros fze v sdo
os parametros de elongagdo (quadrupolar) e grau de triaxialidade respectivamente. Por
simplicidade (e na auséncia ou irrelevancia da deformacdo de hexadecapolo B4) define-se
B = pa.

Nesta convengao o pardmetro angular v é valido entre os angulos de —120° e 60° e indica
trambém o carater de coletividade da rotacdo. A rotagdo é sempre assumida em torno do
eixo z'. Por exemplo: v = 0° para um niicleo de deformagdo prolata axialmente simétrica
em torno do eixo z’, rodando portanto coletivamente em torno do eixo perpendicular ao
eixo de simetria. Os angulos de v = —120°, —60° e 60° também correspondem a formas
axialmente simétricas, prolata nao-coletiva (rodando intrinsecamente em torno de eixo de
simetria), oblata coletiva e oblata ndo-coletiva, respectivamente. O maximo de triaxialida-
de ocorre para angulos v = —90°, —30° e 30°, enquanto que o méximo momento de inércia
irrotacional ocorre para v = —30° correspondendo também ao méaximo de coletividade.

Os ntcleos esféricos correspondem a 3 = 0. Os nicleos afastados de niimeros magicos
(ou camadas fechadas) tendem a desenvolver deformagdes significativas (8 ~ 0.3) e sao usu-
almente axialmente simétricos. Os nticleos transicionais tem deformacao 2 intermediaria
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mas podem desenvolver deformagdes triaxiais significativas. Para nucleos superdeformados
a equagao de superficie acima nao é uma aproximagao muito boa. Nestes nicleos a razio
entre eixos do elipsoéide estd em torno de 2 : 1 : 1, correspondendo grosso modo a 3 ~ 0.6.

2.3 Modelos de Cranking

A imagem usual que fazemos de um nicleo rotacional é a de um elipséide deformado,
axialmente simétrico, rodando em torno de um eix6 perpendicular ao eixo de simetria. Se a
velocidade angular de rotacio puder ser considerada aproximadamente constante, podemos
supor que, em um referencial com essa mesma velocidade angular, o potencial médio nuclear
(seja auto-consistente, ou o potencial central empirico do modelo de camadas) pode ser
representado como uma fungao da posi¢ao, independente do tempo. Como este referencial
& ndo inercial, o movimento das particulas neste potencial seré afetado de forgas centrifuga
e de Coriolis, modificando o seu espectro. Esta é basicamente a origem dos modelos de

Cranking.

2.3.1 A Hamiltoniana de Cranking

Nos modelos de cranking considera-se um referencial em rotagao com velocidade angular
constante w em torno de um eixo fixo (convencionalmente o eixo ' = ). A hamiltoniana
de Cranking ou intrinseca H, é dada por:

H,=H—-wJ,

Onde H é a soma de Hamiltonianas de particula tnica com campo médio deformado e
J., é a componente do momento angular na diregao do eixo de rotagao. A hamiltoniana de
cranking é diagonalizada obtendo-se a fungao de onda @, que € um determinante de Slater.
A energia deve ser minimizada no referencial intrinseco. O valor medio do operador H,,
isto &, (H,) = (®, |H,| ®.), é definido como routhiano total £’ ou energia no referencial

intrinseco:

A energia no referencial de laboratério é dada por E = (H) e define-se o alinhamento
total como I, = (J;) = —‘fi—i'. A velocidade angular é obtida de acordo com principios
variacionais (para uma dedugdo veja-se por exemplo a ref. [3]):

_dE
T dl,

w

e e T LS T T ST W S T T T T Y O T Y O Y Y O Y T T YD T STFTT OSTrT %
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Emparelhamento

As correlagoes de emparelhamento sao incluidas através da utilizagao de um tratamento
de BCS. Devido as correlacoes de emparelhamento, as particulas nao se encontram em
orbitas independentes. O estado fundamental é um condensado de pares, como em um
superfluido, com momento angular total nulo. Para contornar esta dificuldade, introduz-se
o conceito de quasiparticulas, que sao entidades com caracteristicas hibridas de particula
e buraco. As quasiparticulas sdo excitagoes do condensado, considerado como o vacuo de
quasiparticulas, e sao independentes.

Assumindo-se um campo de emparelhamento de monopolo com elementos de matriz
constantes A, os routhianos de quasiparticula sao obtidos a partir da solu¢ao do problema

de autovalores [4]:

(h— X — Wiz) gias AN UM\ Ues
Aby — (A= X — Wa) i yoer ) T Can | yom

Onde o potencial quimico A fixa o nimero total de particulas, e h, a hamiltoniana
de particula dnica contém o potencial deformado. No contexto do modelo de camadas
(Cranked Shell Model - CSM [5]) &, por exemplo, a hamiltoniana do oscilador harmoénico
modificado. U e V sao as amplitudes de particula e buraco respectivamente.

Os estados de quasiparticula |au) sdo classificados por meio de dois nimeros quénticos
(7, @) de simetria: paridade (subentendida na equagdo acima) e signature o (simetria de
rotacao de 180° em torno do eixo z), definida através das equagdes:

e Jap) = e ap)

o =+t—
2

2.3.2 Diagramas de quasiparticulas

Devido & duplicacao do espago (correspondente a particulas e buracos), os diagramas de
quasiparticula (gp): € xw, tem simetria de reflexdo em torno do eixo de energia zero,
cada estado correspondendo a um estado simétrico de signature —a e routhiano —e’. O
condensado (vacuo de gp) é representado pela ocupacdo de todos os estados de energia
negativa. As excitagGes elementares correspondem & desocupacao de um nivel de energia
negativa e a ocupagdo do nivel simétrico correspondente, mas somente metade da energia
de excitagdo (e demais quantidades) deve ser contabilizada.

O alinhamento i, (ou projecdo do momento angular no eixo de rotagdo) de gp é dado
pela inclinagdo no gréafico de e xw:

de’

== T dw

—
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Figura 2.1: Diagrama de quasiparticulas.

B,= 0.140 B,= 0.000 y= 0.0 Z= 57
ROUTHIANS OF 136La AS FUNCTION OF rotational frequency
(m,0) : solid=(+,+1/2), dotted=(+,-1/2), dash-dotted=(-,+1/2), dashed=(-,-1/2).

= T l'l T CP = T T T T Pl T T T

LR BLULMLES B

L

Quasi-proton Routhian (MeV)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
o (MeV)

A figura 2.1 mostra um exemplo de diagrama de gp (prétons no '*®La). Como se
trata de um ndcleo impar em namero de protons, o estado de energia minima j& contem
a excitacdo de 1 quasipréton (o vacuo corresponde a um niicleo par). Para a frequéncia
de Aiw = 0.2 MeV, por exemplo, o estado de energia minima é a excitacao do nivel de
(m,a) = (—, +%) para o de (7,a) = (—, —%), com energia de excitagdo €'~ 0.5 MeV, neste
caso um estado da subcamada intrusa hiy/z.

A interacdo de “Coriolis” (—wj;) tende a alinhar o momento angular de gp com a
direcdo do eixo de rotacdo (z). A partir de uma certa velocidade de rotacao, torna-se
energeticamente favoravel o alinhamento do momento angular de um par de gp com o €ixo
de rotacdo ao invés de manté-lo emparelthado participando do condensado. Na figura 2.1
isto ocorre para um par de quasiprétons da subcamada hy1/2 do carogo par-par a frequéncia
de hw =~ 0.4 MeV. Isto corresponde ao cruzamento da banda do estado fundamental, que
se denomina banda g, com a banda do par quebrado, ou banda s (Stockholm). No entanto
na banda mhyi/2 do nicleo Z-impar de La (Z = 57), este primeiro cruzamento encontra-se
bloqueado, devido ao principio de exclusido de Pauli. Outros cruzamentos podem occorrer
a frequéncias mais altas.

O diagrama da figura 2.1 corresponde a uma deformagao fixa dada pelos parametros S,
B4, e v. Para niicleos transicionais faz-se importante estudar também o comportamento dos
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Figura 2.2: Diagrama de quasiparticulas em funcao de 7.

B= 0.140 B,= 0.000 hie = 0.300 Z= 57
ROUTHIANS OF X AS FUNCTION OF gamma, IMODEL=0
(M) : solid=(+,+1/2), dotted=(+,-1/2), dash-dotted=(-,+1/2), dashed=(-,-1/2).

Quasi-proton Routhian (MeV)

niveis de gp em funcdo de . A figura 2.2 mostra um diagrama de gp para o 3*La em funcao
de v para uma velocidade angular de rotagdo fixa (hAw = 0.3MeV). Nota-se, por exemplo,
que o quasipréton hy;/; exerce uma tendéncia polarizadora no sentido de -y positivo, onde
as duas signatures se desacoplam, apresentando alto valor de signature splitting (isto é, a
diferenca de energia entre os estados de signatures opostas). Este resultado ilustra o efeito
da forte anisotropia da distribuicdo de massa de érbitas de alto-j.

2.3.3 Superficies de Routhiano Total

Céalculos sisteméaticos detalhados de Superficies de Routhiano Total (TRS) [6] sdo frequen-
temente utilizados para prever as deformagoes nucleares de equilibrio. Estes céalculos sao
baseados em um procedimento de Strutinski (gota liquida + corregdes de camada). O
modelo de camadas utilizado é baseado no potencial de Woods-Saxon. Os parimetros sao
otimizados para cada regiao de massa. A energia é minimizada com relacao ao pardme-
tro de deformacdo de hexadecapolo fs. A frequéncia de rotacio zero os pardmetros de
emparelhamento A, e A, auto-consistentes sao calculados dentro do modelo de BCS, mas
decrescem gradualmente com a frequéncia seguindo uma férmula analitica pré-estabelecida.
Os resultados sao apresentados na forma de curvas de nivel em um plano de coordenadas
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polares B, x 7y para cada configuracao yrast definida através da paridade e signature de
quasiprétons e quasinéutrons. B possivel ainda o calculo de TRS para a primeira excitacao
(yrare) de cada tipo. O modelo é muito bem sucedido em geral, inclusive para os casos de
superdeformacao, tornando-se um difundido padrao na literarura.

2.3.4 Transformacao de dados experimentais para o sistema in-
trinseco

Para permitir a comparagao com os calculos de Cranking, os resultados experimentais sio

transformados para o sistema intrinseco. A velocidade angular é estimada a partir de dois

estados (presumindo-se uma transicdo E2 intra-banda, com A = 2) através de diferencas
finitas, e deve ser considerada como a velocidade média entre os dois estados.

E(I+1)—EB(I-1)
L(I+1) - L{I—-1)

w(l) =

Para os alinhamentos normalmente utiliza-se a férmula semicldssica:

L(I) = /(I +1/2)? - K?

Onde K ¢ a projegdo (média) do momento angular total sobre o eixo intrinseco 2’ (per-
pendicular ao eixo de rotacao z, usualmente o eixo de simetria cilindrica da deformacio).
A rigor esta férmula é uma correcao usada no modelo de Cranking, tradicional. O modelo
de Tilted Azis Cranking, na proxima secdo, permitira tratar bandas de alto K de forma
mais rigorosa prescindindo desta relagao.

O routhiano experimental é definido como:

E'(I)=Z(E(I+1)+EBE(I-1)) - wd) L) .

DN | =

Para se obter as quantidades experimentais correspondentes a quasiparticulas (alinha-
mento ¢ e routhiano €'), subtrai-se uma referéncia polinomial, ajustada em geral para
reproduzir o alinhamento (I,) e o routhiano (E;) da banda do estado fundamental (g) do
carogo par-par (ou vacuo de gp), na forma:

i =1, — I,

¢ =E' - E|

Ig(w) = wly + W]y
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onde Jy e J; sdo os pardmetros de Harris.

Havendo excitaces de varias quasiparticulas, o alinhamento 7 e o routhiano e’ experi-
mentais correspondem 3 soma das quantidades teoéricas respectivas de todas elas.

No sistema de laboratério, signature é sempre um bom niimero quéntico, e esta associ-
ado ao valor do spin I do estado nuclear através de:

I=a+2n

Onde n é um nimero inteiro. Em um nicleo de A fmpar, o pode assumir os valores
+% e —% enquanto que em um nicleo par a pode assumir convencionalmente os valores -1
e 0 (ou equivalentemente 1 e 0).

2.4 Tilted Axis Cranking (TAC)

O modelo de TAC [7] pode ser considerado uma generaliza¢gio do modelo de Cranking.
No modelo de Cranking tradicional a rotagdo de um nicleo deformado ocorre em torno
de um dos eixos principais do tensor de inércia. No modelo de TAC, considera-se que
o eixo de rotacio pode ter uma orientacdo arbitraria em relagdo aos eixos principais.
Inicialmente o modelo surgiu para a interpretagdo da estrutura das bandas de alto K
em nucleos com simetria axial (onde K é a projegdo do momento angular total sobre o eixo
de simetria), obtendo consideravel sucesso[8] [9] [10]. O desenvolvimento das consequéncias
formais do modelo paralelamente & observagdo experimental de bandas com caracteristicas
rotacionais em nticleos quase esféricos na regido de A~200 [11] [12] [13] [14] [15] resultou
no reconhecimento do mecanismo denominado shears bands [16] ou rotagdo magnética [17]
[18]. O modelo prevé a ocorréncia do fenomeno em outras diversas regiGes de massa.
Muitos casos ja foram confirmados (para uma compila¢ao recente vide ref. [19]).

Existem diversas variantes do modelo de TAC. Aqui serao discutidos apenas aspectos
gerais e fundamentais. A hamiltoniana de TAC (H') autoconsistente é (convencionando-se
rotagdo em torno do eixo z) [20]:

H =H —wlJ,

No contexto do célculo variacional, o routhiano E' = (H') é um extremo. O vetor
velocidade angular é paralelo ao vetor momento angular total:

W= (wg, wy, w;) = (0,0,w)
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7 = (<Jw> ) <Jy) ) <']z>)

pois:
([H', Js]) = iw (Jy)

<[H’7 Jy]> = —iw <Jx>

e, como os membros do lado esquerdo correspondem a pequenas variacoes de £, sua
estacionaridade implica em:

ou seja:
ndbi

e ainda o momento angular total: J = (J,).
Para uma familia de solucdes autoconsistentes |w) para diferentes valores de w, valem

as relagoes canonicas:

dE'
dw —J
iE
a7 Y

Estas formulas permitem a comparacao dos calculos com os resultados experimentais
analogamente ao descrito na se¢do 2.3.4. A férmulas sdo semelhantes ao modelo de Cran-
king tradicional para K = 0, o qual é um caso particular do modelo de TAC denominado
PAC (principal azis cranking). Para este tipo de solugbes o valor de signature (o) é um
bom ntmero quantico. Os estados intrinsecos de quasiparticula descrevem bandas rota-
cionais quadrupolares (Al = 2). Outras solucdes existem para rotagao uniforme mesmo
quando o eixo de rotacdo (ou, equivalentemente, o de momento angular total) nao coincide
com um eixo principal, formando dngulos significativamente distintos de zero com cada um
deles. Neste caso a simetria de signature é quebrada no referencial intrinseco. Os estados
intrinsecos ndo podem ser mais classificados por este nimero quantico, e descrevem bandas
dipolares (AI = 1), sem signature splitting. Se o momento angular se encontra num plano
formado por dois eixos principais a solugdo de TAC se denomina Planar. Uma dimensao
extra, o angulo # (ou de tilting) com o eixo principal de maior elongacao, é introduzida
e influi por exemplo sobre o diagrama de quasiparticulas. Existem ainda solugbes de ti-
po Aplanar que requerem mais um angulo de Euler (¢) para sua parametrizagdo. Estas
solucbes sdo responséveis pelo aparecimento de bandas dipolares quirais degeneradas.
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2.4.1 Bandas de alto K

Quando uma subcamada de alto-j se encontra quase completamente cheia, seus estados
de quasiparticula tem componente predominante de buraco. A anisotropia da distribuicdo
de massa das orbitas de buraco tende a alinhar seu momento angular com o eixo maior
de deformacao nuclear. As bandas rotacionais sobre configuracoes deste tipo se chamam
fortemente acopladas ou de alto-K. Elas aparecem em nicleos fortemente deformados (em
geral axialmente simétricos) e se caracterizam como bandas dipolares (M1) com cabega de
banda de spin I = K. K é a projecao do momento angular total no eixo de simetria, e
pode ser considerado approximadamente como um bom ndmero quintico. No modelo de
TAC para uma banda deste tipo o dngulo de tilting é dado com boa aproximagao pela
formula: cosf = £ e I = Jw [10]. Desta forma o angulo § em fun¢do de w apresenta o
comportamento de uma bifurcacao de Hopf. Esta nao é no entanto a forma geral de uma
solucao de TAC de tipo planar. O modelo apresenta diversas surpresas do ponto de vista

de modelos tradicionais, algumas delas apresentadas a seguir.

2.4.2 Rotacao Magnética

Este &€ um outro tipo de solugao originada no modelo de TAC.

A rotagdo magnética [17] pode ser diferenciada da rotagdo usual pela origem da quebra
de isotropia do sistema nuclear, que é a prépria condi¢ao de possibilidade da ocorréncia de
rotacgao de um sistema quantico. No caso da rotagdo usual, a definicao de um eixo de orien-
tagdo (relativamente ao momento angular total) est4 associada a deformagdo (basicamente
quadrupolar) da distribuigdo de massa (ou carga elétrica) do nucleo. Ja no caso da rotagao
magnética, a distribui¢ao de corrente elétrica no niicleo é a que é responséavel pela definicao
do eixo de orientagao. Tanto uma quanto outra forma de rotacao apresentam-se experimen-
talmente através de um espectro de transigoes intensas regularmente espagadas, de carater
quadrupolar elétrico E2 (no caso usual), ou dipolar magnético M1 (no caso magnético). Os
rotores magnéticos aparecem em regides de nacleos quase esféricos (proximos de nimeros
magicos). E ainda necessario que as camadas de prétons e néutrons apresentem-se uma,
quase-preenchida e a outra um pouco além de preenchida, ou seja, com nivel de Fermi
préoximo de 6rbitas com carater de buraco ou particula, respectivamente. No nivel de exci-
tacdo mais baixo, o momento angular das particulas acopla-se perpendicularmente ao dos
buracos. O momento angular e a energia de excitacao crescem gradativamente a4 medida
que os momentos angulares de particulas e buracos se alinham lembrando o fechar de uma
tesoura de tosa (dai também a denominagdo shears bands). Como os fatores giromagnéti-
cos de prétons e néutrons tem sinais opostos, os momentos magnéticos tendem a somar-se
construtivamente na direcao perpendicular ao momento angular total. Daf originam-se a
orientacao e as fortes transicoes M1. Na regido de massa A = 200, as particulas e buracos
em orbitas de alto momento angular whgs,%13/2 € Vi1_31/2 participam. Na regiao de massa
A = 100, as configuracdes intrusas que formam as laminas da tesoura sido basicamente
7rg9"/22 e vh?, j2- O fechar das laminas permite gerar apenas mais 5 unidades de momento
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angular. No entanto, quasi-néutrons nas 6rbitas de paridade normal (+) também parti-
cipam, e orientam-se, dependendo do sinal de seu momento de quadrupolo, paralela ou
perpendicularmente & configuracéo fortemente anisotropica vhi, /2, contribuindo para a ge-
racio de momento angular. As bandas podem ser regulares (quanto ao espacamento das
transicoes no espectro) ou irregulares, dependendo do tipo de acoplamento.

Cabe mencionar ainda que a comprovagdo dos casos de rotagao magnética envolve
também a medida de vidas médias das transicbes gama, uma vez que somente a medida
do momento de quadrupolo de transicao permite aferir com confiabilidade a deformacao

nuclear.

2.4.3 Bandas quirais

Uma outra previsao do modelo de TAC, a existéncia de bandas quirais [21], cuja confi-
guracdo no sistema intrinseco quebra a simetria de reflexdo por um plano qualquer. Nas
regides de niicleos transicionais de A ~ 130, por exemplo, quasi-prétons e quasi-néutrons
(da subcamada de alto-j hq1/2) tém caracteristicas predominantes de particula e de buraco,
respectivamente. Este fato, associado a uma regido de nicleos pouco deformados e sus-
ceptiveis & polarizacdo do pardmetro de deformacdo gama pode gerar formas triaxiais. O
acoplamento do momento angular de particulas e buracos em um ntcleo impar-impar tria-
xial tende a ser perpendicular, com os buracos alinhando-se paralelamente ao eixo principal
maior do elipséide, e as particulas alinhando-se ao eixo principal menor. J4 o eixo de maior
momento de inércia (para fluxo irrotacional) é o eixo principal intermediério, favorecendo
portanto a rotagao coletiva em torno deste eixo em altos spins. Desta maneira o sistema
intrinseco do ntcleo em rotagdo tem uma quiralidade definida pela orientacao dos momen-
tos angulares de particula, de buraco e coletivo em trés diregdes mutuamente ortogonais.
Como a orientacdo é definida por vetores axiais, a paridade é preservada. Experimental-
mente a existéncia deste tipo de configuragao se verifica através da observacao de duas
bandas rotacionais dipolares magnéticas de mesma paridade praticamente_degeneradas.

2.5 Modelo de camadas de larga escala

O avanco na velocidade dos computadores permitiu a realizagdo de calculos de modelo
de camadas com interacdo residual de larga escala (Large Scale Shell Model - LSSM). E
possivel por exemplo o célculo completo com até 8 particulas nas camadas pf (1.963.461
estados), para a regido do *®Cr [23] [22]. O acordo entre o célculo tedrico e os resultados
experimentais ¢ impressionante, inclusive no que diz respeito a transi¢des eletromagnéticas.
O niicleo de 8Cr em particular é considerado o melhor “rotor”, no meio da camada f7/2.
O modelo acrescenta inteligibilidade portanto & interessante interrelagdo entre graus de
liberdade de particula Gnica e coletivos naquela regiao de massa.




Capitulo 3

Instrumentacao e métodos

3.1 Espectrometros gama

3.1.1 Detectores de alta resolu¢ao e Supressores Compton

Os detectores de GeHP possuem tipicamente resolucio intrinseca de 1.9 a 2.5 keV (para
o raio v de decaimento do ®®Co de 1.33 MeV) para eficiéncias relativas de fotopico de
20 a 100% (de um cintilador de NaI(T1) padrdo de 3’ x 3'). Como a eficiéncia absoluta
de fotopico do cintilador padrdo é de cerca de 20%, pode-se avaliar que grande parte da
interagdo gama com detectores de GeHP da-se através de espalhamento Compton, inutil
para efeitos de determinacao da energia do raio gama. Para detectores de 20% de eficiéncia
relativa, por exemplo, a razdo fotopico/total é de cerca de 15%.

A razdo fotopico/total pode ser melhorada com a utilizacio de supressores Compton,
que consistem de um cintilador de Nal(Tl) ou BGO (Germanato de Bismuto) que envolve o
detector de alta resolugéo, e detecta o raio gama espalhado neste altimo. O sistema eletro-
nico veta os eventos correspondentes, permitindo somente a aquisi¢io de eventos “limpos”.
O advento dos supressores Compton permitiu reduzir a grande quantidade de eventos es-
purios devidos ao fundo de espalhamento continuo. Isto é particularmente importante para
medidas de coincidéncia y — v, para as quais importa aquela razdo elevada ao quadrado.
Um resultado prético deste avango tecnoldgico foi a descoberta da banda superdeformada
do Dy com o espectrometro TESSA3 de Daresbury [24] em 1986, que consistia de 12
detectores de GeHp com supressao Compton.

3.1.2 Sistemas de multidetectores de alta resolucao

Os trabalhos discutidos nesta obra foram realizados com diversos sistemas diferentes, parte
deles descritos resumidamente nesta subsecdo. Todos estes sistemas se utilizam de supres-
sores Compton. Maiores detalhes encontram-se nas referéncias.

20
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O espectrometro HERA do Lawrence Berkeley Laboratory (Berkeley, CA,
EUA).

Este sistema contava com 20 detectores de GeHP de cerca de 20% de eficiéncia, em geo-
metria de deteccao 4w. Os supressores Compton eram de BGO, mas possufam um “bico”
de NaI(T1) de maior eficiéncia na detecgao de raios gama de baixa energia, retroespalha-
dos. Os detectores se encontravam a cerca de 20 cm do alvo, permitindo espago para a
montagem de um filtro de multiplicidades com 40 detectores cintiladores de BGO. O sis-
tema encontrava-se instalado na caverna nimero.5 do Cyclotron de 88 polegadas do LBL.
Este sistema foi desativado no final de 1992 para dar lugatr ao sistema GAMMASPHERE
(www-gam.lbl.gov) que conta hoje com mais de 100 detectores de GeHP de cerca de 90%
de eficiéncia, varios deles segmentados, com supressores Compton.

O espectrometro GASP dos Laboratori Nazionali di Legnaro (Legnaro, Italia).

Este sistema possui 40 detectores de GeHP de cerca de 90% de eficiéncia a cerca de 27
cm do alvo (na configuragao I), também em geometria de deteccao 47 [25]. Os detectores
sao dispostos em 7 anéis a dngulos aproximados de 30°, 60°, 72°, 90°, 108°, 120°, e 150°
em relacao & diregdo do feixe. O espago interior da esfera de detectores de alta resolugdo
acomoda um filtro de multiplicidades de BGO com 80 elementos. O sistema pode ser
utilizado em outra configuragao (II) mais compacta, sem utilizacéo do filtro de multiplici-
dades, para as experiéncias em que é mais importante aumentar a eficiéncia de deteccao.
O espectrometro é montado junto ao sistema acelerador Tandem-Linac dos LNL.

O Pequeno Espectrometro de Radiagao Eletromagnética com Rejeicao de Es-
palhamento - PERERE (LAFN, IFUSP)

Este sistema possui 4 detectores de GeHP, 2 deles de 20% de eficiéncia e 2 de 60%, a 8.5
cm e 12 cm do alvo, respectivamente. Atualmente podem ser utilizados 8 cintiladores de
Nal(T1), 7 deles de 3 e 1 de 4 polegadas de didmetro como filtro de multiplicidades. O
sistema é montado na canalizacdo 30°A do acelerador Pelletron do Laboratorio Aberto de

Fisica Nuclear (LAFN - IFUSP).

3.1.3 Sistemas de deteccao z;.};\icilares

Sistemas de deteccao ancilares sdo sistemas que auxiliam na selecao de eventos do espectro-
metro gama de alta resolugdo. Um exemplo sio os filtros de multiplicidade, j& mencionados
na subsecdo anterior, que selecionam eventos de alta multiplicidade (ntimero de raios gama
emitidos em dada reacdo nuclear), em geral associados a populagdo de estados de mais alto

spin.
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O sistema de particulas carregadas ISIS (GASP, LNL)

O sistema ISIS [26] consiste de 40 detectores telescopicos (AE—E) de barreira de superficie,
em geometria de detecgdo 4m. A eficiéncia de detecgdo varia conforme a experiéncia e a
particula a ser detectada. Para prétons a eficiéncia tipica é de 60% e para particulas o é

de 25%.

O espectrémetro de massa de recuo CAMEL (GASP, LNL)

O espectréometro de massa de recuo ou RMS CAMEL [27] permite identificar a massa A do
nticleo residual formado na reagdo nuclear em coincidéncia com os raios gama detectados no
sistema GASP. A resolucdo do sistema acoplado GASP-CAMEL é melhor do que 1/300 e a
eficiéncia de transmissao tipica é de 1% para reagdes com emissdo de particulas carregadas
e alvos relativamente espessos.

O Sistema Ancilar de Cintiladores Plasticos - SACI (LAFN - IFUSP)

Este sistema [28] possui 11 detectores telescopicos (AE — E) tipo phoswich, dispostos
na geometria de um dodecaedro (com a entrada do feixe por uma das faces). Permite
a identificacdo de particulas carregadas em coincidéncia com raios gama detectados no
sistema, PERERE. O sistema cobre um angulo sélido de cerca de 75% de 47 e a eficiéncia
de deteccdo tipica é de 40% para prétons e 15% para particulas o.

3.1.4 Os conceitos de poder de resolugcao e limite observacional de
um espectrémetro

Dois fatores principais caracterizam a qualidade de um espectrémetro gama. O primeiro
deles é a eficiéncia de fotopico, que afeta o namero total de contagens de interesse, e o
segundo o poder de resolugdo, que afeta a razdo pico/fundo (ou sinal/ruido) através da
selecio de eventos. Estes dois fatores definem limites observacionais do espectrometro,
definidos como a fragido minima da se¢éo de choque total que pode ser observada em uma
experiéncia com um minimo de contagens (Npy;y), ou com um minimo da fragao pico/fundo
(fmin) (limites estatistico e de fundo, respectivamente).

O poder de resolugdo (R) do espectrometro pode ser definido como o aumento da razao
pico/fundo associado & condi¢ao de coincidéncia (janela) com uma transi¢do v, e é estimado

por:
SE,
R= (AE7 PT)

Onde PT é a fracio pico/total dos detectores de GeHp com supressdo Compton; AE, é
a resolucio em energia experimental, incluindo efeitos de alargamento Doppler da radiagao;
e SE, é a separacdo média entre picos sucessivos das cascatas de raios 7.
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Figura 3.1: O sistema Saci-Perere do LAFN (IFUSP, DFN).
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O limite observacional estatistico (c.) e o limite observacional de fundo (ay) sdo dados
por:

_ Nmin
e = Neo(key)F
oy = — fmin

7~ Ro(kR)F

Onde: ¢, é a eficiéncia total de fotopico; €9 e Ry sdo a eficiéncia e o poder de resolucao
do sistema ancilar, respectivamente; N é o numero total de eventos (reagbes nucleares)
produzidos na experiéncia; F' € o nivel de coincidéncia (fold: niimero de raios -y detectados)
usada na anélise e k é a fragdo do pico incluida em cada janela (gate). Em geral toma-se
k = 0.75, Npyin = 100 e f,:n = 0.2, e N correspondente a uma experiéncia de cerca de 5
dias de aquisicdo de dados (tipicamente da ordem de 10 eventos).

O ponto 6timo de um espectrometro estd associado ao ponto de cruzamento dos dois
limites observacionais em funcao de F. A figura 3.2 mostra o calculo dos limites observa-
cionais dos espectrometros utilizados para efeitos de comparacao. Para o espectrometro
Perere foram realizadas corre¢oes para nimero reduzido de detectores. Na verdade os li-
mites observacionais variam substancialmente com a experiéncia especifica, e a figura deve
ser tomada apenas como uma estimativa tipica de carater ilustrativo.

3.2 Técnicas experimentais

3.2.1 Reacoes de Fusao-Evaporacgao

Reagoes de fusdo-evaporagdo com ions pesados sao o método mais utilizado para a popula-
¢ao de estados de alto spin [29]. Neste tipo de reagdo alvo e feixe fundem-se completamente
formando um nicleo composto com alta energia de excitagdo (da ordem de dezenas de MeV)
e momento angular (30-60%), que decai subsequentemente por evaporacao de particulas ou
fissao. A secgao de choque de fusdo (o(l)) em fungdo do momento angular ! tem a for-
ma aproximada de uma ditribuicao triangular até [,,,,, correspondente a soma dos raios
nucleares multiplicada pelo momento linear.

O decaimento do nicleo composto é descrito pelo modelo estatistico introduzido por
Weisskopf [30], segundo o qual cada estado decai, independentemente de sua formagao, em
um dos canais de saida abertos, de acordo com a hip6tese de Bohr em que a meméria sobre
os detalhes do canal de entrada é perdida.

O processo de fissdo é relativamente raro exceto para regioes de massa elevada e alto
momento angular. A observagdo de transicoes discretas ap6s a fissdo é dificultada devido
a grande variedade de canais abertos e & alta velocidade dos produtos formados.

Nos processos de evaporagao, prétons e néutrons tendem a carregar pouco momento
angular devido a barreira centrifuga. Néutrons evaporados reduzem a energia de excitacao
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Figura 3.2: Limites observacionais de espectrometros gama. O ponto 6timo dos espectro-
metros se encontra no cruzamento das linhas de «, (crescentes) e ay (decrescentes) em
funcao de F. Nos espectrometros HERA e GASP j4a foi levado em conta o efeito dos res-
pectivos filtros de multiplicidades. O efeito dos detectores ancilares Saci e ISIS corresponde

a deteccdo de 1 proéton em coincidéncia.
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em passos de 4-10 MeV, e protons um pouco mais devido & barreira coulombiana. Particulas
a por outro lado carregam também significativa quantidade de momento angular, mas
sao raramente evaporadas para massas acima de A =~ 110. Apds a emissao de algumas
particulas o sistema se encontra préximo a linha yrast (a qual corresponde aos estados de
menor energia de excitacdo para um dado valor de momento angular) o que inibe a emissdo
de particulas adicionais. O sistema passa entdo a evaporar raios 7y, inicialmente do tipo
“estatistico” de multipolaridade E1 que carregam pouco momento angular, e “tipo-yrast”,
E2, paralelos & linha yrast. Quando a densidade de niveis do sistema se reduz comega a ser
possivel a individualizacao de transi¢oes v discretas. Os esquemas de niveis dos niicleos
residuais podem entéo ser construidos com auxilio das técnicas de coincidéncia.

3.2.2 Coincidéncias temporais

Em uma experiéncia tipica com sec¢ao de choque total de 1 b e corrente de feixe da ordem
de 1 pnA (nA de particulas), ocorrem da ordem de 10° reagdes por segundo (ou seja, uma
a cada 10us em média). Para cada uma delas sdo evaporadas cerca de 3 a 5 particulas
(p, n, e @) e cascatas de 15 a 30 raios v dentro de um intervalo de tempo tipico na faixa
de 1ps a 1ns. A grande diferenga entre as escalas de tempo envolvidas permite distinguir
as particulas correspondentes a um tnico evento. Detectores de Ge hiperpuro nio tem
resposta particularmente rapida. Sua resolucao é afetada pela alta variacao dos tempos
de formacao de pulsos detectados em diferentes partes do cristal. A resolucao temporal
tipica em situagao experimental de um detector de GeHp é de ~ 20ns, mas é suficiente
para discriminar raios gama coincidentes (dentro da escala de tempo de uma cascata )
dos aleatdrios basicamente originados por reagoes nucleares distintas.

As medidas de coincidéncia requerem uma eletrénica de pulsos sofisticada, com utiliza-
cao de amplificadores rapidos e discriminadores de tempo de fragdo constante (CFD). Para
detectores de GeHP constuma-se utilizar a técnica de ARC-timing (Amplitude and Rise-
time Compensated Timing) [31], para minimizar os efeitos da variagdo da forma do pulso
deste tipo de detector. Detectores de particulas carregadas por outro lado sao em geral
muito mais rapidos. Com cintiladores plasticos, por exemplo os telescopios tipo Phoswich
utilizados no sistema Saci do LAFN -IFUSP, consegue-se uma resolucao temporal inferior
a 1ns.

3.2.3 Distribuicoes e correlacoes angulares

A medida de distribui¢Ges ou correlgdes angulares é importante por permitir a medida das
diferencas de momentos angulares entre os estados nucleares.

Logo ap6s a reacao de fusdo, o momento angular do niicleo composto se encontra ori-
entado no plano perpendicular & direc@o do feixe, a qual constitui um eixo de quantizacao
conveniente. A distribuicio dos subestados magnéticos do momento angular apresenta
uma forma oblata, isto &, na qual somente valores préximos a m = 0 sao populados. A
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subsequente evaporagao de particulas, tipicamente 3-5 néutrons, tende a alargar muito
pouco esta distribuigdo, uma vez que cada particula carrega em média 0.5-1 unidades de
momento angular. Os raios y subsequentemente emitidos apresentarao uma distribuicao
angular correspondente a esta orienta¢o inicial [32]. Em uma cascata de transigdes stret-
ched, isto &, nas quais a variagdo do spin I dos estados é igual a multipolaridade L da
radiagdo (Al = L), a distribuigdo angular permanece praticamente a mesma para todos
os raios <y da cascata.

A maior parte das transi¢des normalmente observadas em um experimento € de tipo
M1(+0E2) ou E2, e em alguns casos E1. Transi¢oes de multipolaridade mais alta tendem a
ser muito mais lentas, e ocorrer fora da janela de coincidéncia. A observagao da distribuico
angular de uma dada transi¢ao permite determinar sua multipolaridade. Para medidas em
varios angulos e suficientemente precisas é possivel determinar a razao de mistura E2/M1
(6). Na prética porém costuma ser conveniente a realizagdo de correlagGes angulares v —y
ou DCO (directional correlation from oriented states) [33]. Como estas medidas envolvem
a coincidéncia entre dois detectores, sio medidas muito mais seletivas (com melhor razdo

pico/fundo) do que distribui¢des angulares simples.

3.2.4 Meétodo da atenuacgao do efeito Doppler

O método da atenuagio do efeito Doppler (DSAM) [34] permite a determinacao de vidas
médias de estados nucleares de cerca de 1ps ou inferiores. Neste método o nicleo residual
recua em um substrato de poder de freamento 4Z(v) conhecido. Durante o tempo de
freamento, da ordem de 1ps, os raios gama sdo emitidos em v6o e sofrem deslocamento
Doppler. Sua energia E, dependente da velocidade de recuo instantanea v(t) no instante
t em que ocorre a emissao: E.(v(t)) ~ Eo(1 + ﬂcﬂ cosf), onde Fy é a energia do raio vy
emitida em repouso, c é a velocidade da luz e 6 é o angulo entre a diregao da velocidade
e a direcdo do detector. A forma da linha no espectro v é portanto alargada, e contém
informagéo sobre o instante de decaimento do estado. A medida das vidas médias envolve a
simulacdo de Montecarlo de diversas trajetorias de recuo e tempos de emissao dos estados,
e comparacdo com o espectro experimental. A simulagdo, e portanto a prépria medida,
¢ dependente de modelos para as transi¢cGes ndo resolvidas que alimentam os estados,
influindo negativamente sobre a incerteza e até mesmo a confiabilidade da medida.
Devido & alta estatistica proporcionada pelos de sistemas de muitos detectores, tornou-
se possivel a realizagdo de medidas de DSAM em coincidéncia. E possivel desta forma
examinar o decaimento de um estado em coincidéncia com a transi¢cdo que o popula dire-
tamente, eliminando a possibilidade de alimentacao lateral. Além disso, foi desenvolvido
um método alternativo, denominado NGTB (narrow gate on transition below) [35], que
também elimina a influéncia da alimentacao lateral. Neste método observa-se a redugao
da cauda na forma de uma linha do espectro gama, quando esta é observada em coinci-
déncia com uma transicdo inferior na cascata, sobre a qual colocou-se uma janela estreita,
selecionando portanto preferencialmente eventos em que houve freamento total antes de
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sua emissao. Com estes métodos medidas de DSAM mais precisas e de maior confiabilidade
tornaram-se possiveis.

3.2.5 Meétodo da distancia de recuo (RDM ou RDDS)

Este método é usado para a medida de estados de vidas médias acima de 1ps até =~ 1ns.
Utiliza-se um dispositivo denominado Plunger que permite variar a distancia entre o alvo
e um anteparo (Stopper) em vacuo. O anteparo tem a fungio de frear completamente
o nucleo residual. Desta forma, parte do decaimento ocorre em voo com velocidade v
constante, e parte apés o tempo maximo t,,,, = % onde d é a distancia entre as duas
superficies. Desta forma, para cada transicdo sao observados dois picos no espectro gama
com energias separadas pelo deslocamento Doppler: AE, = E,(v) — Ey. A proporcio
entre as areas dos dois picos varia em fungao da distancia, trazendo informacao sobre a
vida média dos estados. Também neste caso os resultados sdo dependentes de modelos, e
beneficiam-se com a utilizagao de dados de coincidéncia y — 7.




Capitulo 4

Regioes de massa

4.1 Regiao de A =45

4.1.1 Vidas médias do %Ti e a técnica de janela estreita em tran-
sicao subjacente

Medidas de vidas médias de estados nucleares de nicleos desta regiao constituem um bom
teste para os calculos de LSSM [23] [22]. Os resultados dos célculos tem sido muito precisos,
incentivando a realizacdo de medidas também cada vez mais precisas e confidveis. Uma
das técnicas desenvolvidas para obtencao de vidas médias com maior confiabilidade é a de
NGTB. Neste contexto a precisdo com que é conhecida a curva de perda de energia de fons
em soélidos passa a ter maior relevancia.

O nticleo de *Ti foi estudado com a finalidade de testar, nao somente as previsoes do
modelo tedrico, mas também a propria técnica de NGTB e as parametrizacoes de perda de
energia em diferentes substratos. Para este fim, foi estudada forma de linha de transicoes
da banda yrast do %6Ti, populada com alta intensidade na reagdo de ?*Si a 115 MeV
e alvo de *Mg em dois substratos diferentes, Au e Pb. Foi utilizado o espectrometro
GASP dos LNL em associa¢do com o sistema de detecgdo de particulas carregadas ISIS. O
programa de analise (DBLS) foi desenvolvido pelo Prof. R.V. Ribas do IFUSP, a partir do
programa Lineshape (J.C. Wells e N.R. Johson, de Oak Ridge), de maneira a permitir a,
analise simultanea de até 7 espectros em angulos diferentes (adequado portanto ao sistema
GASP).

A tabela 4.1 mostra a comparacdo dos resultados obtidos para as vidas médias dos
estados do “6Ti nas duas experiéncias (uma com substrato de Au, e a outra Pb), ambas
com utilizacdo da técnica de NGTB, medidas prévias disponiveis na literatura, e calculos
recentes de LSSM. A tabela mostra que os resultados das duas experiéncias sao compativels,
mas as vidas médias com substrato de Pb parecem sistematicamente menores (cerca de
10%) do que as obtidas com substrato de Au. Como a perda de energia em alvos de Au
é bem conhecida e largamente utilizada na literatura, é provavel que o valor da perda de
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Tabela 4.1: Comparacio entre resultados experimentais e tedricos para as vidas médias
(em ps) da banda yrast do “Ti. Os estados sdo indicados por spin e paridade I™ na
primeira coluna. E., é a energia da transicio v que depopula o estado. 7(Mg/Au) e
7(Mg/Pb) sio os resultados das meias vidas obtidas com alvo de **Mg em substrato de Au
e Pb respectivamente. Ambas tem incertezas de cerca de 5%. 7(NDS) indica os valores
previamente disponiveis na literatura (Nuclear Data Sheets), e 7(LSSM) sao as previsoes
de Large Scale Shell Model.

[ I"(n) | E,(keV) [ 7(Mg/Au) | 7(Mg/Pb) | 7(NDS) | 7(LSSM)
14+ 1820 1.08 1.07 0.87(3) 1.20
127 | 1975 0.42 037 | 0.74(7) | 0.42
107 | 1345 1.66 155 | 1.21(6) | 1.87
8+ 1597 0.51 0.45 0.71(9) 0.57
67 | 1280 1.35 120  |1.43(13) | 150

energia em Pb seja na verdade cerca de 10% menor do que o calculado pela parametrizagao
tradicional de Northcliffe e Schilling [36], utilizada no programa. Além disso, nota-se que
os resultados dos calculos de LSSM concordam, dentro de desvios de cerca de 10%, com os
valores experimentais para substrato de Au, atestando a boa confiabilidade de ambos.

4.2 Regioes de A ~ 100 e A =~ 130

Estas duas regides de massa apresentam aspectos semelhantes no que se refere 4 deformacao
e sua relacdo com orbitas de subcamadas intrusas. Sao regioes de transicao com deforma-
cao intermediaria no que se refere ao paradmetro § (tipicamente na faixa de 0.1 < 8 < 0.25).
Nestas regices os parametros de deformagao, particularmente o pardmetro de triaxialidade
(v) sao fortemente influenciados pelas particulas de valéncia em orbitas de alto-j devido
a forte anisotropia da funcdo de onda. No caso da regido de massa A ~ 130, o potencial
quimico de néutrons se encontra ao redor da metade da subcamada intrusa h,;/2, enquanto
que o de prétons se encontra na parte inferior da mesma subcamada. Desta forma quasi-
néutrons e quasi-protons apresentam tendéncias polarizadoras opostas, os primeiros favo-
recendo formas oblatas e os segundos prolatas. No caso da regido de A ~ 100, o potencial
quimico de néutrons se encontra préximo a metade da subcamada intrusa h;;/zenquanto
que o de protons ao redor da metade da subcamada gg/2. Os papéis de quasiprétons e
quasinéutrons sdo portanto invertidos em relagdo a regido de massa A =~ 130. Os nu-
cleos impar-impar destas regioes sdo portanto interessantes devido a competi¢ao em spin
relativamente baixo das tendéncias polarizadoras de prétons e néutrons podendo resultar
em formas triaxiais. Recentemente ocorre um renascimento do interesse cientifico destas
regioes devido as previsoes de manifestacoes da quiralidade do sistema intrinseco nuclear.
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ocorra rotacdo magnética. Seria prematuro no entanto propor um mecanismo deste tipo
sem antes realizar medidas de vidas médias das transigbes intra-banda. Apesar do alvo
utilizado na nossa experiéncia ter espessura suficiente para frear completamente o recuo
do nicleo residual, devido 3 baixa velocidade inicial do recuo e ao alto poder de freamento
do Molibdénio metalico, ndo foi possivel estabelecer um limite suficientemente restritivo
para as vidas médias pela técnica de DSAM. Seria necessario a realizagao de uma nova
experiéncia, preferivelmente com a reacéo inversa (feixe de " Mo sobre alvo composto de
118 /Pb para conseguir a sensibilidade necessaria para diferenciar um mecanismo de rotacao
tradicional do de rotagao magnética. ) .

Por outro lado, assumindo que a deformagéo e a triaxialidade permanegam significativas
em spins altos, seria possivel a ocorréncia de bandas quirais. Experimentalmente este
fenomeno se manifestaria através da observacdo de um par de bandas dipolares magnéticas
degeneradas. Este ndio é o caso, porém, das bandas observadas no 105Rh ou nos isétopos

de Ag estudados neste experimento.

4.2.2 Niucleos impar - impar 130-136La, 136-138py ¢ 140Th

Os is6topos {mpar - impar de '30~1%La, 1¥6-13Pr foram investigados no Lab. Pelletron a
partir do final dos anos 80 [43] [44] [45] [40]. Os primeiros isotopos estudados, 1301347 5
e 138Pr foram interpretados no contexto do CSM. Os valores de signature splitting indi-
cavam forma prolata levemente triaxial para estes nticleos. Os resultados ja indicavam
dificuldades no procedimento usado na época para o calculo da deformagao de equilibrio
pelo método proposto por Frauendorf e May [42]. O advento dos calculos de TRS [6] po-
rém permitiu abandonar aquele tipo de abordagem. No '**Pr, os resultados experimentais
[45] j& sugeriam a forma oblata para a banda de configuragao m[431]1/2% @ vhiy/2. Cal-
culos posteriores de PSM (Projected Shell Model) indicam a forma oblata para todas as
configuracdes neste nicleo [46).

As bandas de configuracao mhyijs ® vhiy et

As bandas formadas pelo acoplamento de quasiproéton e quasinéutron, ambos da subcamada
hi12 sdo yrast nos is6topos {mpar-impar dessa regido. Os momentos angulares j das duas
quasiparticulas de valéncia se acopla de forma “perpendicular” nesta configuragao, gerando
cabecas de banda com I = 7—_8h. Esta configuragao parece ter uma influéncia estabilizante
sobre os niicleos y-soft, e a sistematica mostra grande semelhanga desta banda em diferentes
niicleos. O niicleo de “°Tb foi estudado recentemente em um experimento [47] com o
espectrometro GASP dos LNL, permitindo estender a sistematica desta configuragao para
regido de alta deficiéncia em néutrons, nos isétonos de N =T75.

O valor de signature splitting nestas bandas é em geral tomado como indicador do grau
de triaxialidade da deformacdo nuclear, devido & relacdo dessa grandeza com a diferencga
de energia intrinseca dos routhianos de quasiparticula independente. Porém, quando o
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valor de signature splitting nao € muito elevado, outros fatores (além da triaxialidade)
podem ter influéncia importante. De fato, o fendmeno denominado inversao de signature,
isto &, quando as energias relativas dos estados de signature oposta estao invertidos em
relacio as expectativas teoricas (a intera¢do de Coriolis sobre uma particula de j puro
favorece a signature o ey = jmod(2)), ocorre em algumas regies de massa. Alguns autores
sustentam que o fendmeno estd associado com a interagao residual préton-néutron. Um
estudo sistemético realizado por Yunzuo Liu e co-autores [48] aponta para inversdo de
signature em baixo spin para todos os nicleos da regido de A ~ 130, & semelhanca do que
ocorre na regiao de A =~ 160. No entanto, para chegar a esta conclusdo as atribuigdes de
spins dos estados foi modificada em muitos casos em relagdo as dos trabalhos originais, com
base em argumentos de sistematica. De acordo com aquele trabalho, os pontos de inversao
de signature (o valor do spin I onde se cruzam as energias de excitacdo das duas signatures)
se d4 em torno de I = 174 ou acima. No '3¢La porém, a inversio ocorre excepcionalmente
em spin muito baixo: I ~ 10.5% [40]. Note-se que o ponto de inversdo é independente da
atribuicdo de spins em sentido absoluto.

Bandas quirais

Este fenomeno, em que a simetria direita-esquerda é quebrada no sistema intrinseco nuclear,
¢ mencionado aqui devido ao seu grande interésse atual.

Os nicleos impar-impar de a regido de massa A ~ 130 sao propicios para a ocorréncia
de bandas quirais. Quasiprétons e quasinéutron da subcamada 51/, tem carcteristicas pre-
dominantemente de particula e de buraco, respectivamente, tendendo a acoplar-se perpen-
dicularmente, conforme mencionado acima. A distribuicdo de matéria das quasi-particulas
de valéncia assim dispostas tende a induzir a triaxialidade nuclear. A rotacao coletiva ten-
de a reforcar a tendéncia para a triaxialidade, estabelecendo-se favoravelmente em torno
do eixo 3’ (de maior momento de inércia irrotacional) do elipséide triaxial, e formando o
terceiro eixo, definidor da quiralidade intrinseca do sistema, juntamente com os eixos de
momento angular das quasiparticulas.

A recente observagdo de bandas M1 quase degeneradas em diversos nucleos da regido
é uma notével corroboragio destas previsGes [49]. Os pares de bandas quase degeneradas
tem diferencgas energéticas que sugerem a existéncia de vibracoes quirais.

4.2.3 Vidas médias de 33Ce, ¥°Pr, 1Nd através de RDM

As vidas médias dos nicleos de *3Ce [50], 135Pr [51] e ***Nd [52] foram medidas pela téc-
nica da distancia de recuo (RDM), cada um em um laboratério diferente: Lab. Pelletron
(IFUSP), Lab. Tandar (Argentina), e Lawrence Berkeley Laboratory (EUA), respectiva-
mente. Sao trabalhos independentes mencionados nesta inica subsegdo apenas por terem

em comum a técnica de medida.
No trabalho sobre o '33Ce, foi utilizado um Plunger projetado e construido no Brasil.

Foram medidos estados de bandas de 1 e 3 quasiparticulas e os resultados comparados com
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calculos de rotor triaxial mais quasiparticula, modelo geométrico de Donau e Frauendorf e
IBFM.

No trabalho sobre *Pr foram medidos estados da banda yrast mwhii/2, e os resulta-
dos foram comparados com célculos de TRS e com medidas da literatura referentes ao
caroco (ntcleo de '34Ce). Os célculos de TRS preveem pontos de minimo de energia em
deformacbes com parametros 8 semelhantes, mas com <y muito diferentes, devido & agao
polarizadora da particula impar (mhi;/2), resultando em momentos de quadrupolo de tran-
sicio (Q;) distintos. O valor de @Q; experimental porém é muito semelhante para os dois
nicleos. As curvas de nivel de routhiano total por outro lado também sao semelhantes
para os dois niicleos, e mostram que a variacdo em fungao de -y é muito pequena, podendo
ser influenciada por fatores normalmente desconsiderados nesse tipo de célculo, particu-
larmente no caso do nicleo par-par (devido & auséncia da particula polarizadora). Assim
sendo, é possivel que as deformagdes nucleares sejam efetivamente semelhantes para os dois
niicleos, e préximas ao resultado do calculo de TRS para o niicleo de "*°Pr.

O trabalho sobre o 3°Nd foi realizado com o Plunger de Bonn, montado no interior
do espectrometro HERA do LBL. O movimento do Plunger era comandado por meio de 3
inch worms simétricos independentes. Foram medidas vidas médias de estados de spin mais
baixo da banda altamente deformada e que decaem para estados de deformagao normal.

4.2.4 Vidas médias do B*Pr

As vidas médias de duas bandas duplamente desacopladas no nucleo de 134Pr [53] foram
medidas com o espectrometro GASP dos LNL (Italia). Uma das bandas, de configu-
racio m(hi1/2)® @ v(fr/2, hose) foi medida pela técnica DBLS, e a outra, de configuragao
7r(h11/2)3 ® viig/2, pela técnica de Fractional Doppler Shift, resultando em momentos de
quadrupolo de transicdo de @Q; >~ 4 e Q; ~ 6 eb (altamente deformada), respectivamente.
O trabalho confirma a importancia do efeito polarizador da quasiparticula vi;3/, sobre a

deformacéo nuclear 3. .

4.3 Regiao de néutron-deficientes de A ~ 145

Esta é uma regifo y-soft proxima a linha de instabilidade por emissdo de prétons. A expan-
sao das fronteiras do “mundo conhecido” frequentemente nos obriga a reajustes ou revisoes
de modelos, quando nio a revolugdes. Diversos nicleos desta regido puderam ser estudados
com o sistema GASP-+ISIS+RMS (LNL), a partir da reagao de *Fe +%*Mo a 240 MeV.
O objetivo inicial consistia na observacao de estados de alto spin do emissor de proétons
B-atrasado 4Dy, para o qual se esperava uma inversao de posi¢ao dos estados cabeca de
banda de configuracio de quasi-néutron hiijs (normal) e 413/ (altamente deformado) de
acordo com calculos de superficie de energia total [54] e sistematicas [55]. Apesar de nao
ter sido possivel identificar estados deste nicleo na experiéncia, resultados surpreendentes
foram obtidos para os nicleos de 3Dy e ¥ Th.




4.3. REGIAO DE NEUTRON-DEFICIENTES DE A =~ 145 36

4.3.1 Ambiguidade em configuragao do **Dy

Estados excitados deste niicleo foram relatados pela primeira vez na ref. [56]. O uso dos
sistemas ancilares (ISIS + RMS) foi essencial na identificagdo das transi¢oes v deste niicleo.
O uso de coincidéncias v triplas possibilitou a apura¢do do intrincado esquema de niveis.
O resultado mais interessante foi a observagdo de uma banda de paridade positiva de alto
momento de inércia dinAmico, semelhante as bandas altamente deformadas de configuracao
Viig/e dos isétonos de N = 77: 13'Nd, *9Sm, e *!'Gd. Calculos de TRS porém indicam
uma interpretagio alternativa para a configuragdo da banda do *3Dy, baseada em orbitas
de néutron de N, = 4 acopladas a um par quebrado de prétons hy;/3. O comportamento
previsto pelo modelo de TRS para o alinhamento de quasiparticulas em fungao da velo-
cidade angular de rotagdo é qualitativamente consistente com os resultados experimentais
para as bandas de paridade positiva deste conjunto de isétopos. Uma diferenciacao expe-
rimental clara entre as duas configuracdes seria em principio possivel pela medida do fator
giromagnético nuclear, o qual acusaria a presenga ou auséncia do par quebrado de prétons.
No entanto as dificuldades experimentais envolvidas neste tipo de medida sdo enormes,
talvez podendo ser resolvidas com os espectrémetros da proxima geragao.

Esta discussao ilustra o papel do ntmero atdémico Z na estabilizagao da deformacao
nuclear concomitantemente a configuragdo do néutron de valéncia.

4.3.2 Enigma no Tb

O nicleo de *3Tb, canal de evaporagao de 3p, o mais intenso da mesma reagao, teve seu
esquema consideravelmente aprimorado com aquela experiéncia [57]. Trata-se de um bom
exemplo de um nicleo transicional em que estruturas de diferentes deformacoes co-existem
(triaxiais e oblatas) em fungao das forcas polarizadoras dos nicleons de valéncia.

A banda yrast mhiy/, apresenta signature splitting indicativo de alto grau de triaxi-
alidade, conforme esperado a partir de célculos de TRS (y = —27°). A sistemética de
is6tonos de Z = 59 a 65 mostra signature splitting constante para a banda desta confi-
guracdo, independentemente do nimero atomico. Isto aponta para um interessante efeito
de compensacdo de tendéncias: a medida que o potencial quimico de quasi-prétons sobe
relativamente & subcamada Ay, niveis de alinhamento menor tendem a ser populados, o
que, para deformacao 7y constante deveria resultar em menor signature splitting. Por outro
lado, estes niveis mais altos tendem a favorecer a triaxialidade onde h& maior signature
splitting.

Tanto esta banda como de modo geral as demais estruturas observadas neste nicleo
podem ser interpretadas e compreendidas dentro de modelos de Cranking, e encontram
correspondéncia na sistematica da regido. Uma excessdo enigmatica encontra-se na banda
na banda yrare em spin baixo de paridade negativa e signature o = +1/2 e sua “parceira”
de signature oposta em spin elevado (bandas 1b e la na ref. [57]). Ndo ha bandas que se
assemelhem a estas na sistematica de nucleos vizinhos. As interpretacoes aventadas, tais
como excitagio do segundo estado de quasiproéton k1, (D), ou acoplamento da particula
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desemparelhada & vibragao gama, apresentam sérias dificuldades. Bandas yrare foram
observadas no ?'Xe [58], mas diferem em relagdo ao *3Tb pela presenca, neste tltimo,
do prematuro cruzamento. Nao h& portanto, até o momento, um modelo estrutural que
formeca uma explicagao abrangente. Além disso, é digno de nota que, na regiao de spin
elevado (I > 47/2), as bandas 1a e 2a (de mesma paridade e signature) se apresentam
praticamente degeneradas. Isto pode indicar a manifestagao de alguma simetria mais
profunda, como no caso das bandas dipolares quirais degeneradas. No caso do 43Th, no
entanto tratam-se de bandas quadrupolares e nao dipolares, o que aponta, no minimo, para
uma origem distinta para o mecanismo da quebra de simetria.

4.4 Regiao de A =~ 160

Esta é uma regido onde encontram-se os melhores niicleos rotacionais de deformagao normal
axialmente simétrica. Devido a grande estabilidade da deformagdo nuclear, esta regiao
constitui um bom campo de testes para o detalnamento de modelos nucleares.

4.4.1 Emparelhamento no %¥Yb

Desde a previsido de “colapso” do emparelhamento em alto spin por Mottelson e Valatin
em 1960 tem-se procurado evidéncias experimentais que revelassem de forma clara a in-
tensidade do campo de emparelhamento e sua relacdo com o momento angular de rotacao.
Infelizmente nao se trata de um problema simples, ja que o nicleo é em geral um sistema
mesoscopico, no sentido de que o ntimero de particulas néo é suficientemente grande (ou
macroscopico) para que se defina uma transicdo de fase e se possa desprezar a presenca
de flutuacdes estatisticas, nem suficientemente pequeno (ou microscopico) para que se pos-
sa individualizar todos os seus graus de liberdade. Por esta razao trata-se de um campo
controvertido até hoje e diferentes enfoques foram propostos. i

Na referéncia [59] discute-se o problema em uma abordagem simplificada, na qual toma-
se o espectro experimental de excitacoes relativas do sistema intrinseco em comparagao com
o espectro de excitacoes de quasiparticulas (ou com emparelhamento forte) e o de excitacdes
de particula-buraco (com emparelhamento desprezivel), em funcao da velocidade angular
de rotacdo. As duas condigbes extremas sao interpoladas de maneira pouco rigorosa, mas
a correspondéncia entre os resultados experimentais e teéricos para varios isétopos de Yb
é muito sugestiva.

Inferéncias baseadas somente no espectro de energia no entanto sdo pouco conclusivas.
Do ponto de vista experimental, a forma mais direta para a medida da intensidade da
deformagdo do campo de emparelhamento, analoga a deformagéo de quadrupolo da dis-
tribuicdo de carga nuclear, é a medida da se¢do de choque de transferéncia de pares de
particulas (prétons ou néutrons), anéloga & medida da probabilidade de transigao reduzida
B(E2) para determinacdo da deformagdo. No entanto estas medidas sdo extremamente
dificeis de executar com estados de alto spin.
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4.4.2 Alto K em 166-168yh

Bandas de K alto sao raras na regido de A ~ 160. As oérbitas de projecao {2 alta dispo-
niveis para prétons sao: w[404]7/2 e 7[523]7/2 que se acoplam gerando momento angular
7 e paridade negativa [77], e para néutrons: »[505]11/27(hy1/2). O espectrémetro HERA
de Berkeley posibilitou a observagdo de bandas fortemente acopladas nos trés isétopos de
Yb mencionados [10]. Tratam-se de bandas muito fracamente populadas, particularmente
nos is6topos pares. Suas intensidades relativas sdo comparaveis as de bandas superdefor-
madas. O modelo de TAC verificou-se adequado para a descricao destas bandas, levando
a atribuicdo de configuragdes pouco usuais com a participagdo de néutrons da subcamada
i13/2 € com angulos de inclinagao (tilting) na faixa de 45° a 65°.

4.5 Regiao de A ~ 190

Esta é uma regido de massa de niicleos pouco deformados, em geral de forma oblata,
no primeiro minimo. Bandas M1 regulares constituidas pelo mecanismo de shears foram
observadas, particularmente em is6topos de Hg e Pb. O segundo minimo, superdeformado
(8 =~ 0.5), aperece em energias de excitagdo e momentos angulares menores do que na
regidao de A ~ 150. Como consequéncia, grande nimero de bandas superdeformadas foram
descobertas em isétopos de Hg, Pb, Tl e Au, Bi e Po.

4.5.1 Superdeformacgao em Hg e ®1Au

Na referéncia [60] sobre o '%*Hg foram observadas pela primeira vez evidéncias do decai-
mento gama entre duas bandas SD. Os autores sugeriam que o decaimento poderia ser
através de transicoes E1 (relacionadas a correlages octupolares) ou M1 (relacionada a
acoplamento forte). No trabalho do LBL [61], verificou-se que o decaimento se dava nos
dois sentidos entre duas bandas E2, tratando-se portanto de transi¢coes M1. Além disso,
transi¢des de baixa energia foram observadas, constituindo provavelmente as transigoes M1
esperadas entre as bandas SD.

A banda do °*Au foi a banda SD mais fracamente populada que pdde ser observada com
o espectrometro HERA do LBL [62]. Sua intensidade relativa é de cerca de 0.15% do canal,
verdadeiramente no limite daquele espectrometro. Trata-se da tnica banda observada em
isotopo de Au até hoje. E uma banda idéntica (transi¢des a um quarto de intervalo) &
banda SD yrast do 1°?Hg, em relagao a qual apresenta cerca de 1 unidade de alinhamento.

4.5.2 Bandas Shears no **Pb

Antes do surgimento do modelo de TAC, diversas bandas M1 ja haviam sido observadas
[11] [12] [13] [14] em nticleos fracamente deformados na regido de massa A = 190. Estas
bandas eram na ocasiao denominadas oblatas. O modelo de TAC permitiu compreender
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o mecanismo de formacdao do momento angular, denominado de shears, responsavel pelo

surgimento de tais bandas.
O ntcleo de 93Pb foi estudado [15] com os sistemas HERA e GAMMASPHERE (Early

Implementation), este tltimo constituido de 36 detectores de alta resolugdo com supres-
sdo Compton. Quatro bandas de intensas transi¢gbes M1 foram observadas, trés delas
conectando-se aos estados esféricos, permitindo a comparacao direta com célculos. Duas
delas (as mais regulares) apresentaram bom acordo com os célculos de TAC.



Capitulo 5

Conclusoes

Somente conclusées de carater geral sdo apresentadas aqui uma vez que conclusoes es-
pecificas sdo encontradas nos proprios artigos e na discussao introdutéria apresentada no
capitulo anterior,

A estrutura nuclear de estados de spin elevado foi investigada em diversas regides de
massa. Os resultados sdo interpretados por meio de diversos modelos nucleares permitindo
em grande parte a sua compreensao. O acordo entre resultados tedricos e experimentais
no entanto nunca é perfeito estimulando esforgos para a elaboragao de modelos mais deta-
lhados ou mais abrangentes. As previsoes dos modelos por sua vez sao estimulantes para
o desenvolvimento de equipamentos e técnicas para a realizacdo de novas experiéncias.
O trabalho insere-se em um contexto amplo para a compreensao da estrutura nuclear de
forma sistemética. As descobertas neste campo podem muitas vezes ser transpostas para
situagdes analogas em outras areas da fisica, contribuindo para a evolugao da ciéncia como
um todo.
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The '°®Ag nucleus has been studied by in-beam < spectroscopy with the heavy-ion fusion-
evaporation reaction °°Mo(*'B,3n7) at 39 MeV. Excitation functions, y-y-¢ coincidences, angular
distributions, and DCOQ ratios were measured. A level scheme has been constructed and various
bands have been identified with characteristics similar to those in other A4 =~ 100 nuclei. Total
Routhian surface calculations predict prolate axially symmetric shapes with collective and noncol-
lective character and satisfactorily account for most of the experimental results.

PACS number(s): 21.10.Re, 23.20.Lv, 27.60.+j

I. INTRODUCTION

In recent years, the influence of the high-7 intruder or-
bits on the deformation of «y-soft nuclei has been studied
in various mass regions such as A = 100, 130, 150, and
190. In each of these regions the Fermi levels for the
protons and the neutrons are in different parts of an in-
truder subshell. In odd-odd nuclei, this leads in general
to conflicting tendencies of the proton and neutron in-
truder quasiparticles, one of these being coupled mainly
to the rotational axis and the other to the deformation
axis. Several interesting phenomena have emerged in this
context, such as triaxiality, shape transitions, shape coex-
istence, oblate bands, etc. The phenomenon of signature
inversion, first observed in A =~ 150 odd nuclei at high
spin, is also seen in odd-odd nuclei at relatively low spins
and, despite several attempts, has not been fully under-
stood [1]. In the A = 100 odd-odd nuclei, the active
intruder orbits are near the top of the 7gg/; and the bot-
tom of the vhy; /3 subshells. The former orbits are oblate
driving, while the latter are strongly prolate driving and
favor increased elongations.

In this paper we present an investigation of 1%8Ag
by a heavy-ion induced reaction. Various bands were
identified which resemble previously observed structures
in neighboring odd-odd Ag isotopes. In particular, the
mgg/2 ® vhyy1 /2 band, which has been systematically seen
in the 102,204,106 Ao [2_4] and the corresponding Rh iso-
tones [5(1 and also in the present work in °®Ag. In
both ®®Ag and 108Ag the (I™ = 1%) ground state
and the (I™ = 6%) isomeric states have been assigned
Tgg/3 ® vds/a configuration. Similar bandlike structures
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(based on this 6* state) were observed in both nuclei.
Another band resembles the n(py/2, f5 /2) bands seen in
odd-A Ag isotopes [6,7] and thus has been tentatively
assigned the w(py/2, fs5/2) ® vhyy/2 configuration. Total
Routhian surface (TRS) calculations of the Strutinsky
type with a cranked Woods-Saxon potential with pair-
ing were performed and indicate a stabilization of the
quadrupole deformation around 8; = 0.16, v = 0° (pro-
late collective) for all configurations containing at least
one hy;/3 quasineutron excitation. For the wgg/; ® vd; /2
configuration an equilibrium deformation around &, =
0.1, ¥ = —120° (prolate, noncollective) is predicted and
can probably be associated with the 6 isomer bandhead.
In addition a structure was observed with characteristics

of high-K bands (probably K = 8).

II. EXPERIMENTAL PROCEDURE

High-spin states in %®Ag were populated by the
10000 (11B,3n7) reaction. The beam was provided by the
Pelletron Accelerator of the University of Sio Paulo. The
target used was a ~ 20 mg/cm? metallic self-supporting
foil of enriched °*Mo.

The vy-ray measurements included excitation functions,
angular distributions, and - coincidences and were ob-
tained with HPGe detectors having ~ 20% efficiencies
and energy resolutions of 2.1-2.4 keV at 1332 keV. The
excitation functions were obtained by varying the beam
energy in steps of 5 MeV from 35 to 50 MeV. The peak
cross section of the desired (}!B,3n) reaction is near the
Coulomb barrier (34 MeV) and substantial contribution
from the 4n channel was observed, which is in reason-
able agreement with the statistical model calculations
(PACE). A beam energy of 39 MeV was chosen for the
other measurements. This energy was the best compro-
mise between the enhancement of population of high-spin
states and the competition from the 47 channel. The 4n
channel (*°7 Ag) has a well-established decay scheme [6,4],
permitting the identification of its  rays. Other very
weak channels such as 2na and 4np were also observed.

104 ©1995 The American Physical Society
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The coincidence data were obtained with two BGO
Compton suppressed HPGe detectors placed at £50° and
two HPGe detectors at £140° to the beam direction. At
least one of a set of one 4 in. x 4 in. NaI(Tl) and
seven 3 in. X 3 in. detectors placed, respectively, above
and below the target, was required to trigger for an ac-
cepted -y coincidence event. The angular distribution
data were taken using a Compton suppressed HPGe de-
tector positioned at four angles varying from 0° to +90°

and a second HPGe detector at —90° was used as a mon-
itor. Due to the complexity of the singles spectra, it was
possible to obtain reliable angular distributions only for
the strong M1 transitions of the yrast band.

The total number of y-v coincidence events was about
%7 %x 107 and the data were gain matched and sorted into
two-dimensional arrays. A symmetrized E, X E, ma-
trix was constructed and the analysis of the data was
performed using PANORAMIX [8] and VAXPAK [9] codes.

TABLE 1. Energies, spin assignments, relative intensities, and DCOQ ratios for the v-ray transitions in the
1°°Mo(uB,3n)maAg reaction at 39 MeV. The «-ray energies are accurate to &+ 0.3 keV. E; and Ey are the energies of the

initial and final states corresponding to each transition.

E, B; By IF—1I7 I, DCOQ ratio E, E Ef Ir —»1I7 I, DCOQ ratio
keV] [keV] [keV] [keV] [keV] [keV]

35.3 533.8 4985 (87)—(77) 10.0(20) 506.7 1942.4 1435.7 (127) — (117) 41.8 (9)  0.53 (8)
54.8 420.7 366.3 4.0(10) 532.6 4092.1 3559.5 (167) — (157) 6.4 (9)

58.5 498.5 440.1 (77)—(67) 23.6(9) 537.4 2908.9 2371.1 (13%) — (11%) 5.3 (9)

75.5 366.3 290.8 =3 550.9 2994.9 2444.0 (147) — (137) 10.3(9)  0.65 (9)
75.5 290.8 215.0 557.0 1091.0 533.8 (107) — (87) 5.3 (8)

75.0 810.1 7353 (8%)—(7t) 9.0(20) 570.8 1490.2 919.4 (§%) - (8%) 7.2 (9)

103.1 523.8 420.7 10.4 (5) 0.96 (10) 564.6 3559.5 2994.9 (157) = (147) 7.0(9)  0.59 (14)
117.8 919.4 8020 (8%Y)—(7%) 5.6(4) 0.62(14) 573.6 4179.7 3606.1 (167) — (157) 4.7 (9)

122.6 498.5 376.2 (77)—=(7T) 1.7(4) 585.4 3494.7 2908.9 (157) — (13%7) 3.6 (9)

148.2 5239 3761 (6F)—=(7%) 41(5) 0.42(12) 595.1 2536.9 1942.4 (127) — (127) 6.0 (9)

153.9 687.7 533.8 (97)—(87) 815(9)  0.64 (9) 623.7 734.6 1109 (7T}~ (6%) 5.7(9)

157.6 533.8 376.2 (87)—=(7F) 4.2(7) 688.2 1490.2 802.0 (9Y)—(7F) 6.3 (9)

157.9 523.8 366.3 1.9 (4) 0.69 (14) 692.0 2064.1 1372.3 (107) — (9%) 5.4 (9)

183.5 1674.2 1490.2 (10%) — (9%) 1.5 (4) 697.0 2371.1 1674.2 (11%) — (10%) 3.2 (9)

215.5 2150 0.0 3t — 1t 7.3(5) 1.00 (18) 699.2 810.1 110.9 (8%Y)—> 6% 53 (9)

233.3 2908.9 2675.5 (137) — (12+) 13.1(6)  0.71 (6) 700.1 3872.7 3172.3 (167) — (14%) 4.0 (9)

234.0 2536.9 2302.9 (127) — (117) 4.8 (6) 722.0 1098.2 376.2 (&%) — (7F) 12.2 (13)

240.4 2908.9 2668.6 (13%) — (12%) 7.3(5)  0.70 (10) 748.0 1435.6 687.4 (117) — (97) 15.4 (11) 0.90 (12)
249.2 2675.5 2426.8 (12F) — (117) 4.0 (6)  0.59 (17) 754.8 1674.2 919.4 (10%) —( 8%) 37.7 (12) 1.08 (18)
255.4 366.3 110.9 10.7 {(5)  0.61 (8) 818.0 4313.2 3494.7 (17F) — (15%) 3.4 (8)

261.8 2536.9 2275.1 (127) — (117) 3.0 (5) 851.2 1942.3 1090.8 (127) — (107) 9.5 (11)  0.82 (17)
263.4 3172.3 2908.9 (14%) — (13%) 17.7(6)  0.69 (6) 880.9 2371.1 1490.2 (11%) — (9%) 5.0 (9)

265.3 376.2 110.9 (7%)— 6% 19.9(7) 0.63 (11) 895.3 2536.9 1641.7 (127) — (107) 5.2 (9)

278.2 802.0 523.8 (7V)—(6%) 4.9(5) 0.46 (16) 934.6 1669.9 7353 (9%) = (7T) 4.4 (11)

304.5 2675.5 2371.1 (12%) — (111) 4.2 (6) 936.6 2426.8 1490.2 (11%) — (9%) 4.2 (9)

310.7 2847.6 2536.9 (137) — (127) 6.3 (6)  0.57 (15) 954.0 1641.5 687.4 (107) = (97) 9.5(9)  0.73 (13)
322.4 8494.7 31723 (151) — (147) 145 (7)  0.75 (9) 965.9 2064.1 1098.2 (10%) — ( 8%) 4.6 (9)

329.2 440.1 1109 (67)— 6% 100.0 (3) 0.84 (9) 977.2 1787.3 810.1 (107) — (8~) 6.7 (9)

340.8 3188.4 2847.6 (147) — (137) 6.2(6)  0.83 (18) 987.0 1098.2 110.9° (8%t)—» 67 5.6 (12)

344.7 1435.7 1091.0 (117) — (107) 48.4(9)  0.59 (9) 992.0 4179.7 3188.4 (167) — (147) 1.7 (7)

350.1 7353 3762 (7H)—=>(7Y) 5.9(7) 994.4 2668.6 1674.2 (121) — (20%) 15.5 (12) 1.00 (19)
361.0 2302.9 1042.4 (117) — (127) 2.2 (6) 996.1 1372.3 376.2 (9%) = (7%) 5.7 (12)

378.0 3872.7 3494.7 (16%) — (15%) 10.9 (5) 0.86 (20) 999.3 2371.6 1372.3 (11%) — ( 9%) 5.4 (10)

387.5 498.5 1109 (77)—(6%) 10.5(7) 0.67 (10) 1001.3 2675.5 1674.2 (12+) — (10%) 18.6 (11) 0.89 (16)
393:2 2536.9 2143.7 (127) — (117) 8.3(7)  0.62 (14) 1008.5 2444.1 1435.6 (137) — (117) 11.0 (10) 0.93 (14)
395.6 919.4 523.8 (8%)—(6%) 32.3(9) 0091 (14) 1041.0 2710.9 1669.9 (117) — (9%) 5.3 (12)

403.3 1091.0 687.7 (107)—(97) 72.7(9) 0.70 (9) 1052.5 2995.0 1942.3 (147) — (127) 7.0 (11)

412.9 523.8 1109 (6¥)— 6%t 16.4(8) 0.90 (12) 1052.8 2143.3 1090.8 (117) — (107) 2.5 (5)

417.7 3606.1 3188.4 (157) — (147) 5.8 (6) 1096.8 4092.0 2995.0 (167) — (147) 3.0 (9)

425.8 802.0 376.2 (7t)—=(7%) 7.2(7) 0.93(27) 1101.8 2536.6 1435.6 (127) — (117) 3.8 (9)

434.3 810.1 376.2 (8%)—(7%) 13.0(9) 1108.0 1641.5 533.5 (107) = ( 87) 3.0 (9)

440.5 4313.2 3872.7 (17t) — (16%) 5.5 (7)  0.68 (17) 1115.2 3559.5 2444.1 (157) = (137) 4.7 (9)

496.5 3172.3 2675.5 (14%) — (12%) 5.6 (9) 1117.3 2904.6 1787.3 (12%) — (10%) 4.3 (8)

501.6 2444.0 1942.4 (137) — (127) 15 (3) 0.62 (9) 1184.0 2275.1 1091.0 (117) — (107) 4.8 (8)

502.0 2143.7 1641.7 (117) — (107) 6 (1) 0.58 (21)
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Background subtracted gate spectra were generated, and
efficiency corrected relative intensities of the « rays were
extracted. Typical examples of coincidence spectra are
shown in Fig. 1. The energy and efficiency calibration
for the spectra were made using '52Eu and !33Ba lines.
The intensities of v rays in Table I were extracted from
the - coincidence data and represent the sum of the ef-
ficiency corrected areas of the transitions (placed in the
level scheme) in coincidence with each gate of energy E.,.

The multipolarities for most of the v rays were ob-
tained applying the DCOQ method (directional correla-
tion from oriented states referred to quadrupole transi-
tions) [10]. An E,(£50°) x E,(£140°) matrix was con-
structed to extract multipolarity information from the
two coincidence intensities Ny2(ya — £50°,v2 — +140°)
and N3j(y2 = £50°, 71 — £140°). The DCOQ(71,72)
ratios (IN21/N12) corrected for relative efficiencies of de-
tectors at +£140° and +£50° are referred to quadrupole
transition gate (v2) and reflect the multipolarity and mix-
ing ratio of v;. The sum of gates on several quadrupole
transitions was used in order to determine the DCOQ
ratios of weak «-ray transitions. The theoretical DCOQ
ratio depends on the pair of fixed observation angles, mul-
tipole character of the transition <y,;, the AI involved,
and on the orientation of the spin of the initial state of
the cascade. For cascades of predominantly stretched
transitions there is very little dependence on the partic-
ular state depopulated by transition v, [11]. Therefore
the DCOQ ratios for transitions with pure multipolarities
(L) can be estimated from the values of L and AI. Table
IT shows the ratios calculated specifically for the present
measurements. It should be pointed out that Al =1
transitions could give DCOQ ratios less than or greater
than 0.85 for § < 0 or § > 0, respectively. "Also, AI =
0 transitions could_give a DCOQ ratio between 0.81 and
1.03 for large mixing ratios.

1900 2200 2500 2800

1300 1600
Channel

FIG. 1. Background-subtracted -y coincidence spectra of
the *°°Mo(*'B,3n)'°® Ag reaction at 39 MeV gated by (a) the
153.9 keV line and (b) the 754.8 keV line.

|

TABLE II. Theoretical DCOQ ratios for mixing ratio §=0.
L is the multipolarity of the v ray involved and AT is the spin
change in the transition.

L Al DCOQ ratio
1 0 1.03
1 1 0.85
2 0 0.81
2 1 0.98
2 2 1.00

III. EXPERIMENTAL RESULTS
A. Level scheme

The level scheme of °Ag, shown in Fig. 2, was con-
structed on the basis of the v~y coincidence relations and
intensity-energy balances. The relative intensities of the
<y rays belonging to 1°® Ag and the measured DCOQ ratios
are listed in Table I, together with the level energies and
their proposed spins and parities. Six structures with ro-
tational band characteristics can be observed in the level
scheme. Negative parity bands with strong M1 and weak
E2 tranpsitions and a small staggering (e.g., band 1) are
typical of this mass region. On the other hand, bands 3,
4, and 5, show strong E2 with very weak M1’s transitions
and a large staggering (200-400 keV).

In 198 Ag, the-spin and parity of the I™ = 1t ground

’ 6
1 2
L iy
= o)
— ") 4401
574 4
e 1096 Theantia
. |ue
b= s 4 Ee LY
5] =i, J41
" B2
L L
% 053 3101 3 2 2%
T TR = <
371~
" e " 262 tn e
g 1041
)
58] -
184 Lo ]
865 o )
e b
kL 755
935 688
o il
R8Ty
956 i G FIRES
J95
N |sgr x| o &
~ 359 »
i 3 145 55 158
i | prl) 3
265 6593 24 L B r
2i5

FIG. 2. The level scheme of '°®Ag obtained from the
109Mo(!B,3n7) reaction at 39 MeV.
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TABLE III. The assigned K values and configurations in '°®Ag. The signature splittings listed

were taken at Fw=0.35 MeV.

Aely,

Band K (m, ) Configuration (keV)
& 4 (=0); (--1) aA;bA 60
2 4 (-0 (-, 1) 0AEF;bALF 0

e 0. (+,0); (+, 1) aG;aH (aG; bG) 250

4 0 (+,0); (+, 1) aPB;aF(aB;bE) 350

5 0 (+,0); (+, 1) gA;hA 180

g 8 (+a0); (+’ 1) gacA 0

state and of the two isomeric states at 110.9 keV (I™ =
61) and at 215 keV (I™ = 3%) are well known from
atomic beam resonance [12], from the .S decay proper-
ties to Pd and Cd isotopes [13] and from (p,n7y) reac-
tions [14]. The assignments of the other spins in the
level scheme were made on the basis of the DCOQ ratios
and the systematics for this mass region. The 533.8-keV
level of the negative parity band 1 decays through two
low energy «y rays of 35 and 59 keV. A similar decay has
been also observed in other Ag and Rh isotopes [2,3,5].
Taking into account electron conversion coefficients, the
intensity balance shows that the 35- and 59-keV tran-
sitions are necessarily of M1 nature. The DCOQ ratio
indicates a dipole of AI = 1 type for the 388-keV tran-
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FIG. 3. Experimental quasiparticle (a) alignments and (b)
Routhians for the six rotational bands of °®Ag. The solid
symbols correspond to a=0 and the open ones to a=1. The
following symbols are used for the bands: circles band 1,
squares band 2, diamonds band 4, triangles right, up and

down bands 3, 5, and 8, respectively.
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sition. Since this transition populates the 6T isomer at
110.9 keV we propose I™ = 7~ for the 498.5 keV level,
and I™ = 6~ for the 440.1 keV level. This choice of spins
is also consistent with the similar level scheme of 1°6Ag
[2]. The remaining attributions of the spins in band 1
were based on angular distributions, DCOQ ratios, and
rotational band characteristics.

In the case of band 2, according to the DCOQ ratios,
the transitions of 954, 502, and 393 keV are of type AT
=0 or 1. Therefore the maximum spin of the 2536.9 keV
level is T = 12. The value of I = 12 was chosen in order
to maintain band 2 nearest to the yrast line. The DCOQ
ratio for the 265-keV < ray which feeds the 6% isomer
(the bandhead of band 3) indicates a change of no more
than one unit of spin. Besides this, the proposed spins for
the levels of band 3 were chosen in analogy to a similar
structure in 1°®Ag. The bandhead of band 5 (6%) at 523.8
keV and the spins of the levels in band 4 were inferred
from theoretical arguments (see discussion). The other
spins in bands 5 and 6 were attributed relative to this 6+

100.0 ¢ . . . : :
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FIG. 4. Experimental and calculated B(M1)/B(E2) ratios
for bands 1, 5, and 6 in °®Ag. The calculations were made
using the deformation parameters 8, = 0.16, 84 = 0, v = 0°
and K = 4,2, and 8 for bands 1, 5, and 6, respectively. Circles

band 1, diamonds band 5, and triangles up band 6.
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bandhead and are consistent with the DCOQ results.

The experimental Routhians and alignments (Fig. 3)
were calculated following the procedure described in
[15,16] with the Harris parameters of Jp = 3.6 A*MeV~!
and J, = 29.8 A*MeV 3, giving a nearly constant align-
ment for band 1. The K values used, experimental sig-
nature splittings, and proposed configurations are given
in Table III.

The experimental in-band branching ratios I,(Al =
1)/I,(AI = 2) from each level of spin I can provide valu-
able information regarding the intrinsic configuration of
the band. The intensities I, were obtained from the spec-
tra gated by the transitions populating the level of inter-
est. Experimental reduced transition probability ratios
can be obtained as

B(ML;I—I—1)
B(E2;1 = I-2)

1 [BE,(I—=>I-2)° L(I—>I-1)
1+82[BE,(II-1)P L,(I->I-2)

= 0.693

The results obtained for bands 1, 5, and 6 {(§ = 0)
can be seen in Fig. 4, together with theoretical estimates
(described in the Discussion). No reliable results were
obtained for the other bands due to the poor statistics.

IV. THEORETICAL CALCULATIONS AND
’ RESULTS

A. Quasiparticle Routhians

Figure 5 shows the quasiparticle Routhians calcu-
lated from the cranked shell model based on a deformed
‘Woods-Saxon potential including monopole pairing in-
teraction [17]. The diagrams are specific for Z = 47 and
N = 61. The states are classified by the two remaining
symmetries, parity and signature (m,a). The signature
splitting for each configuration can be read off the dia-
grams. The aligned angular momentum (i,) can be ob-
tained from the derivative of the Routhian with respect
to the rotational frequency: i, = —de'/dw. Table IV
shows the correspondence between the letter code used
to specify the various quasiparticle states, parity, signa-
ture, Nilsson labels, and spherical shell model states most
closely related.

It can be seen that the first band crossing occurs
around /w = 0.35 MeV and corresponds to the alignment
of the first two kyy/; quasineutrons (A4 and B) with the
axis of rotation. The next crossing corresponds to the
breaking of the first go/» quasiproton pair (ab), around
hw = 0.48 MeV. The signature splitting between the e
and b quasiprotons is small, which reflects the fact that
the quasiprotons are weakly coupled to the rotational
axis,

The deformation parameters used (32 = 0.16, 84 = 0,
« = 0°) were chosen in accordance with the TRS calcula-
tions (see next section), and are appropriate, in general,

TABLE IV. The letter code used to denote the quasiparti-
cle states.

7 shell [Nn:AJD2 Parity oa=-1 a=+3
Vh]_l/g {550] 5 - A B
vhy1/z [541) s C D
Vg7/3 [413]' + E F
vds /2 [402]! + G H
Tgo/2 [413]% + b a
TGo/2 [404]: + d c
wgo/2 [422]: + £ e
w(pija, fsy2)  [301]5 - h g

to the bands which present at least one vh;;/; quasineu-
tron excitation.

B. Equilibrium deformations

Standard total Routhian surface calculations were per-
formed for the least excited configurations of %% Ag. The
calculations employ a deformed Woods-Saxon potential
and a monopole pairing residual interaction [17,18]. The
results are summarized in Fig. 6 which show the contour
plots for the total energy in the intrinsic frame (mini-
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FIG. 5. Quasiparticle Routhians as a function of rotational
frequency in !°®Ag for (a) neutrons and (b) protons (G; =
0.16, B¢ = 0, v = 0°). The following convention is used
for the levels: solid line (m = +,a = +1), dotted line
(v = 4+, = —}), dashed-dotted line (x = —,a = +31),
dashed line (7 = —,a = —3).
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mized with respect to B4) as a function of the deforma-
tion parameters 8z and v. The equilibrium deformation
is indicated by the position of a thick dot.

Figures 6(a,b) show the results for the yrast configura-
tion aA at two different rotational frequencies. The equi-
librium is stable at a prolate-collective shape (y ~ 0°) for
a wide frequency range (fw = 0.2 — 0.5 MeV) where the
calculations were performed. The results are essentially
the same for the theoretically unfavored signature oo =1
(b4).

Fggu_re 6(c) shows the result for the gA configuration

(the positive parity configuration with the lowest excita-.

tion energy). The energy minimum is close to the one
for the aA configuration but is very shallow with respect
to 4. It fluctuates slightly around v = 0° as a function
of frequency according to our calculations. The same is
true for the unfavored signature configuration hA.
Figures 6(d,e,f) show the results for the aG configu-
ration at three different frequencies. Below Aw = 0.4
MeV the energy minimum remains close to B3 = 0.1,
~ = —120°, representing a noncollective prolate state
with about 64 of angular momentum aligned with the
symmetry axis. Above fiw = 0.4 MeV the configura-
tion changes adiabatically into the a.ABG configuration
which contains the first aligned pair of hy3/2 quasineu-
trons (AB). As a consequence of the strong driving
forces of the AB pair, the equilibrium deformation be-

s

-

(

Bsin(y30)

;-*-"_9)/

ey

Bacos(y+30)

FIG. 6. Total Routhian surfaces for **®Ag. (a) aA con-
figuration, fuw=0.251 MeV (82=0.156, £:4=0.001, v = 2.2°).
(b) aA configuration, fiw=>0.377 MeV (8:=0.158, 84=0.002,
v = 0.0°). (c) gA configuration, fiw=0.377 MeV (B2=0.180,
84=0.013, v = 6.5°). (d) aG configuration, fiw=0.314 MeV
(8:=0.092, B4=0.006, v = —120.0°). (e) aG configura-
tion, Aw=0.377 MeV (8,=0.114, B4=0.009, v = —120.0°).
(f) aG configuration, Aw=0.440 MeV (£2=0.166, $,=0.000,
v = 3.2°). The thick dots indicate the position of the equilib-

rium deformation.

L

comes prolate collective (8 = 0.16, v = 0°). As a result
of the collective rotation and the combined alignment of
the four quasiparticles, the total spin for this configura-
tion is at least 16A. A band based on this configuration is
unlikely to be populated by the reaction used in this pa-
per due to the limitation in the input angular momentum.
This calculation is representative of other configurations
containing one positive parity quasineutron and a g, /2
quasiproton, viz., aE, aF, aH. This is rather surprising
since the gg/; quasiproton has also a rather strong shape
driving force. Oblate- or triaxial-collective deformations
were previously expected for these positive parity config-
urations [7]. On the other hand it is possible to conclude
from these calculations that the strong 82 and « driving
properties of the vh,; /2 intruder orbit apparently tend to
stabilize the equilibrium deformation around £, = 0.16,
4 = 0°, rather independently of the other quasiparticles
present.

C. Estimated branching ratios B(M1)/B(E2)

The theorétical branching ratios B(M1)/B(E2) be-
tween in-band AI == 1 and AI = 2 transitions from
each band state can be estimated from the geometrical
model proposed by Dénau and Frauendorf [16]. In this
semiclassical model the M1 transitions are assumed to
originate from the precession of the magnetic moment
vector around the total angular momentum vector. The
intensity of the radiation is therefore proportional to the
component of the magnetic moment vector perpendicu-
lar to the spin axis. Effective g factors are used to relate
the angular momentum of each quasiparticle configura-
tion to its magnetic moment vector. The estimates are
then made from assumptions with respect to the orien-
tation of the angular momentum of each quasiparticle,
parametrized by the-alignment and the projection onto
the symmetry axis (K). The effective g factors are ob-
tained from the Schmidt estimates, with an attenuation
factor of 0.7 for the spin g-factors g, [19].

The calculated branching ratios for the relevant config-
urations of 1°8Ag can be compared to the experimental
results in Fig. 4 (see also Sec. V). The deformation pa-
rameters used were §» = 0.16, Sy = 0, v = 0°, and
the alignments of each quasiparticle were obtained from
Fig. 5. For the a4 and bA configurations, a K = 4
projection was assumed, arising essentially from the gg/2
quasiproton (a,b). The k3> quasineutron A is almost
fully aligned (i, = 5.2A). In this situation the perpen-
dicular components of the magnetic moments of the two
quasiparticles tend to add, since the neutron g factor is
negative and the proton positive, leading to rather high
M1 transitions. The estimates shown for the g4, hA
configurations are actually upper limits, calculated as-
suming the g factor of a pure f5;2 (9 = 0.548) compo-
nent for the g,k quasiparticles and K = 2. For a fully

“Totation-aligned mp; s/, ®vhy; /> configuration no M1 tran-

sitions are expected. The actual states g, h are of mixed
D12, f52 parentage. For the K =8 band (gacA), with a
pair of gy/ quasiprotons (ac) coupled to the deformation
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axis, very large B(M1)/B(E2) ratios are calculated. A
value of K = 7 would reduce the B(M1)/B(E2) values

by roughly 50%.

V. DISCUSSION

A. Bands 1 and 2

Band 1 is the yrast band and presents strong M1 tran-
sitions and weak E2 crossovers. The signature splitting is
25 60 keV at fiw = 0.35 MeV, decreasing as the frequency
increases. This type of semidecoupled band is charac-
teristic of a “conflicting” coupling between two intruder-
orbit quasiparticles in odd-odd nuclei. We assign the
nge/2 ® Vhyyy2 (@A and bA) configurations for this band,
which corresponds to the lowest two quasiparticle excita-
tions available. Bands with this configuration have been
observed in other odd-odd Ag isotopes [2-4]. TRS cal-
culations [see Fig. 6(a)] predict nearly axially syrumetric
prolate equilibrium deformations and a signature split-
ting of ~ 35 keV (around fiw = 0.35 MeV), essentially
the splitting between the a and b quasiproton orbits of
opposite signatures [see Fig. 5(b)]. However, the theoret-
ically favored signature.is & = 0 while experimentally it
is o = —1 (the same is true for the other odd-odd Ag and
Rh isotopes cited in Sec. I). The quasiproton Routhians
show signature inversion (with very small splitting) for

. v between 10° and 20°. Indeed the TRS minima show
a weak tendency toward positive -y values insufficient,
though, to produce signature inversion.

For v = 0° the angular momenta of the two quasi-
particles are nearly perpendicular to each other. This
results, according to the geometrical model, in rather
large B(M1)/B(E2) ratios as shown in Fig. 4. The align-
ment expected for this configuration comes mostly from
the quasineutron, which contributes with 5.2%, while the
deformation aligned quasiproton contribiites with about
2.7A, in reasonable agreement with the experimental re-
sult of 7.3~ [Fig. 3(a)]. The first neutron and proton
crossings, AB and ab, respectively, are blocked for this
configuration. The next two crossings expected are the
BC (at hw = 0.51 MeV) and the EF (around fw =
0.7 MeV). We believe that the BC crossing is respon-
sible for the upbend observed around Aw = 0.53 MeV
[Fig. 3(a)]. Band 2 has negligible signature splitting
and presents a gain in alignment of about -3.8A rela-
tive to band 1. This is close to the expected alignment
(= = 4.2h) from the ‘EF quasiparticles. On the other
hand, the BC quasiparticles would contribute with an
alignment of about 6.94, therefore we tentatively assign
the aAEF and bAEF configurations for band 2. The
calculated splitting between the above configurations is
= 20 keV, around /w = 0.35 MeV. The extrapolated
crossing frequency between band 2 and band 1 lies above
the upbend in band 1, which is qualitatively consistent
with the present assignment. A band with similar char-
acteristics to band 2 has been observed in °® Ag by Popli
et al. [2] and Jerrestam et al. [4]. The latter authors
seem to suggest a mgg/z ® ¥(h11/2)*(97/3, ds/2) configura-

tion for this band. However, our calculations predict too
large an alignment (i, = 6.8 %) relative to band 1 for this
configuration.

B. Bands 3 and 4

Both bands 3 and 4 present large signature splitting
(250 keV and 350 keV, respectively), strong E2 transi-
tions, and weak or absent M1 transitions. The 6% iso-
mer has been interpreted as [7(g9/2)™* ® vds 3]s+ cou-
pled to the !°Sn core [14]. This would correspond to
the aG, a = 0 configuration (and eH for the favored
signature a = 1). We believe that this state is the band-
head of band 3. A similar band has also been observed
above the 6% isomer of °®Ag. The equilibrium defor-
mation for this configuration is calculated to be around
B2 = 0.1, vy = —120°, i.e., slightly prolate, noncollective
(Fig. 6) for frequencies below 0.4 MeV which might be
interpreted as the I = 6 bandhead. Above 0.4 MeV the
miminum is shifted to 83 = 0.16, v = 0° (prolate, collec-
tive) as a result of the alignment of the prolate-driving
AB quasineutrons. For the latter deformation a small
signature splitting, an alignment of 13k, and strong M1
transitions as in the case of band 1, are expected, in evi-
dent contradiction with the experiment. Experimentally,
band 3 is observed at fiw = 0.47 MeV. TRS calcula-
tions show that; as the frequency approaches 0.4 MeV,
the total energy minimum becomes shallow, extending
toward oblate-collective deformations. Oblate or triaxial
deformations could account for an increase in signature
splitting between the gy/3 quasiprotons and for the ab-
sence of strong M1 transitions. The AB crossing is also
shifted to larger frequencies and therefore no contribution
to the alignment is expected from the AB quasiparticles.
However, no clear explanation is available for the steady
increase in alignment of band 3, which might be an in-
dication of either deformation changes or quasiparticle
alignment. More detailed calculations as well as experi-
mental results are necessary to resolve these difficulties.

Similar TRS results are obtained for the aH (the unfa-
vored signature of band 3}, bG, bH, aF, oF, bE, and bF
configurations, since the natural parity (+) quasineutron
orbits present a rather weak dependence on f; and 7.
We tentatively assign the ¢F and aF (aF, bE would also
be possible) configurations to the favored and unfavored
gignatures of band 4. The spin of the levels in band 4
were chosen to be consistent with this assignment.

C. Bands 5 and 6

Band 5 shows a rather constant alignment of 6-6.54
in the frequency range from 0.2 to 0.5 MeV and a large
signature splitting (200 keV). The absence of the neu-
tron AB crossing (predicted to be at hw =~ 0.35 MeV)
and the large alignment is a clear indication of the pres-
ence of a hy;/3 quasineutron (A) in the configuration of
this band. The signature splitting of 200 keV is close
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to those calculated for both the (pi/2, fs/2) (9,h) and
the second go/2 (c,d) quasiproton excitations. The cal-
culated signature splitting of the latter configuration is
strongly dependent on frequency, while the experimental
one is constant. In addition, at low spins the experi-
mental B(M1)/B(E2) ratios are rather small (around
0.6 py?/e?b?). For a fully aligned (doubly decoupled)
pure mpy 2 ® vhy1/s configuration no M1 transitions are
expected at all [B(M1)/B(E2) = 0]. However, admix-
tures from py/2, fs/2, and pssz are present in the first
two negative parity quasiproton excitations (g,h), in-
creasing the effective g factor and the quasiparticle angu-
lar momentum projection along the symmetry axis (K).
Figure 4 shows the theoretical estimates for the limit of
pure 7 fs/2 @ vhyy/2 (K = 2) configuration (dashed line).
On the other hand, the presence of the go;2 quasipro-
ton would lead to M1 transitions an order of magnitude
stronger. In view of the above arguments we propose g4,
hA for the 1 and 0 signatures of band 5, respectively.
Also in the odd isotopes (1°®Ag, '°7Ag) [7,6], admixed
mp1/2 bands have been observed with similar character-
istics. We estimate I = 64 for the bandhead assuming
I =1, = igg + %z, = 0.5 + 5.5 = 6& for this rotation
aligned band.

Band 6 decays to band 5 around I = 12A. The ex-
perimental signature splitting is negligible and the ex-
perimental B(M1)/B(FE?2) ratios surprisingly show an
increase of more than an order of magnitude relative
to band 5, which points toward a major configuration
change. The above-mentioned characteristics of band 6
indicate a large K value. A (ng/z)z configuration is
known to produce K™ = 8% isomers in neighboring even-
even Cd isotopes [20,21], and related high-K bands in
odd Cd isotopes [22]. The possibility of the coupling of
[rg, /22] x=g to the configuration of band 6 was consid-
ered, and provides a possible explanation for the neg-
ligible signature splitting and in particular, the large
B(M1)/B(E?2) ratios observed (this configuration is la-
beled gacA in Fig. 4). However, it is puzzling that such a

presumably large change in K value from band 6 to band
5 does not result in an observable delay in the interband
transitions. The experimental setup of this paper is sen-
sitive to lifetimes above 20 ns.

VI. CONCLUSION

A level scheme for the states populated in a heavy
ion reaction has been proposed for 1°®Ag. Six bandlike
structures are observed. Tentative configuration assign-
ments were proposed for each band by combining low-
lying quasiproton excitations of gg/2, (1 /2: s /2) parent-
age, with quasineutron excitations of hi1/2, g7/2, ds/2-
Similar structures have been observed by previous ex-
periments in other nearby odd-odd or odd-A Ag isotopes.
Most of the band structures observed can be understood
within the cranked shell model. A weakly deformed pro-
late shape is predicted by TRS calculations for the con-
figurations containing at least one h,;/2 quasineutron ex-
citation. This prediction seems to be consistent with the
data presently available. The band developed above the
61 isomer appears to have characteristics of triaxial or
oblate shapes and cannot be fully understood with the
present TRS calculations which predict only prolate ax-
jally symmetric shapes at moderate rotational frequen-
cies. More detailed calculations with parameters opti-
mized specifically for the 198 Ag region might clarify these
matters.
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The '“’Ag nucleus has been investigated with the ®Mo('!'B,4ny) reaction at 39 MeV beam energy.
Gamma-gamma coincidences and angular correlations were measured. The ground state band has been ex-
tended to higher spins and a three-quasiparticle rotational band has been established. The results were inter-
preted within the cranked shell model and total Routhian surface predictions. [S0556-2813(97)03103-8]

PACS number(s): 21.10.Re, 23.20.Lv, 25.70.Gh, 27.60.+j

The structure of nuclei and their rotational behavior in the
A= 100 mass region have been extensively studied in recent
years. The '“’Ag nucleus is a good example of the influence
of high-j intruder orbital on the deformation of 7y-soft nuclei.
The active intruder orbitals, in this region, are near the top of
the 7gq, and the bottom of the vk, subshells, resulting in
driving forces towards oblate shapes for the former and pro-
late for the latter one. High-spin states in 107A¢ have been
previously studied by 104Ru(8Lixny) [1], %67r(MN,3ny)
[2], and **Zr(}?0,p3n7y) [3] reactions and five rotational
bands have been identified. The 1gq, yrast band based on
9/2" isomeric state, crosses with two three-quasiparticle
bands [ 7g9,® (vh,1)? and g ® Vg7,® VA 1) Another
three-quasiparticle band has been observed around
1™=29/2"% in Y Ag in [3]. The low-spin states belonging to
the band based on 1/2” ground state have been previously
known through the Coulomb excitation and were also ob-
served in fusion-evaporation reactions [1,2] but no linking
transitions to the other structures were reported. In this paper
we confirm the existence of this ground state band and ex-
tend it to higher spins where a crossing with a new bandlike
structure is also observed. Also, new linking transitions are
being reported, which connect the new structure to the al-
ready established states. )

High-spin states in !©'%Ag were populated by the
1000Mo(MB,xn) reaction at 39 MeV beam energy, where the
two strongest channels (1°1%Ag) have approximately equal
cross sections. The results obtained in '%Ag have been pub-
lished elsewhere [4]. The beam was provided by the Pel-
letron accelerator of the University of Sao Paulo. The
y-ray measurements for the '°’Ag nucleus included excita-
tion functions, y-y coincidences, and directional correlation
(DCO) ratios. The experimental setup and analysis are de-
scribed in {4]. The spin assignment of the levels was ob-
tained from DCO ratios derived by gating on known dipole
or quadrupole transitions. A partial level scheme of '“Ag is
shown in Fig. 1 where the contribution of the present work is
in the region delimitated by the dashed-line frame.

The previously known bands (labeled 1, 2, and 4) have
been observed and are in agreement with [1-3] but only the
first few states in band 3 [3] were seen in the present work.
The ground state band, labeled 5, known from literature [1,2]
up to spin /"=9/2" was extended to higher spins and crosses
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with a three-quasiparticle band (labeled 6) around I”=
15/27. It was not possible to extract the DCO ratios for y
rays in band 6 due to the poor statistics. The comparison
between the experimental alignments and the ones extracted
from the cranked shell model calculations helped to propose
the spins of this band. The y-ray sequence (190, 300, and
485 keV) built on the 2542 keV, I™=19/2" state, confirms
the placement in the level scheme given by Popli [2], but is
in disagreement with that given by Jerrestam [3]. The DCO
ratios for the 372 keV transition confirms the indication
given by above references of spin /=13/2 for the 1926 keV
level.

The experimental Routhians and alignments, shown in
Fig. 2, were calculated following the procedure described in
[5,6] with Harris parameters of J,=8.9 #’MeV ! and
J1=15.7 #*MeV 3 taken from '®Ag [7]. The cranked shell
model (CSM) [8] calculations, based on the deformed
Woods-Saxon potential, were performed for Z=47 and
N=060, using 8,=0.16 and y=0°.

Band 1 is the yrast band and presents strong E2 cross-
overs and weak M1 transitions. The aligned angular momen-
tum is i,~ 1.5% while the signature splitting is large, ~ 250
keV at 2w=0.3 MeV. The mgq, configuration was assigned
to this band, which corresponds to the lowest quasiproton
excitation available. Yrast bands with this configuration have
been observed in other odd-Z nuclei in this mass region
[7,9]. The lowest three-quasiparticle configurations in
107Ag are expected to be a combination of the g4/, quasipro-
ton with the lowest two quasineutron configurations, i.e.,
Tgon®[vh1n]” and mgop® vh11p® V(g1 ,dspn). All con-
figurations containing at least one %/, quasineutron are ex-
pected to have a large alignment, i ,>5#%. In the case of the
first configuration assigned to band 2 the alignment is
i,~12%, while the second one with i ,~10# was attributed
to band 4.

Band 5 shows a large signature splitting (=~ 180 keV) and
a rather constant alignment of 0-0.5% in the frequency range
from 0.2 to 0.35 MeV. The CSM calculations predict a large
signature splitting (200 keV) for the normal parity 7p/, con-
figuration, with (—,1/2) being the favored branch, in agree-
ment with the experimental observations. Furthermore, the
experimental B(M1)/B(E2) ratio is 0.026(3)(uy/e b)? for
the 5/27 level, which is in agreement with the theoretical

1548 © 1997 The American Physical Society
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FIG. 1. A partial level scheme of W7Ag obtained from the 1000 o(1'B,4 1 v) reaction at 39 MeV. The contribution of the present work is
indicated by the dashed-line frame. All the energies are given in keV.

estimate of 0.02 (uy/e b)? for the mp,, configuration, us- show that the equilibrium deformation is at 8,~0.16 and
ing the semiclassical model of Donau and Frauendorf [6]. v=0° corresponding to a prolate collective shape.
We propose, therefore, a 7p 1, configuration for band 5. To- The experimental signature splitting of band 6 is negli-

tal Routhian surface calculations for the 7p, configuration gible and no E2 crossover transitions were observed. This

P
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band presents a gain in alignment of about 47 relative to
band 5, which is close to the expected i, =3#% for [7gq,]?
quasiparticles. The possibility of coupling the [wgg/z]izg to

the configuration of band 5 was considered, and provides a
possible explanation for the very small signature splitting. In
addition, the experimental lower limit for the
B(M1)/B(E2) ratio for the 21/2~ level in band 6 is
5(uy/eb)? and is consistent with the theoretical estimates,
which predict increasing values from 7 to 13 (uy/eb)? in
the spin range of 21/2 to 25/2 for the 7p,,® 7 gop]* con-
figuration. This type of configuration is known to produce
K =8 in the neighboring even-even and odd-N nuclei [10-
12]. A band with similar characteristics to band 6 has been
observed also in odd-odd '®Ag [4], for which a
(P12 S 52)® vh1o® T gopn]* configuration was suggested.
The above-mentioned large K value is expected to result in
an isomeric bandhead (e.g., '®Cd [12]). However a lifetime
of less than about 20 nsec would not be observed with the
experimental setup of the present experiment. On the other
hand, the theoretical B(M1)/B(E2) ratios for the
7P 12® v(hy1)? configuration are very small, of the order of
0.01 (uy/eb)?. Furthermore, the alignment of two
quasineutrons is not expected to modify the equilibrium
shape which is already prolate collective for band 5, and
therefore the same signature splitting would continue in band
6. Similar results would be obtained also with any other
combination of two low lying quasineutrons. In view of the
above arguments, we tentatively assign the
(P12 -f5)® [ gop]% configuration to band 6.

In conclusion, the present investigation of '“’Ag has con-
firmed and extended the 7p,;, band to higher spins and also
a new three-quasiparticle side band, crossing with the former
one was observed. Linking transitions from this new three-
quasiparticle band to the yrast and the ground state bands
were also established.
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Rotational bands and shape changes in %*Rh
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The '%Rh nucleus has been studied by in-beam 7y spectroscopy with the heavy-ion fusion-evaporation
reaction ‘®Mo(!'B, a2nvy) at 39 MeV. Gamma-gamma-t coincidences and directional correlation ratios were
measured. Four rotational bands have been identified with similar characteristics to those in other A=100
odd-proton nuclei. The positive-parity yrast band based on the mgq, configuration and the negative-parity
7p 1, band, showing large signature splittings, exhibit band crossings at the frequencies of 0.38 MeV and 0.48
MeV, respectively. Experimental Routhians and alignments as well as B(M1)/B(E2) ratios were extracted.
The structure of the bands was interpreted within the framework of the cranked shell model and total Routhian

surface calculations. [S0556-2813(97)01706-8]

PACS number(s): 21.10.Re, 23.20.Lv, 25.70.Gh, 27.60.+j

I. INTRODUCTION

In the A=~ 100 mass region, the proton Fermi level spans
the upper half of the 7gq, intruder subshell as Z increases
from 40 to 50. Over this range, the y-deformation tendencies
of this relatively high-j shell vary smoothly from triaxial
collective to prolate noncollective forms [1], while the 8,
deformation decreases from about 0.3 to nearly 0. On the
other hand, the neutron Fermi level (N=60) lies below or
near the bottom of the vk, high-j shell with a driving force
towards y=0°. The normal-parity quasiparticle states in this
region originate from the 7(pyp2,p312.f512) and v(g72.dsp)
subshells, which do not modify significantly the v deforma-
tions. The equilibrium deformation of the nucleus will de-
pend on the interplay of the driving forces when two or more
high-j quasiparticles are involved. The mgq, bands in the
odd Rh and Ag isotopes (with proton Fermi level in the
middle of the subshell) show large signature splitting. When
one or two f,1;, quasineutrons are coupled to that configu-
ration, resulting in two-quasiparticle (odd-odd '9%%Rh [2]
and 1001%A0 [34] nuclei) and three-quasiparticle bands
(1°Rh [5] and '%%7Ag [3,6,7]), respectively, the signature
splitting is either small or disappears and the
B(M1)/B(E2) ratios become relatively large. This could in-
dicate a transition from triaxial to prolate collective shape
[8]. Another type of band, with no signature splitting and
very large B(M1)/B(E2) ratios, has been observed also in
this mass region. The interpretation for these bands is usually
given by assuming a high-K configuration, which contains
two gop quasiprotons, e.g., '“Cd [9], Rh [5], and
1071087 ¢ [4,10]. An accurate description of this type of
bands [11] falls beyond the scope of the standard total
Routhian surface (TRS) predictions and cranked shell model
(CSM) and will not be attempted here.

The nuclear structure of the 'Rh nucleus is very inter-
esting to study, because it should present many of the above-
mentioned phenomena. However, it is a very difficult
nucleus to be produced in a fusion evaporation reaction, be-
cause it lies on the neutron-rich side of the stability line and
is therefore hindered by a lack of suitable target-projectile
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combinations. Previous to the present work, the only infor-
mation on the structure of this nucleus was based on the
B-decay measuremnts in '®Ru [12], particle transfer reac-
tions [13], and an unpublished work with the °6Zr(!?C,
p2ny) reaction [14], in which several positive-parity levels
with spin up to 17/2% were suggested, but no +y-ray transi-
tions were reported. The spin of the ground state is known to
be 7/2* with the configuration of g, while the configu-
ration of the 1/2~ isomeric state is of a 7p |, parentage [12].
In this work, we present the results of an investigation of
105Rh with '®Mo(!'B,a2ny) reaction as a by-product of
198 Ag [4]. Four rotational bands were identified in '®Rh and
they resemble closely those seen in '®*Rh [5].

II. EXPERIMENTAL PROCEDURE

High-spin states of '>Rh were populated by the
100Mo(1'B, a2n7y) reaction at 39 MeV beam energy. The
beam was provided by the Pelletron accelerator of the Uni-

versity of Sao Paulo. The target used was ~20 mg/cm?
metallic self-supporting foil of enriched 'Mo. The vy-ray
measurements included excitation functions, y-vy-t coinci-
dences, and directional correlation (DCO) ratios. The coinci-
dence data were obtained with two Compton-suppressed
HPGe detectors placed at =50° and two HPGe detectors at
+140°, and a multiplicity filter composed of eight NaI(T1)
detectors was placed above and below the target. These data
were gain matched and sorted into two-dimensional arrays.
A symmetrized £, X E,, matrix was constructed containing
about 70X 10° coincident events and the analysis of data was
performed using the PANORAMIX code [15]. In order to ob-
tain the multipolarities of the vy transitions using the DCO
method, separate E.(*50°)XE.(*140°) matrices were
also constructed and the analyses of data were performed
using the VAXPAK codes [16]. A E, Xt matrix was used to
search for delayed y rays in a 20—500 ns time interval. The
symmetrized £, X E, matrix was used to establish the level
scheme of 'Rh. Background-subtracted gate spectra were
generated from this matrix. Examples of spectra constructed
from the sum of gates are shown in Fig. 1. The y-ray tran-
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FIG. 1. Sum of background-subtracted y-y-coincidence spectra
of the 100Mo(“B,oz2n) 105Rh reaction at 39 MeV showing transi-
tions in positive- and negative-parity bands. The spectra in (a) and
(b) were constructed from the sum of gates on the 149.2-, 453.3-,
645.3-, 809.9-, and 914.8-keV vy rays and from 140.4-, 185.2-,
326.1-, 522.4-, 667.6-, and 662.9-keV vy rays, respectively. The
(*) indicate known contaminants from the '*"'%Ag nuclei; ques-
tion marks are for unplaced y rays.

sitions belonging to 105Rh were identified by setting gates on
the known 149.2 and 326.1 keV vy rays [13]. The DCOQ
ratios are referred to a quadrupole transition gate and reflect
the multipolarity of coincident y rays. The sum of gates on
several quadrupole transitions was used in order to determine
the DCOQ ratios of weak y-ray transitions. The theoretical
DCOQ ratios are 1.0 if the transitions involved are of the
quadrupole character. For AI=1 transitions, the DCOQ ra-
tios are less than 0.85. It should be noted that A7/=0 transi-
tions could give DCOQ ratios between 0.81 and 1.03 for
large mixing ratios.

III. EXPERIMENTAL RESULTS

The level scheme of '*Rh, shown in Fig. 2, was con-
structed up to I™=(29/2") at an excitation energy of 4318
keV on the basis of the y-y coincidence relations, consider-
ing intensity-energy balances. The energies and the relative
intensities for all y-ray transitions assigned to 105Rh were
extracted from coincidence spectra and are listed in Table I.
The table also contains the level energies with their proposed
spins and parities, as well as the measured DCOQ ratios. The
observed levels are grouped into four structures with rota-
tional band characteristics, labeled 1-4 for purposes of dis-
cussion. In the present study, the bands based on the 72F
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FIG. 2. The level scheme of '®Rh obtained from the '®Mo
(''B,a2ny) reaction at 39 MeV.

ground state (band 1) and on the 1/27 isomeric state at 130
keV level (band 3) were confirmed and extended to
I™=21/2% and I™=17/2", respectively. Furthermore, two
new sidebands (2 and 4) were observed and are firmly estab-
lished by the -y coincidences, as shown in Fig. 1. The
yrast, positive-parity band (band 1) shows the E2 transitions
slightly stronger than the M1 below the band crossing, but
above it (band 2) only the M1 transitions were observed. The
negative-parity band (band 3), however, is characterized by
strong E2 and very weak or unobserved M1 transitions. At
higher energies and spins, band 3 is strongly fed by band 4
which presents similar characteristics to band 2.

The assignment of spins and parities in bands 1, 3, and 4
was based on the DCO ratios, rotational band characteristics,
and the systematics of odd-Z nuclei in this mass region. In
the case of band 2, the positive parity was corroborated by
the CSM calculations (see Sec. IV), while the AI=1 se-
quence of spins based on the (2172%), 2979 keV level was
chosen mainly on the basis of a close similarity with the
3R nucleus [5]. However, this choice is not a unique one,
since a sequence of spins 23/2, 25/2, 27/2, 29/2, and 31/2 1s
also possible.

The experimental Routhians (¢') and alignments (7) for
the four bands in '®Rh as a function of the rotational fre-
quency (% w) are shown in Fig. 3 and were calculated fol-
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TABLE I. Energies, spin assignments, relative intensities (/,),
and DCOQ ratios (Rpcog) for the vy-ray transitions in the
100Mo (1B, a2n) 05Rh reaction at 39 MeV. The y-ray energies are
accurate to = 0.3 keV. E; and E; are the energies of the initial and
final states corresponding to each transition.

E, E, E; -1y I, Rpoog
[keV]  [keV] [keV]

63.6 4557 3925 5127 —3/27 2.4( 8)

140.4  2308.6 2168.1 17/2- —15/2~ 19.9(15) 0.7(2)
149.2 149.2 0.0 92t 727 100.0(12) 0.7(1)

185.2  2493.8 2308.6 19/27 — 177127 37.6(13) 0.8(2)
192.2 7945  602.5 1372 —1172* 31.7(13)  0.7(2)
216.0 31954 2979.4 (23/27)-»(21/2%) 26.1(15)
2225 27163 24938 21727 —19/27 32.5(15)  0.8(1)
2394 16044 1364.9 172* = 15/2% 14.8(12)
262.9 3925 1296 3/27—=1/2" 13.3(15)  0.6(2)
2743 2990.6 2716.3 23/27 —=21/27 19.0(12) 0.7(3)
276.6  2519.4 22426 2127 —19/2% 3.1(12)
2804 34758 31954 2572723727 13.9(12)

315.1  3305.7 2990.6  25/27—23/2" 11.1(10)
326.1 45577 129.6 527 —1/27 36.2(9)  1.1(1)
360.8  3836.6 3475.8 (27/27)—(2512%)  7.6(7)
426.1 881.8 4557 7127 —5/27 2.4(5)

453.3 6025 149.2 11/2*—9/2% 293(7) 0.7(2)
460.0  2979.4 2519.4 (21/2%)—21/2% 14.4( 7)
4812  4317.8 3836.6 (29/2%)—(27/27) <1.0

5224  978.1 4557 9/27—5/2 21.424)  1.0(1)
522.5  2168.1 1645.7  15/27—13/2~ 9.6(10)
570.4 13649 7945 15727 > 13/2% 15.1(10)  0.7(2)
602.5 6025 0.0 11727 —72% 7.0( 9)

192+ —17/2* 8.1(24)
1327 —9/27 34.6(10)  1.0(1)
172 —13/2~ 12.3(14)  1.0(1)
667.6 16457 978.1 13/27—9/2~ 20.8(9) 1.0(1)
736.4 29794 22426 2127 —19/27 3.1(4)
7483 23940 16457 (1727)—13/27  45(15) 0.9(3)
762.5 13649 602.5 1512t —11/2% 5.7(7)
809.9 16044 7945 1712t > 13/2% 204(9)  1.0(2)
877.6 2242.6 13649  19/2* —1512% 3.1( 6)
914.8  2519.2 16044  21/2* =177 10.5(6) 1.0(3)
9437 23086 13649 1727 —15/2" 2.8( 6)
1373.7 2168.1 7945 1512~ —13/2* 2.8(4)

638.2 22426 1604.4
645.3 7945 149.2
662.9  2308.6 1645.7

lowing the procedure described in [17,18] with Harris pa-
rameters of j0=4ﬁ2 MeV ~! and $=40ﬁ4 MeV 3 taken
from 1°2Ru [19]. The low-lying collective bands 1 and 3
show a large signature splitting (Ae’'=~ 200 keV) and an
alignment of about 3% and 2%, respectively. Around the fre-
quencies of 0.40 MeV and 0.48 MeV, a band crossing is
observed in bands 1 and 3, respectively. Above these cross-
ings, bands 2 and 4 exhibit a gain in alignment of 8% and 5
# relative to bands 1 and 3, respectively, an absence of sig-
nature splitting, and enhancement of M1 transitions.
Experimental ratios of reduced transition probabilities
[B(M1)/B(E2)] are indicators of the deformation param-
eters vy and 3, and can also give insight into the structure of
1e band. All the experimental data for these ratios were
sbtained from the spectra gated by the transitions populating
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FIG. 3. Experimental quasiparticle (a) alignments and (b)
Routhians as a function of the rotational frequency #w for the ro-
tational bands labeled 1-4 in '*Rh. The solid symbols correspond
to a=+ % and the open ones to = — % The following symbols are
used for the bands: circles, band 1; squares, band 2; diamonds, band
3; and triangles, band 4.

the level of interest. The experimental B(M 1)/B(E2) ratios
for band 1 in '"Rh are shown in Fig. 4, together with the
lower and upper limits for bands 2, 4, and 3, respectively, as
well as the theoretical estimates using the geometrical model
of Donau and Frauendorf [18].

IV. THEORETICAL CALCULATIONS
A. CSM calculations

The quasiparticle Routhians, calculated with the cranked
shell model, based on a deformed Woods-Saxon potential
including pairing interactions [20] are shown in Fig. 5. The
calculations were performed for Z=45 (8,=0.19, 5,=0.0,
v=—30°) and N=60 (B8,=0.19, B,=0.0, y=0°) at fixed
deformations, which were indicated by the TRS predictions
for the 7gqy and 7gop® (vhyyy)? configurations in '“Rh.
The various quasiparticle states are classified by parity and
signature (7, «) and the slopes of the trajectories are di-
rectly related to the aligned angular momentum (i). In order
to simplify notation a letter code was used. For the protons,
the first available gq, orbitals are labeled by lower case let-
ters a, b, ¢, d, e, and f, and the wp,, orbitals are labeled by
g and h, while, for the neutrons, the first available Ay,
orbitals are A, B, C, and D, and for vg4, and vds, orbitals
are E, F, and G, H, respectively.
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mental B(M1)/B(E2) ratios are given by solid symbols: circles,
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some levels in bands 2, 3, and 4 in 105R}, Calculated values are
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dashed lines. The estimates were made using the equilibrium defor-
mation B, = 0.19, B, = 0, y=—30°, and K=7/2 for mgy, bands
(circles). For the remaining bands the deformation parameters S, =
0.19, B, = 0, y=0° and K = 7/2, 1/2, 17/2, and 7/2 were assumed
for mgep®(vhyp)? (left-pointing triangles), 7py, (squares),
TP 12®(Tgep)? (diamonds), and 7gep® V(hy.8qn) (right-
pointing triangles) configurations, respectively.

The lowest available one-quasiproton excitations corre-
spond to a and b (wggp) configurations, which show a large
energy splitting and are assigned to the two signature
branches of the yrast band (band 1). The first two negative-
parity quasiproton excitations (g, k) are an admixture of
P fsn» and pap and also have a large signature splitting,
where the g (—,3) configuration corresponds to the favored
E?2 stretched cascade (band 3). Bands with these configura-
tions have been previously observed in other odd-Z nuclei of
this mass region. Moreover, as the rotational frequency in-
creases, a band crossing of the yrast band is observed around
#w=0.40 MeV and corresponds to the alignment of the first
two hyy, quasineutrons (A and B), resulting in a net gain in
angular momentum of about 10%. The next band crossing
corresponds to the breaking of the first go quasiproton pair
(ab) and would occur around £ ©=0.43 MeV, but is blocked
in the yrast band (a and b configurations).

B. TRS calculations

Total Routhian surface calculations were performed in or-
der to get a quantitative estimate of the equilibrium deforma-
tion and to follow the nuclear shape evolution, as a function
of the rotational frequency. The calculations employed the
Strutinsky shell-correction formalism, deformed Woods-
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FIG. 5. Quasiparticle Routhians as a function of rotational fre-
quency for neutrons (a) calculated at 8, = 0.19, B4, = 0, y=0° and
protons (b) calculated at 8, = 0.19, 8, = 0, y=—30° in '®Rh.
The following convention is used for the levels: solid line
(m=+,a=+13), dotted line (7=+,a=—3), dot-dashed line
(m=—,a=+ %), and dashed line (7= —,a=— %). The configura-
tions are labeled by letters.

Saxon potential, and a monopole pairing residual interaction
[20,21]. The nucleus 'Rh is very y soft and its energy
minimum is very shallow below the band crossing, extending
toward oblate-collective deformations, as shown in Fig. 6.
There is a strong indication for configuration-dependent tri-
axiality in the one-quasiproton configurations gy [Fig. 6(a)]
and py,, [Fig. 6(c)].

The result for yrast configuration a (mggy) at
hw=0.317 MeV is shown in Fig. 6(a). For this configura-
tion, a very large negative vy deformation (y= —30°) and a
large signature splitting (250 keV at Aw=~0.32 MeV) are
predicted below #w=0.4 MeV. The signature splitting of
250 keV is close to that extracted from band 1. Above this
frequency, the three-quasiparticle configuration containing
two hyy, quasineutron (aAB) becomes yrast, with a result-
ing prolate-collective shape (y~0°), as shown in Fig. 6(b).
This configuration is predicted to have a small signature
splitting (=50 keV at Aw~ 0.45 MeV), comparable to the
experimental value for band 2. The vy-deformation change
from triaxial- to prolate-collective shape is due to the strong
driving force of the (vhyy;,)? quasineutrons, which also re-
sults in an alignment gain of 10%. Since k1, quasineutrons
dominate the nuclear shape (y~0°) and the energy splitting
of the goy, quasiproton tends to zero around y=0°, the small
signature splitting (=~ 50 keV) of the three-quasiparticle con-
figuration is essentially between the a and b quasiproton
states.
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FIG. 6. Total Routhian surface calculations for one- and three-
quasiparticle configurations in 1Rh. (a) a configuration,
fiw=0.317 MeV; minimum at £8,=0.197, B8,=0.008, y=—32°.
(b) aAB configuration, #w=0.444 MeV; minimum at 8,=0.190,
B4=0.009, y=2.2°. (c) g configuration, Aw=0.317 MeV; mini-
mum at 3,=0.197, 8,=0.010, y=—12.6°. (d) gAB configuration,
#w=0.444 MeV; minimum at 8,=0.210, 8,=0.009, y=19.3° (the
thick dots indicate the position of the equilibrium deformation).

The situation is similar when examining the g (7p )
configuration. The equilibrium deformation remains almost
unchanged at a triaxial-collective shape (y~ —12°) for fre-
quencies below #Aw=0.40 MeV, as shown in Fig. 6(c).
Around Aw=0.30 MeV the energy splitting between the fa-
vored (g) and unfavored (k) signatures is ~ 180 keV, which
is close to that observed for band 3. As a consequence of the
additional strong driving forces of the AB pair, the energy
minimum is pulled towards positive y values (y~=10°) for
the gAB configuration, as shown in Fig. 6(d). Such a defor-
mation change does not affect significantly the signature
splitting value corresponding to the mp,,, configuration. At
fiw=0.381 MeV, this value is around 300 keV for the
P 1p® (Vhy ;) configuration, which is in complete dis-
agreement with that for band 4.

C. Estimated branching ratios B(M1)/B(E2)

In the semiclassical model of Donaun and Frauendorf [18],
the M1 transitions are assumed to originate from the preces-
sion of the perpendicular component of the magnetic mo-
ment around the total angular momentum vector. Using this
approach the branching ratios B(M1)/B(E2), between in-

band A7=1 and crossover AI=2 transitions from each band
state, were estimated for the one- and three-quasiparticle
configurations of '“Rh and compared with the experimental
results in Fig. 4. Effective g factors were used to relate the
angular momentum of each quasiparticle configuration to its
magnetic moment vector and were obtained from the
Schmidt estimates, with an attenuation factor of 0.7 for the
spin g factors [22]. The deformation parameters used were
obtained from the TRS calculations for each configuration
and the proton and neutron alignments were derived from the
quasiparticle Routhians in Fig. 5. In the case of the mgg,
yrast band, a K=7/2 projection and a correction for large
experimental signature splittings (200 keV) were used, while
for the 7go,® (vhyy,)? band, the K=7/2 projection was as-
sumed to come essentially from the go» quasiproton. A pair
of aligned Ay, quasineutrons (i~ 10#) coupled to the gg,
quasiproton with a relatively large K value is responsible for
the enhancement of M1 transitions, as seen in band 2. The
calculations for band 3 were performed assuming a pure
D1, configuration with the g factor=0.03 and K=1/2. In the
case of a pure ps; (g=1.97) the B(M1)/B(E2) ratios would
increase by a factor of about 100. For the high-K
P 1@ (78 op)? band (gac) with a pair of go/, quasiprotons
coupled to the deformation axis, large B(M1)/B(E2) ratios
are in agreement with the experimental lower limits for band
4. Another three-quasiparticle mgq,® v(hq1/2,872) configu-
ration (aAE and bPAE) could be considered; however, the
theoretical B(M1)/B(E2) ratios result in smaller values
than those for the experimental lower limits for band 4.

V. DISCUSSION

Band 1 is the yrast band with strong M1 and E2 transi-
tions. The observed large signature splitting of 200 keV, ac-
cording to the CSM and TRS calculations, corresponds to the
lowest one-quasiproton excitations (a and b) with a large
negative y  value (y~—30°). The calculated
B(M1)/B(E2) ratios using Ae’ =200 keV and K=7/2 are
in very good agreement with the experimental results and
thus the 7rgq, configuration was assigned to band 1.

The three-quasiparticle band 2 is characterized by strong
M1 transitions and is built on the second (21/2%) state of the
yrast band, as shown in Fig. 1. The difference between the
two structures 1 and 2 is clearly exhibited in the rotating
frame (see Fig. 3) where band 2 has negligible signature
splitting and a gain in alignment of about 87 relative to band
1. These characteristics are expected for a mgon® (vhyyp)?
configuration (aAB and bAB). TRS and CSM calculations
indicate that the first band crossing occurs around
fiw=0.40 MeV and corresponds to an alignment of a pair of
h 1> quasineutrons (AB). This phenomenon causes a change
in y deformation from triaxial- to prolate-collective shapes.
Since the signature splitting corresponds to the splitting be-
tween the two quasiprotons (a and b), it decreases as vy
increases from —30° to 0°. On the basis of the geometrical
model, the enhancement of the M1 transitions is caused by a
coherent superposition of the magnetic moments of a
strongly coupled proton (go,) and of the two aligned neu-
trons (hyyp).

On the other hand, band 3 is characterized by strong
E?2, weak, or unobserved M1 transitions, and a large signa-
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ture splitting (200 keV). The 7p ), configuration (g and &)
is expected to have a very large signature splitting with g
being the lower branch, while the other one (k) should be
weakly populated and difficult to observe experimentally.
These properties were also seen in other odd-Z nuclei in this
mass region. TRS calculations suggest triaxial-collective
shape (y~—12°) and a large signature splitting (180 keV)
for this configuration. In addition, at I7=5/2" the experi-
mental B(M1)/B(E2) ratio is rather small (roughly
1.0up> e? b?). The theoretical B(M 1)/B(E2) ratio was cal-
culated for a pure 7p1, configuration and is two orders of
magnitude smaller. However, admixtures from pip, Pan,
and f5, are present in the first two negative-parity quasipro-
ton excitations (g, k), increasing the effective g factor and
the quasiparticle angular momentum projection along the
symmetry axis (K), resulting in larger B(M 1)/B(E2) ratios,
comparable with the experimental ones.

The three-quasiparticle band 4 decays preferentially to
band 3, around /™=17/2 " . The experimental signature split-
ting in band 4 is negligible and no E2 crossover transitions
were observed. Essentially three types of configurations were
considered for this band: namely, wp®(Vhyip)?,
780n® (Vhi12,871), and mp @ m[(8o2)*1x=s- In the first
case, the coupling of the (vh,1,,)? to the 7p,, configuration
is expected to give a fairly large signature splitting, of the
same order of magnitude as for band 3, in contradiction with
the experimental results. Similar results would be obtained
with any other combination of two low-lying (k11.87/2)
quasineutrons. For the second type of configuration
7gon® v(hi112,870), a small signature splitting would be ex-
pected. In addition, the experimental lower limits for the
B(M1)/B(E2) ratios for the 21/2~ and 23/2" levels are
around 13uy%/e? b? in disagreement with the theoretical re-
sults (=9uy2/e? b?). On the other hand, for the third con-
figuration 7p,® 7( gon)?, the theoretical estimates
(~18uy*/e?b?) are consistent with the experimental lower
limits; see Fig. 4. Furthermore, this band presents a gain in
alignment of about 57% relative to band 3, which is the ex-
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pected value for (7gop)? quasiparticles. The large K value
provides also a possible explanation for the negligible signa-
ture splitting observed experimentally [11]. It should be
noted that K~8 usually implies an isomeric state for the
bandhead. However, a lifetime of less than about 20 nsec
cannot be measured with the experimental setup of the
present experiment. Bands with this type of configuration
have been observed already in this mass region in nuclei
such as odd-N 19Cd [23], odd-odd '®Ag [4], and odd-
Z'URh [5]. In view of the above arguments, the
TP1p® [ (gon)*1x—5 configuration was tentatively assigned
to band 4.

_ YL CONCLUSION

A level scheme for the states populated in a heavy-ion
reaction has been proposed for the %Rh nucleus. Four rota-
tional bands were observed, which are consistent with the
systematics of the odd-Z nuclei in the A =100 mass region.
Most of the band structures were interpreted within the
framework of the CSM and TRS. Triaxial deformation could
explain the large signature splitting in the one-quasiproton
configurations and the absence of strong M1 transitions. A
shape change, between the yrast and the three-quasiparticle
bands, above the crossing frequency of Zw=0.4 MeV, oc-
curs due to the alignment of a pair of Ay, quasineutrons
which induce the disappearance of the signature splitting and
the enhancement of M 1 transitions. The data presently avail-
able indicate that the negative, three-quasiparticle band can
be ascribed to a high-K configuration [coupling the
(mgop)? to the (mwpy,) band]. This type of high-K band
appears also in other nuclei in this mass region.
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High spin structures were studied in the 1°°Rh and !3¢La nuclei using
the 1%°Mo(1'B,a2n)'°°Rh and '28Te(!1B, zn)3¢La reactions respectively.
DCO ratios, a—y—y and y—y coincidences were measured. Four new bands
were identified in 1°°Rh and three in !3%La. The results were interpreted
with the CSM.

PACS numbers: 23.90.+w

1. Introduction

In the A =~ 100 and 130-140 mass regions the neutron and proton, which
occupy high-j subshells show similar characteristics. Valence nucleons which
lie at the top of the subshell exert a driving force towards a collectively
rotating oblate shape, while those at the bottom tend towards collective
prolate deformations. The competition between driving forces results in a
variety of nuclear shapes and shape transitions. The Gamma Spectroscopy
Group of the University of Sdo Paulo has been studying the odd and odd-
odd nuclei for Z = 45, 47, 57 and 59. The results of this research have been
presented in references [1] and [2]. Recently, a renewal of interest in these
mass regions has appeared due to the theoretical predictions based on the
Tilted Axis Cranking model, which indicate a possible existence of chiral
bands in triaxial nuclei (A =~ 130) [3] and magnetic rotational bands [4],
which appear in nearly spherical nuclei such as in the A =~ 100 regions.

* Presented at the XXXV Zakopane Sehool of Physics “Trends in Nuclear Physics”,
Zakopane, Poland, September 5-13, 2000.

t Permanent Address: Centro de Engenharia e Ciéncias Exatas, Universidade Estadual
do QOeste do Parana, Toledo, PR, Brazil.
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Experimentally the former are observed as two nearly degenerate bands with
strong M1 and E2 transitions, while the latter as bands with very strong M1
and very weak E2 transitions. In view of the above, we have returned to
study the La isotopes and also to repeat the 105Rh measurements with an

improved apparatus.

2. Experimental details and results

The beam was provided by the 9 MV Pelletron Tandem. The experi-
mental setup consists of 4 GeHP Compton suppressed detectors (PERERE).
Two of the detectors with 60 % efficiency were placed at 37° and 260° while
the remaining ones with 20 % efficiency were set at 100° and 323° with
respect to the beam. For experiments where the neutron channels are the
strongest, such as %La, a multiplicity filter of 8 NaI(T1) was placed close
to the target chamber. In order to identify the charged particle evaporation
channels (such as '°Rh) a 4 particle ancillary scintillator system SACI
was built in this laboratory. This detector consists of 11 phoswhich plastic
E — AFE telescope scintillators housed in an aluminium casing of a semi-
regular polyhedral shape, with 12 pentagonal and 20 triangular sides. The
BC-400 plastic 0.1lmm thick was used for the AE and a BC-444 plastic
10 mm thick for the E detector. The overall geometrical efficiency of this
system is 76 %.

The 199Mo(!'B, a2n)'%Rh reaction was used at 43 MeV beam energy,
with a thick isotopically enriched target. The a—y—y coincidences and the
DCO ratios were measured. The level scheme, Fig. 1, shows four previously
known bands (1-4) [2], three of them (1, 2 and 4) extended to higher spins
and four new bands A to D observed for the first time. The spins were
assigned on the basis of DCO measurements and systematics.

The 136La was produced in a 2Te(!!B,zn)!%6La reaction at 48 MeV
beam energy. A thick, isotopically enriched target, on a lead backing was
used. The y—y coincidences and the DCO ratios were measured. Prior
to this work, the nucleus 3%La was investigated using (p,3n) reaction [5],
where the spin of 81 or 7t was assigned to the 114 ms isomeric state. Figure
2(a) shows the level scheme of the present work, composed of three bands,
tentatively placed on the 114 ms isomeric state. Since the 1361, level scheme
is very similar to that of its isotone ¥Pr [1] and to the other odd-odd La
and Pr isotopes, the assignment of the spins to the levels and of the band
configurations was based on the systematics of this mass region, as well as
Cranking Shell Model (CSM) predictions and the measured DCO ratios.
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Fig. 1. 1%Rh level scheme showing the new bands A to D. The bands 1, 2 and 4,
known from [2], were extended to higher spins.
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Fig.2. (a) — '35La level scheme. Bands 1, 2 and 3 were assigned the 7hy; /0 ®
vhii/2, w[413]5/2 ® (Thi12)? ® vhyyjs, and 7[411]y )5 ® vhyyy, configurations, re-
spectively. (b) — systematics of the transition energies for the 7hyi/s ® vhyi/
band. The signature inversion point in 3¢La is indicated by an arrow.

3. Discussion

Band A in !%°Rh is similar to the bands based on the 7/2%[413] proton
state coupled to the 2+~-phonon of the core observed in 071%°Rh [6]. This
can be considered as an indication of triaxiality in 19 Rh, contrary to the cal-
culations presented in [6]. A possible configuration for band B is 71/2%[431],
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but unlike in 197Rh [6], the 3/2% bandhead was not observed. The M1 bands
in 19%Rh (2, 4, D and C) are candidates for magnetic rotation.

The experimental Routhians in !3¢La exhibit a rather large and constant
signature splitting of Ae’ = 105 keV in the yrast band, and none in band 2.
The CSM calculations performed with deformation parameters 8, = 0.14
and B4 = 0.0 as a function of y-deformation for Aw = 0.45 MeV indicate
two possibilities consistent with the observed signature splitting of band 1:

a nearly oblate shape (y = —50°) for the coupling of an &y, = —1 neutron
with the two proton signatures (e, = *1); or a nearly prolate (y = —5°)
for an ap = —% proton with the two neutron signatures (a, = :t%) Precise

measurements of M1 + E2 mixing ratio would be helpful in order to resolve
this ambiguity.

A careful examination of band 1 in the *®La level scheme shows a clear
signature inversion between I"™ = 10Tk and I™ = 117k, as indicated by
an arrow in figure 2(b). Signature inversion has been observed [7] also for
neutron deficient nuclei, such as !3*Pr and 12415, but never below a spin

of 17 h.

4. Conclusion

The use of the SACI-PERERE array permitted the establishment of 4
new rotational bands in 1%Rh level scheme and an extension to higher spins
of 3 other bands. Lifetime measurements for the M1 bands are necessary
in order to confirm their magnetic rotation character. The level scheme for
1361,5, was established, showing three rotational bands in agreement with the
sytematics of A = 130-140 mass region. Signature inversion was observed
at very low spins in %®La in contrast to the other nuclei in this region. In
the present work no evidence for chiral bands was observed.

This work was supported by the Fundag¢do de Amparo & Pesquisa do
Estado de Sao Paulo (FAPESP) and Conselho Nacional de Desenvolvimento
Cientifico e Tecnologico (CNPq), Brazil.
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The level scheme of '*?La was obtained with in-beam gamma spectroscopy techniques using
fusion evaporation reactions with '»!'B, N beams and isotopic targets of Te and Sn. Two rotation-
al band structures were seen. One band, assigned to the 7k ,®vh,;,, shows a smaller signature
splitting as compared to the isotones '*Pr and **Pm, indicating a slight reduction of triaxiality.
The other band has been tentatively assigned the 11-[422]-23- +*®vh,,, configuration, and shows no sig-

nature splitting indicating a near prolate shape.

I. INTRODUCTION

The prediction that nuclei in the A4 =130 mass region
are vy soft and that their shé.}z)es are influenced by quasi-
particles in high-j orbitals!"? has resulted in a recent
surge of interest in the study of odd-odd nuclei in this re-
gion.3™3 The doubly-odd nuclei in this region are partic-
ularly interesting, in that they permit investigation of the
competition between the relatively strong shape driving
forces caused, on the one hand, by the neutron quasipar-
ticle situated in the upper part of the 4;, ,, shell and, on
the other, by the proton quasiparticle at the lower part of
the same high-j shell. Experimental results up to now in-
dicate nonaxial deformations as a result of this competi-
tion.

We present here the results of an investigation of in-
beam spectroscopy of '32La, using fusion-evaporation re-
actions with beams provided by the Pelletron Tandem
Accelerator of the University of SZo Paulo. Prior to our
investigation, the available information on the level struc-
ture of *2La was from the beta decay of *’Ce (Refs. 6
and 7). The ground-state spin of **La was known to be
J7=27. A metastable state (J"=6"; T, ,,=24.3 min.)
was known to exist at 188 keV excitation, which decays
to the ground state with the emission of a 53-keV M3 y
ray, followed by a 135-keV M1 transition.

II. EXPERIMENTAL PROCEDURES AND RESULTS

Cross-beam reactions, namely, **Te(!'B,3n)!*?La and
126Te(1°B,4n)'32La, and excitation functions for the
second reaction, were used to identify the ¥ rays belong-
ing to "La. The targets were prepared by pressing en-
riched tellurium powder (96.21% of '**Te and 98.69% of
126Te) onto a lead foil, forming targets 10 and 4 mg/cm?
thick, respectively. In the second experiment, with the
126Te(1°B,4n)%2La reaction, two HpGe detectors were
used at 55° for the y-y-t coincidences, which were sorted
on line onto a 1024 X 1024E?,><EY array. A symmetric,
background subtracted matrix was generated, using the
technique described in Ref. 8. The angular distributions
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were measured for the '2°Te(1°B,4n)!3%La reaction at a
beam energy of 45 MeV. Spectra were obtained at seven
angles between —10° and 90°. A third experiment was
also performed using the '*2Sn('*N,4n)*La at 55 MeV,
in order to search for low-energy ¥ rays.

The y intensities, taken from the singles spectra, and
corrected for detector efficiency, together with the angu-
lar distribution results, are given in Table I. Figure 1
shows typical gate spectra.

Two bands were observed, both of them characterized
by strong M1 transitions and much weaker E2 cross-
overs. The stronger band is presented in Fig. 2, together
with the recent results of other isotones,* '*4Pr and
136pm, showing a striking similarity between these three
bands, except for the lowest transition of =~90 keV. In
our study of the first two reactions (!?*Te+!'B;
126Te-+1B), copper absorbers were used to suppress Pb x
rays, which also hindered greatly the observation of the y
rays of energies below 100 keV., Thus, the third reaction
referred to above was performed with a self-supporting,
enriched 2Sn target and sufficient aluminum absorber to
attenuate specifically the Sn x rays (25, 28 keV). In addi-
tion, the beam was stopped in a shielded Faraday cup
away from the target. Besides confirming the results
from the other two reactions, a 67-keV ¥y ray was ob-
served (Fig. 1), satisfying all the coincidence requirements
for the (8%) to (7*) transition. No y ray of =~90 keV
was seen in our spectra.

The complete level scheme based on the present work
is shown in Fig. 3. There are three self-coincident gam-
mas: 161, 293, and 455 keV. The placements of these
and the other gammas in the decay scheme were made on
the basis of relative intensities in the gated above and gat-
ed below spectra, the energy and intensity balance, cross-
over transitions, and the measured multipolarities. Near-
ly all of the strong ¥ rays seen in the various coincidence
spectra have been placed in this level scheme. A few
weak lines, viz., 233, 351, and 411 keV, appear in some
isolated gates, and it was not possible to establish con-
sistent placement for these ¥ rays in the present scheme.

The level populated by the 169-keV transition pertain-

2250 ©1989 The American Physical Society
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TABLE I. Energies, intensities, and angular distribution results for the gamma transitions in the
126Te(1°B 45)'*2La reaction at 45 MeV. For the 67-keV transition, the intensity is from the
12280 (14N,4n)32La reaction at 55 MeV. The relative intensities are from singles spectra, corrected for
detector efficiency, and normalized to the 169-keV transition. The energies are accurate to £0.2 keV,
except those quoted as integers which are accurate to +1 keV.

E (keV) I (%) Assignment a,/ag a,/ay
67.1 26.7(1.3) (8%)—(7")
151.0 13.5(1.0) —0.314(70) +0.008(90)
161.1 107.6(6.0) (9)—(8*") —0.329(56) —0.030(49)
169.3 100.0(6.2) (77)—=(67) —0.576(64) —0.005(40)
202.7 91.9(5.6) ; —0.580(82) —0.0046(50)
2273 26.7(1.1) (87)—(77) =-0.60(10) +0.030(80)
230.6 11.2(1.8) —0.35(11) +0.09(11)
232.6 22.6(2.4) —0.51(10) 0.072(85)
279.0 53.7(3.5) +0.290(17) —0.073(21)
289.0 12.0(3.4) (97)—(87)
293.8 90.7(5.1) (111)—(10%) —0.392(24) —0.026(20)
(10*)—(9%)
312.4 17.4(1.3) (7H)—(77) +0.290(31) —0.018(36)
320.2 24.8(1.9) +0.216(31) +0.001(37)
351.5° 23.5(3.1)
380.4 6.0(0.8) (107)—(97) —0.318(57) —0.259(66)
386.5 12.7(1.3) (13%1)—(12%)
392.6 16.7(1.5) (12%)—(11") —0.513(74) +0.052(72)
396.0 8.3(1.2) (87)—(67)
454.6* 7.2(0.7) (141)—(13%)
(101)—(8™) '
481.7 30.6(2.2) (7H)—(67) —0.226(59) —0.037(56)
516.0° 30.7(3.0) (97)—(77) +0.119(85) —0.031(99)
587.9 5.6(2.1) (11*)—(9")
669.8° 23.5(3.6) (107)—(87)
687 1.8(0.7) (121)—(10%)
778 <1 (13%)—=(11%)
841 <2 (14%)—(127%)

*Gamma ray placed twice in the level scheme.
bUnresolved doublet with contaminant.
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ing to a second weaker band is assumed to be the known
6~ (24 min) isomer at 188-keV excitation in 1321 o since
no gammas were observed to depopulate this level, from
the in-beam coincidence spectra. Further, the decay
spectra taken off-beam show a strong 135-keV gamma de-
caying with the half-life of the known 67 isomeric state.

III. EXPERIMENTAL ALIGNMENTS
AND ROUTHIANS

In the neighboring N-0dd and Z-odd nuclei, such as
Blce (Ref. 9) and *'La (Ref. 10),~the observed yrast
bands (bandhead £ and 4} 7, respectively) are built on a
h - neutron strongly coupled to the core and a decou-
pled h; , proton, respectively, suggesting thus a
why ,®vh,,, configuration for the strongest band in
B21a. The assignment of (8%) to the spin and parity of
the bandhead, populated by the 161-keV transition, is
consistent with a perpendicular coupling between neu-
tron and proton. The observed bandhead I =(8%) be-
longs to the unfavored component of the band, which for
the aforementioned configuration corresponds to the sig-
nature a=0 (I =a mod2).

The experimental alignment i, and the Routhian e’
were extracted from the data, using the procedure de-
scribed in Ref. 11:
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FIG. 3. The complete level scheme of !32La based on the
present work.

e'(0)=E'(0)—El0),
where

E'(o)=[EUI+1)+EUI —1]/2—wl,
and

Ej(0)=—a™Jy/2)—o*(J,/4)+1/(8J)) .

The Harris parameters J, and J, are obtained from the
least-squares fit of the angular momentum alignment to
the experimental data in the frequency range below the
first crossing:

io)=I(0)—I (0)=I(0)—(aJy,+a’),
where I, is given by
L=[I+L)P?—(K)*]'?.,

In *2La, the Fermi level for protons should lie around
+ while the Fermi level for the neutron is around
Q,=2Z of the h, ,, shell, resulting in K =5 according to
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the Gallagher-Moszkowski rule.'> The assignment of the
angular momentum projection (K ) could usually be cor-
roborated comparing the experimental B(M1)/B(E2)
values, with the semiclassical formalism of Ddnau and
Frauendorf.!®> In the present case, however, the cross-
over E2 transitions are very weak and because of the dou-
ble placements of some of the y rays involved, only two
experimental values could be obtained, and thus this pro-
cedure did not lead to a (K) value with reasonable
confidence. The {K ) =5 value was used in the calcula-
tions of the alignment and the Routhian, which are
shown in Fig. 4. The Harris parameters'* extracted from
the data are Jo=11.3%# MeV ! and J, =41.74* MeV .
The alignment i, is constant up to a frequency of 0.4
MeV, as would be expected for the why ,®vhy, , band,
since the first neutron and proton orbitals are blocked.
The magnitude of i, (5.6%) shows good agreement with
the other isotones and is comparable with the sum of
alignments in neighboring nuclei of odd-N (1.84) (Ref. 9)
and odd-Z (4.5%) (Ref. 10). The observed signature split-
ting of 25 keV is about half the value seen in 134pr and
136pm (Ref. 4) and 60% of that observed in '*'*°La (Ref.
15).

As mentioned earlier, the bandhead of the second band
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FIG. 4. (a) The experimental alignment and (b) Routhians for
the wh,, ,®vh}, 2 band of 132] a. The open and solid circles are
the favored (= —1) and unfavored (a=0) components of the
band, respectively. The Harris parameters used were

Jo=11.3# MeV~!and J; =41.7%* MeV ™2,
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was assumed to be the 6~ isomer in *?La. The proton
Fermi level is near the Nilsson orbital [422]3% of mixed
g, and ds,, parentage. Thus a possible configuration
for this band would be a 7[422]3*®vh,, , with

I"=K=0,+0,=3"+5"=6"

for the bandhead. In *'La (Ref. 10), the mh,,,, band-
head (I"=1L7) lies 305 keV above the ground state
7y (IT=0=2%), thus it is not unreasonable to expect
the 7hy, ,®Vhy » bandhead to lie above the mf422]2+
®vh,, , bandhead in 1321 2. Although there are very few
points, the expérimental Routhian indicates no signature
splitting of this negative-parity band.

As can be seen from Fig. 3, the wh,; ,®vh;,, band
decays to the 6~ isomeric state through the emission of a
67-keV v ray followed by a 482-keV transition, which
shows a negative anisotropy a, /a,= —0.23, thus indicat-
ing AI =1 character. In addition, correct intensity bal-
ance (in the 482 keV gate) for the (8%1) state could be ob-
tained only if the 67-keV y ray corresponds to an M1
transition [ap(M1)=3.37, ¢r(E1)=0.68]. Thus we as-
sign J™=(7") to the level fed by the 67-keV y ray. This
assignment is also consistent with the systematics in the
N =75 isotones shown in Fig. 2. A spin of (77) for this
level would imply that the 313-keV transition has a
AI =0 dipole character, in agreement with the measured
anisotropy a, /a,= +0.23.

IV. THEORETICAL CALCULATIONS
AND DISCUSSION

Theoretical calculations were made within the frame-
work of the triaxial cranking shell model. 16 The total
single quasiparticle Hamiltonian includes a pairing term
together with the cranking term given by

H=Hy—oJ, +H, .

A modified oscillator potential was used in the intrinsic
Hamiltonian H, as in Ref. 17. The calculations were per-
formed at a fixed rotational frequency of fio=250 keV,
deformation parameters [S=0.2,6,=0, and pairing
strengths A, =A,=1.2 MeV. The Fermi levels for pro-
tons and neutrons were adjusted to give the correct value
of the mean particle numbers (Z =57, N =75) at a defor-
mation of ¥ =0°. The calculated Routhians, correspond-
ing to the first y, » excited quasiparticle states as a func-
tion of ¥ (in the Lund convention'’), are presented in Fig.
5 for both protons and neutrons. The results show a
preference of ¥ = —60° for the first favored quasineutron
and ¢ > 0° for the first favored quasiproton. The experi-
mentally observed signature splitting is found to corre-
spond to the splitting of the two neutron signatures at
y =~ —15°. The bands based on the unfavored signature of
the proton are not seen, since they lie high above the
yrast line due to the large splitting.

The total Routhian (El,) was calculated using the
methods of Frauendorf and May, '® in which a phenome-
nological contribution from the core is added to the
quasiparticle Routhians. The V,, parameter (the prolate
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FIG. 5. Calculated Routhians for the first &, , quasiparticle
states in '*?La. (a,b) neutrons, (¢,d) protons. The dashed lines

are for the signature a= +% and the solid lines are for a=— —;-

to oblate potential energy difference) was taken as —400
keV.? The results show minima at ¥ =~0° (Fig. 6) for both
signatures where the splitting is very small (2-3 keV).
The calculations are insensitive to the exact values of the
pairing strengths and deformation parameters S and ;.
Usually the V,, parameter is adjusted to reproduce the
experimental splitting. This procedure fails in the
present case as the equilibrium value of ¥ is around 0°,
where the corresponding contribution to the prolate-
oblate energy term ¥ ,cos(3y) to the total Routhian has
an extremuin.

The observed signature splitting in '*?La in the
wh ,®vh, ,, band is half as much as in the isotones
with Z =59 and 61. This reduction is expected as the
proton Fermi level is lower in '*2La (Z =57), thus pro-
ducing a larger driving force towards positive values of
y.! In 128130 5 (Ref. 15) the experimental signature split-
ting in this band is about 40 keV. The reason for the
reduction in '’2La is less obvious. On the one hand, as
the neutron Fermi level rises within the high-;j shell, the
splitting around ¥ =0° tends to reduce, while the equilib-
rivm ¢ deformation could change towards a region of
larger signature splitting.
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FIG. 6. The total Routhians as a function of the gamma de-
formation. The dashed line is for the signature a=0 and the
solid line is for the signature a=—1 of the wh,; ,®@vh,
configuration.
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V. CONCLUSIONS

High-spin states of *?La were measured for the first
time, and a level scheme was proposed. Two rotational
bands were identified.

In the doubly-odd nuclei *?La, 3*Pr, and *Pm, the
why ,®vhy,,, bands show very similar characteristics.
The smaller signature splitting in '*’La may indicate a
slight reduction of triaxiality as compared to the other
two isotones. The second weaker band, with the 6™ iso-
mer as the bandhead, probably has the configuration
m[422}2*®vh,, 5. No signature splitting was observed

in this band, indicating y =0°.
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The level schemes of the isotones 1**La and *®Pr were obtained with in-beam gamma spectroscopy
techniques using fusion evaporation reactions with !°B, *N, and **O beams and enriched targets of
128,128 and 123Sb. Rotational bands assigned to the whyg /2®vhy1 /3 configuration were seen in both
nuclei. Another band seen in 13°Pr was tentatively assigned to the x[413]2 @ vhy3/, configuration.
A beginning of a backbend seems to show up in this band.

PACS number(s): 23.20.Lv, 27.60.+j

I. INTRODUCTION

In recent years many articles have appeared on the
study of odd-odd nuclei in the v-soft, A ~ 130 mass
region [1-4]. The doubly-odd nuclei in this region are
particularly interesting in that they permit investigation
of the competition between the relatively strong shape
driving forces caused, on the one hand, by the neutron
quasiparticle situated in the upper part of the h;;/; shell
and, on the other hand, by the proton quasiparticle at
the lower part of the same high-7 shell, which may result
in triaxial equilibrium shapes. For small values of -, the
signature splitting of the why,,3 orbital is very large, in
contrast to nearly zero splitting for a neutron in a high-
 orbital. Thus, a semidecoupled band structure, with
the proton in the favored signature orbital, showing a
small signature splitting due to the neutron is expected
for this configuration. Indeed, yrast bands with these
characteristics have been found in several odd-odd nuclei
in this region. .

We present here the results of an investigation of in-
beam gamma spectroscopy of the N = 77 isotones, 13¢La
and 13%Pr, using fusion-evaporation reactions with beams
provided by the Pelletron Tandem Accelerator of the Uni-
versity of S2o Paulo. Prior to our investigation the avail-
able information on the level structure of '3%Pr came from
the beta decay of 136Nd [5]. The ground state and a 9.4
ns isomeric state at 40.1 keV of 13°Pr are both known to
have spin J™ = 2% . During the present work a paper on
the high-spin spectroscopy of Pr nucleil was published by
Dragulescu et al. [6]. The '®*La nucleus has been pre-
viously studied with the !33Cs(a, 3n) and 13°Ba(p, 3n)
reactions [7], but no bands were identified.

*Present address: Lawrence Berkeley Laboratory, Nuclear
Science Division 7T0A-3307, 1 Cyclotron Rd., Berkeley, CA
94720.

II. EXPERIMENTAL PROCEDURES
AND RESULTS

Crossed-beam  reactions, 123gh(160,3n) and
126Te(24N,4n), and excitation functions were used to
identify the gamma rays belonging to 13%Pr. The targets,
about 10 mg/cm? thick, were made of enriched !23Sb
(99%) and 12%Te (98.7%) powder compressed onto a lead
foil. In the case of the '3*La nucleus, the gamma rays
from the 128Te(1°B, 4n) reaction were identified through
comparison with the (&, 3n) reaction [7]. The target was
of enriched 28Te (99.2%) 0.93 mg/cm? thick, evaporated
onto a 1 mg/cm? gold foil. Two HPGe detectors were
used for the ¢-y-t coincidences. The data were sorted
on-line into a 1024 x 1024 channel, E, x E, array. A sym-
metrized background-subtracted matrix was generated
using the technique described in Ref. [8]. The angular
distributions were measured for the !23Sb(}0, 3n)136Pr
and 128Te(1°B, 4n)'34La reactions at beam energies of 64
and 44 MeV, respectively. In most of the cases the 44/ Aq
values were &~ 0 within errors. Due to the complexity of
the singles spectra the quality of the angular distributions
only permitted determination of the predominant multi-
pole character of the transitions. The gamma intensities,
taken from the singles spectra and corrected for detector
efficiency together with the angular distribution results,
are given in Tables I and II. Figure 1 shows typical gated
spectra for 135Pr and !3%La, respectively.

A. %8Pr level scheme

The level scheme of 36Pr, based on the present work,
is shown in Fig. 2. The principal features are two bands
showing small staggering, strong A1 transitions, and
much weaker E2 crossovers. Both bands depopulate to
an isomeric level of 92 & 1 ns, the more intense band
through two strong-dipole transitions (245 and 209 keV),
while the weaker one through a 314 keV gamma ray. The
latter band shows an indication of a backbend. The half-
life of the isomeric state was determined by the deconvo-
lution of the time spectrum.

2740 ©1992 The American Physical Society
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FIG. 1. Typical gamma-gamma coincidence spectra. (a) 136 . sum of 314, 230, 405, and 497 keV gates; (b) **Pr: sum of
209, 245, 136, and 367 keV gates; (c) **La: sum of 145, 381, 338,
be placed consistently in the level scheme.

and 437 keV gates; (*): gammas of "**Pr which could not
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FIG. 2. The level scheme of 3*Pr based on the present work.
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The present level scheme and that proposed by Drag-
ulescu et al. [6] are essentially in agreement up to a
relative excitation energy of 1.865 MeV for the stronger
band and up to 2.489 MeV for the weaker one. On the
basis of the observed crossover transitions of 831 and 909
keV, we have been able to extend the first band to a
higher excitation energy. However we differ in the con-
figurations and the spin assignments for both bands, as
will be discussed below.

B. '®**La level scheme

The level scheme of !3La (Fig. 3) shows a band with
striking similarity to the yrast band in !36Pr. The present
level scheme agrees well with the relevant part of that
proposed by Morek et al. [7] based on the (a,3n) re-
action, up to a relative excitation energy of 1.97 MeV,
except for the 775 and 604 keV transitions which were
not observed in the (a, 3n) work. In addition our place-
ment of the crossover 871 keV line differs from that of

TABLE 1. Gamma-ray energies, relative intensities, and
spin assignments for **Pr.

| I"?.-efz.;[ﬂ .
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TABLE II. Gamma-ray energies, relative intensities, and
multipolar characters for **La .
E-., (kQV) IR (%) A2/Ao I.' e d If
145.0 100.(8) —0.310(40) (9%) — (8%)
158.4 116.(7) —0.340(29)
187.8 —0.232(49)
229.4 30.(3)
257.9 26.(3) —0.31(10)
277*
307.2 61.(5) —0.441(75)
338.0 53.(3) —0.21(25) (11%) — (10%)
381.6 83.(4) —0.380(53) (10%) — (91)
407*
427.9 114.(6) —0.228(46)
434.1 131) — (12t
436.5 31'7(7) 512+; = E11+%
445.9° 35.(4) (14%) — (13%)
458.1 75.(5) —0.052(56)
719.
774.7 4.(2) (12*) — (10%)
870.8 20.(2) +0.39(27) (13%) - (11%)
880.5 6.(2) (14%) — (12%)

*Contaminated with 444 keV from '*3La.

®Doublet.

There are also quite a few lines seen in both

E~, (keV)‘ In (%) A2/A0 I — If
131.2 132.5(1.6)  —0.16(1)

136.7 44.6(8.0)  —0.29(2) (9t) — (8%)
209.7 117.6(1.2)  —0.47(1)

230.8° 29.3(1.0)  —0.53(3) (87) = (77)
238.8 20.2(1.0)  —0.07(5)

240.5 9.1(2.0)  —0.37(6)

243 3.3(0.2) (147) — (137)
245.0 100.0(1.2)  —0.31(1)

263.1 8.9(0.9) —0.43(19) (107) — (97)
313.9 31.8(1.1)  —0.33(3)

317.4 8.8(1.4)  —0.42(11)

351.1 9.2(1.5) —0.26(13)

357.7¢ 4.9(0.9)

360.2° 16.6(1.0)  —0.74(16) (11*) — (107)
367.0 39.5(1.1)  —0.65(6) (10%) — (9%)
405.4 6.5(1.4)  —0.39(7) (I17) — (107)
417.8 192.2(13.0) —0.11(17)

438° 1.4(0.1)  —0.65(6) (137) = (127)
462° 3.0(0.1) (97)—(77)
471.7 5.5(1.0) —0.57(14) (127) — (11%)
494° 1.6(0.1) (107) — (87)
497" 3.5(0.1) (127) — (117)
501.9 6.1(1.0) (10%) — (8%)
601.7 17.7(2.0)  —0.82(14)

669° 2.0(0.2) (117) — (87)
727.0 18.4(2.0) (11t) — (9%)
830.0 5.6(1.3) (12%) — (10%)
903 <1 (127) — (107)
909 <2 (13%) — (117)

*Energy uncertainties of 0.5 keV except for very weak transi-

tions.

b .. . N .
Intensities obtained from coincidence spectra.

¢Doublets.

_

investigations, which although correlated, could not be
placed consistently in the present level scheme. No iso-
meric state was observed in the range of 50 to 500 ns in
this nucleus.
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FIG. 3. The level scheme of !** La based on the present
work.
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III. THEORETICAL CALCULATIONS

Theoretical calculations were made within the frame-
work of the triaxial cranking shell model [9]. The total
single particle Hamiltonian includes a cranking term to-
gether with a pairing term given by

H = Ho —wlJz + Hpair. (1)

A modified oscillator potential was used in the in-
trinsic Hamiltonian Hgy as in Ref. [10]. The defor-
mation parameters used were 8 = 0.165, ¢4 = 0.
The value of B was extracted from the relation 8 =
/1224] Ex(15/2~ — 11/2-) applied to the first E2 tran-
sition of the why;/, bands of the nearby odd-proton nu-
clei, which are expected to be axially symmetric (Fig. 4,
v = 0°). Although this formula was deduced for the en-
ergy of the first 2% states of even-even nuclei [11], it is
also valid if complete decoupling of the rotation aligned
hyyy2 proton is assumed. This is nearly the case, since
the level spacing of the mhyy/2 bands closely follows the
spacing of the ground-state bands of the even-even neigh-
bors in this mass region. The pairing strengths used were
A, = 1.28 MeV and A, =-1.12 MeV, {ypical values for
this region. The Fermi levels were adjusted to give the
correct mean value of the number of protons and neu-
trons (2=57, 59 and N=TT) at a deformation of y = 0°.
The calculated Routhians corresponding to the first ex-
cited quasiparticle states as a function of ¥ (in the Lund

0.15 —T ]

-0.15 * ’ o * k o o o o
-120° -90 -60 -30 0 30 60

v

FIG.4. Calculated Routhians for (a) the quasiproton lev-
els at hw = 0.038hwo, B = 0.165, A, = 0.16hwo, Dp =
0.14hwo. The solid and dashed lines are for why; . favored
(e = —3%) and unfavored (o = +%) components, respectively.
The dash-dotted and dotted lines represent the 7r[413]% levels.
(b) The same as (a) for the first k1172 quasineutron.
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FIG. 5. The total Routhians as a function of the gamma

deformation. The dashed line is for the signature o = 0 and

the solid line for the signature & = —1. I, the mhy1 2 @ vhyyyn
configuration at hw = 0.03hwo; II, the 7[413]2 ® vhy, s two-
quasiparticle configuration at hw = 0.03hwo; and III, the

r[413])3 ® 7rhfl/2 ® vhy, 2 four-quasiparticle configuration at
hw = 0.038%Awo.

convention [10]) are presented in Fig. 4 for both protons
and neutrons. The results show a preference of y = —60°
for the first favored hjj/; quasineutron and y > 0° for
the first favored hi1/2 quasiproton. T .

The total Routhian (Z{), Fig. 5, was calculated us-
ing the method of Frauendorf and May [12], in which a
phenomenological contribution from the core is added to
the quasiparticle Routhians.

IV. DISCUSSION

The experimental alignment iy and the Routhian e
were extracted from the data, using the procedure de-
scribed in Refs. [13,2]. The Harris parameters Jp and
Jy are obtained from the least squares fit of the angu-
lar momentum alignment to the experimental datain the
frequency range below the first crossing.

A. The why1/3 @ vhii1y3 bands

In the neighboring odd-neutron nucleus 133Ce, the ob-
served yrast band with a bandhead spin of 9/27 [14] is
built on a hyyz, neutron strongly coupled to the core
(2, = 9/2), while the yrast bands in the odd-proton nu-
clei, 133La [15] and !35Pr [16], with bandhead spins of
11/2~ are due to a decoupled hy;/2 proton (2, = 1/2).
This suggests a whyy ;2®@vhyy /2 configuration for the yrast
band in '3*La and '3%Pr. The assignment of (8%) to the
spin and parity of the bandheads is based on a perpendic-
ular coupling between neutron and proton as discussed by
Kreiner [17]. The observed bandheads, I = (8%), belong
to the unfavored component of the band, which for the
above configuration corresponds to the signature o = 0
[I = @ mod(2)]. We point out here that Dragulescu el
al. [6] explain the structure of the odd-odd Pr nuclei as

R T ———
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due to the 2d3/2, 35172, and 1hy;/2 neutron coupled to the
2ds;2, 19772, and 1h;y/9 proton. In particular they assign
for the AJ = 1 bands seen in %Pr a [7rd5/2 ® Vhﬁl/z]
configuration, giving rise to a negative-parity band. Un-
fortunately the section which refers to the 3Pr nucleus
in their article is very sketchy.

In this mass region the Fermi level for the neutron is
around , = 9/2, while that for the proton is around
Qp = 1/2 or 3/2 of the hyy/9 shell. However, cranking
shell model calculations predict that 2, = 1/2 is by far
the nearest to the Fermi level, resulting in K = Q2,4+, =
5 according to the Gallagher-Moszkowski rule [18]. The
assignment of the angular momentum projection < K >
is usually corroborated by comparing the experimental
B(M1)/B(E2) values with the predictions of the semi-
classical formalism of Dénau and Frauendorf [19]. The
experimental B(M 1)/ B(E2) ratios are obtained from the
measured M'1/E2 branching ratios as

BMLI—1-1) <. E5(E2) I,(M1)
B(E%;I—1-2) " E3MI1)I,(E2)’

where the £2/M 1 mixing ratio é for the dipole transition
is assumed negligible. A reasonable agreement between
the experimental and calculated B(M1)/B(E2) ratios is
obtained using < K >= 5 for both 3*La and '*SPr. The
calculated alignments and Routhians are shown in Figs.
6 and 7.

The fitting of the three parameter function

Ix(w) =ix +wJo +w3u711 (3)

to the experimental values of I led to very small values
of J, with uncertainties greater than the value itself for
both 34La and 13¢Pr. In fact, the inclusion of this pa-
rameter did not improve the quality of the fit. Thus we
simply assumed J, = 0. The values of J; and i, from the

(2)

n
E,5lk i
4
4
0 T T T —
[
= A (+.-)
-1 Qo |
= QO (-
& O (-0
% )
-3 = ~~a -
() :
~4 S | L 1 s | P
0.1 0.2 0.3 0.4 0.5
hw (MeV)
FIG. 6. (2) The experimental alignments and (b) Routhi-

ans for the why; 2, ® vhy1y; and 7[413]% ® vhiyy2 bands in
138Pr The dashed and solid lines are the favored (¢ = —1)
and unfavored (o = 0) components of the band, respectively.
The Harris parameters used were Jo = 0.04* MeV™! and
J1 = 64.4h* MeV—3,
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FIG.7. (a) The experimental alignments and (b) Routhi-

ans for the mh11/2 ® vk, band in ***La. The same Harris
parameters were used as in Fig. 6.

fitting of the remaining two parameter curve were very
similar for both nuclei: J; = 65.9A* MeV~3, i, = 7.35h
for 3*La and J1 = 54.6h~* MeV~3, i; = 7.50A for
136pr. In both nuclei, the alignment i, is constant up
to a frequency of 0.4 MeV, as would be expected for the
mhy172 ® vhyyy2 band since the first neutron and proton
orbitals are blocked. A moderate signature splitting is
extracted from the data, 40 keV for 13%Pr and about 50
keV for 13*La. The observed signature splitting is found
to correspond to the splitting of the two neutron signa-
tures at ¥ = —15° to —25°, Fig. 4, depending on the ro-
tational frequency, for both '3*La and '3%Pr. The bands
based on the unfavored signature of the proton are not
seen since they lie high above the yrast line due to the
large splitting. The results of the total Routhian calcula-
tions for these bands show minima at y ~ 0°, where the
calculated splitting is about 2 to 5 keV, much smaller
than the experimental values. A similar situation was

‘also reported in the articles about *32La [2] and 138Pm

[1].
B. The w[413]§ ® vh;,/2 band

In 13Pr a second, near yrast band, was observed. An-
other Nilsson orbital for protons near the Fermi energy
in this region is the [413]%. A possible configuration for
this band is the 7[413]3 ® vh;yy/2 with bandhead values
of K = 2 or 7. The value of < K >= 2, although fa-

" vored by the Gallagher-Moszkowski rule, is unlikely as it

would not result in a near yrast configuration. A low K
value could not explain the extremely weak E2 crossover
transitions in this band. Thus a value < K >= 7 was
used in the calculations. Using the same reference config-
uration parameters of the yrast band, the experimental
alignment and Routhians were obtained. The curve of i
as a function of w (Fig. 6) indicates the beginning of a
backbend. The experimental crossing frequency w. can
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be extracted from the mean value of the frequencies at
which i, starts to bend backward and again forward. Un-
fortunately, our observational limit is below the forward
bend due to the relatively low angular momentum of the
compound system. Thus we can only state an upper limit
of 0.31 MeV for the crossing frequency which is close to
the calculated value of 0.3 MeV for the crossing of the
hi172 proton orbital, indicating that the wh,;/5 orbital is
not blocked in contrast to the situation in the yrast band.
In this context we point out that the band assigned to the
#[413]3" configuration in '3°Pr [16] exhibits nearly col-
lective prolate shape, with the first backbend occurring
at 0.32 MeV.

The experimental signature splitting could not be de-
termined precisely (see Fig. 7) but it is certainly not
large. Total Routhian calculations performed with the
Vpo parameter [12] of —1 MeV for the n[413]2 ® vhyy)s
configuration show two competing equilibrium deforma-
tions, one at y ~ —70° and another near ¥ = 0°. However
an oblate shape (y ~ —70°) is unlikely as it would mean
decoupling of the neutron implying strong E2 transitions,
not observed experimentally.

We note here that Beausang et al. 1] have assigned
the 7r[413]%+ ® vhiyy, configuration to a band in *¥Pm,
which backbends at a rotational frequency of hw = 0.37
MeV. At low frequencies this band consists of two se-
quences of stretched E2 transitions of opposite signature,
in complete contrast with the second band seen in !3°Pr
in the present work (strong M1 and very weak E2 transi-
tions). The calculated total Routhians in '3Pm [1] lead
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to equilibrium shape for this configuration at y ~ —g5°,
i.e., collective oblate rotation. According to these authors
a value of ¥ ~ —40° is required in order to reproduce the
observed crossing frequency of Aw, ~ 0.37 MeV in the
7r[413]§®1/h11,2 band. Above the crossing frequency the
calculations of the total Routhians for both !3pP; and
138Pm show minima much closer to 7 ~ 0°. Thus the be-
havior of the [413]2 ® vhy,/, band in !3¢Pr on the one
hand, and 138Pm on the other hand, seems to indicate
that the addition of two protons at a neutron number of
N=T7T7 leads to a tendency towards oblate deformations.

V. CONCLUSIONS

The isotones '3*La and '3°Pr were investigated via
(HI,zn) reactions. The yrast bands were assigned the
whi1y2 ® vhyyys configuration. Cranking shell model cal-
culations predict equilibrium deformations at v ~ (°
with signature splitting much smaller than the experi-
mental values. In !3%Pr a second band was observed,
showing the beginning of a backbend. The n[413]2 ®
vhyys configuration was assigned to this band. The ex-
perimental crossing frequency of fuw, < 0.31 MeV is well
reproduced by the calculations for a prolate (y ~ 0°)
shape.

This work was partially supported by the Fundagio
de Amparo & Pesquisa do Estado de Sio Paulo and by
the Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico.
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The mh,,® vh,,; yrast band in the odd-odd nucleus “°Tb has been populated by the *2Mo (**Fe, apn)
reaction at 240-MeV incident beam energy. No previous spectroscopic information was known in this nucleus.
The present data fit nicely in the systematics of the N=75 isotones of La, Pr, Pm, Eu, and Tb (Z=57 to 65).

PACS number(s): 21.10.Re, 23.20.En, 23.20.Lv, 27.60.+j

In order to investigate neutron-deficient nuclei in the A
~140 mass region we have carried out a study of the Fe
+ °2Mo reaction at 240-MeV incident beam energy. The in-
cident beam was obtained with the XTU tandem accelerator
of the Legnaro National Laboratory, Legnaro, Italy. The
multidetector array GASP [1], consisting of 40 high-
efficiency Compton-suppressed HpGe detectors and the 80-
element BGO multiplicity filter, was used for obtaining
gamma-ray double and triple coincidence spectra. The 40-
telescope Si ball (ISIS) [2] permitted information on the type
and multiplicity of the charged particles emitted, while the
recoil mass spectrograph [3] allowed mass identification.
The target used was an ~1 mg/cm? thick **Mo foil.

Due to the fact that the efficiency of charged particle de-
tection of the ISIS ancillary detector is not 100%, the ob-
served charged particle (type and multiplicity) gated spectra
contain transitions from different channels. For example,
events from a2p (M*°Gd), a3p (*Eu), 2ap (En), and
the 2a2p (*°Sm) channels will appear in ap (**'Tb) spec-
tra, due to the escape from detection in the charged particle
array of one or more protons and alpha particles. The apn
events will also appear in the ap spectra, as there was no
neutron detection. Thus, one can represent each multiplicity

*Permanent address: Institute of Physics and Nuclear Engineer-
ing, Bucharest, Romania.

0556-2813/2000/62(2)/027302(4)/$15.00

62 027302-1

gated y-7y matrix as a weighted superposition of several in-
dividual channels, each with a weight proportional to the
intensities of gamma rays representing the particular chan-
nel. This leads to a set of linear equations which may be
solved to obtain linear combinations of the various spectra
which then consist of transitions belonging only to the given
channel of interest. We have used this technique to generate
“‘cleaned’’ spectra consisting of transitions from each indi-
vidual reaction channel corresponding to the various charged
particle multiplicities.

To illustrate the resulting ‘‘cleaned’” spectra in the
present case, we show in Fig. 1(a) the ap-gated -7 total
projected spectrum, obtained from the charged-particle (type
and multiplicity)-y-y cube. The gamma-ray peaks corre-
sponding to “°Gd (a@2p), *Eu (e3p), “'Eu (2ap), and
136Sm (2a2p) channels can also be seen in this spectrum, in
addition to the transitions in *'Tb and *Tb nuclei pro-
duced in the ap and apn channels. The (a2p) channel is
the strongest of these four channels, while the other three are
populated much more weakly. In Fig. 1(b) the contributions
of the peaks from channels other than ap and apn have
been clearly suppressed by the procedure described above.
For example, in Fig. 1(b) the strongest lines corresponding to
y ray transitions from the yrast band of '*°Gd («2p channel)
have disappeared, while those belonging to "“!0Tb (ap
and apn channels) are enhanced.

Of the various nuclei (Z=63 to 66; N=75 to 78) pro-
duced in this experiment, the 3p channel leading to '**Tb

©2000 The American Physical Society
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FIG. 1.
“Cleaned’”’ ap and apn spectra from which the contributions of

xayp (x,y=2) channels have been removed.

was the strongest one populated at the incident energy used
and the results on the high-spin structures populated in **Tb
were described in [4], where a more detailed description of
the experiment and the analysis of data may be found. We
report here the results on the apn channel leading to the
odd-odd nucleus *°Tb. No data on high-spin states were
known in 0Tb previous to this work. In spite of the fact that
the production cross section for this nucleus was about one
tenth that of *3Tb and about a third of the ap channel lead-
ing to Tb, it was possible to unambiguously assign
gamma transitions to *%Tb nucleus by ruling out the possi-
bility of these transitions belonging to *1Tb, based on the
mass-gated spectra. In Fig. 2(a) we present the spectrum of
gamma rays, obtained as a sum of gates on several gamma
transitions assigned to "°Tb from an analysis of the mass-
gated matrices. The spectrum in Fig. 2(b) was generated in a
similar manner, except for the fact that we started with the
““cleaned”’ charged-particle (type and multiplicity)-y-vy
cube, instead of the A-vy-vy cube, in order to obtain better
statistics.

The level scheme of Tb obtained from the present
work is shown in Fig. 3, while Fig. 4 presents the [7hq,
®vhyy,) band in 0Tb (Z=65) compared with the corre-
sponding bands in the odd-odd nuclei with Z=57-63, 132] 4
[5], 3*Pr [6-8], *°Pm [6], and '3*Eu [9]. One can see the
smooth behavior of the excitation energies among the 5 iso-
tones above the level with a spin and parity assignment of
(8%). This smooth trend would continue down one more
level, fed by the 118-keV v ray in '*°Tb which could then be
the assigned (77*) spin and parity, based on the DCO ratio of
the 118-keV transition [1.13 (20), see Table I]. This assign-
ment would then be consistent with the smooth systematics
of all the previous level schemes and spin assignments for
the [ why1p® vhy,] bands in the N=75 doubly odd iso-
tones. The only exception to this behavior would then be the
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Energy (keV)

FIG. 2. (a) Sum of gates on several transitions assigned to '“°Th
starting with (A= 140)-vy-vy cube. (b) Sum of gates on several tran-
sitions assigned to '“*Tb starting with the ‘‘cleaned’’ charged-
particle (type and multiplicity)-y-y cube.

level scheme of '>*Pr according to [8], where there is a cas-
cade of two gamma rays viz., 306.5- and 94.3-keV deexcit-
ing the (8%) level, instead of just a single y ray of M1
multipolarity. No (9*—77) transition has been observed in
the [7hy1,® vhqy,] bands in any of these nuclei, except in
the case of **Pr [8], where it was observed as a very weak
477.2-keV transition (<0.5%) and with only a tentative
placement in the level scheme. In addition there is disagree-
ment in the placement of the 306.5-keV gamma ray between
[6] and [8]. We also mention here that recently Liu et al. [10]
have published a systematic study of spin assignments of
low-lying levels in doubly odd nuclei around A~ 130. The

{171}
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FIG. 3. The level scheme of '“°Tb obtained from the present
work.
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authors base their conclusions on the argument that the ex-
citation energy of the levels in the [7h{;,® vhyyp] bands,
with the same assigned spin, in a chain of deformed doubly
odd isotones (isotopes) varies with the proton (neutron) num-
ber in a smooth way, and a deviation from this smooth trend
may imply a questionable spin assignment. They then go on
to consider that the correct spin assignment is that which
removes the deviation from the smooth trend. In the mass

TABLE L. Energy levels, transition energies, intensities, DCO
ratios, and tentative spin and parity assignments for the levels as-
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region of A~130, these authors suggest that the spins of the
levels of the [ 7h,® vhyy;,] bands may differ by one unit
from those shown in Fig. 4. Such a possibility cannot be
confirmed or overruled from the present data.

The energy levels, transition energies, intensities and
DCO ratios and tentative spin and parity assignments for the
levels assigned to the “9Tb nucleus are shown in Table L
The DCO ratios shown have been obtained with gates on
dipole transitions, and as such, one would expect a value of
1.0 for a dipole and 2.0 for a quadrupole transition for the

signed to the °Tb nucleus. ST 1T T T T T T T
a5t -
E, E; E, :
[keV] [keV] [keV] I I,  DCO ratio _ 4 o — . W N
1187 1187 0 (8H)—(7*) 100 113 (20) £ 35 3
1737 2924 1187 (9H)—(8*) 94 1.0 (1) 3 -
253.5 8054 5519 (11%)—(10%) 27 0.94 (13) 25k ]
259.5 5519 2924 (10T)—>(9%) 41 0.75 (8) R B S S T
317.6 14547 1137.2 (13%)—(12%) 10 1.03 (18) 3
3318 11372 8054 (12%)—(11%) 19 0.68 (17) i ]
3808 2217.9 18371 (15%)—(14%) 9 ~r _
3826 1837.1 14547 (14%)—(13%) 12 Wi ]
4050 26229 22179 (161)—(I15*) <5 e ! I§ 3
4332 5519 1187 (10T)—(8%) 6 o L . :3;2:'_0;) ]
513.0 8054 2924 (117)—>(9%) 7
5853 11372 551.9 (12%)—(10%) 12 1.89 (44) T P B T
6493 14547 8054 (13%)=(11*) 55 Fo5 o0 o502 025 03 035 04
699.8 1837.1 1137.2 (14*)—(12%) 5.1 fio (MeV)
7632 2217.9 14547 (15%)—(13%) 5.9
7859 26229 18371 (16")—(14") <5 FIG. 5. The experimental alignments i, and Routhians ¢’ for the
825.0 30429 22179 (177)—(15%) < 4 two signature components, viz. «=—1 and 0 of the yrast band of
140Tb.
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FIG. 6. The ratios of the reduced transition rates B(M1)/B(E2)
for the levels in the yrast band of “°Tb.

GASP geometry [4]. The experimental alignments i, and
Routhians e’ for the two signature components, viz., «
=—1 and O of the yrast band of 190Th were extracted by
using a frequency-dependent reference Ji¢=20.0+ 67.00*
(h? MeV™}), extracted from the data. These results have
been presented in Fig. 5. The signature splitting is less than
about 25 keV for rotational frequencies below fiw=0.3
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MeV, similar to that observed in the other isotones. This has
been attributed to a small amount of triaxiality (y~ ~10° to
—15°) in nuclei of this mass region.

From the intensities of M1 and E2 transitions in the band,
the ratios of the reduced transition rates B(M1)/B(E2) have
been obtained, assuming that the E2/M 1 mixing ratio & for
the AI=1 transitions is zero. It is found (Fig. 6) that the
ratios of the reduced transition rates are about 4.0
*1.5(uy/e b)2. Similar values have been found for the
other nuclei in the isotonic chain [6,9]. Also shown in Fig. 6
is the theoretical estimate of these ratios, obtained using the
geometrical model [11], for the 7hy,,® vh;, configuration
for K=6 (corresponding to w,=9/2; w,=3/2). A value of
K=17 (w,=5/2) leads to very similar results.

In summary, the yrast band has been located in the
doubly-odd °Tb for the first time. Its structure is very simi-
lar to corresponding bands in lighter doubly-odd isotones
with two high-j quasiparticles, pointing to the stabilizing ef-
fect of these quasiparticles on the y-soft cores.
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Lifetime measurements in 133Ce
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Lifetimes of low-lying levels in the one- and three-quasiparticle bands in **Ce have been measured using
the recoil-distance Doppler-shift technique. The E2 transition strengths extracted for the negative parity yrast
states are well described by the triaxial-rotor-plus-quasiparticle and the geometrical models, but the interacting-
boson-plus-fermion predictions are too small by about a factor of 3. The B(M 1) values extracted for the levels
in the positive parity three-quasiparticle band are consistent with the previous vk, ,® 7h ,® 7g4, configu-
ration assignment to this band. {S0556-2813(97)05403-4]

PACS number(s): 21.10.Tg, 23.20.—g, 25.70.Gh, 27.60.+j

The yrast and low-lying excited bands in odd neutron nu-
clei in the light rare earth region have been reasonably well
established in literature. On the other hand, experimental
data on transition probabilities are scarce, especially in the
side bands known from spectroscopic data. In most cases the
configurations assigned to these side bands are tentative and
information on lifetimes in these bands could lead to the
confirmation of these assignments.

In this work we report on lifetime measurements in
133Ce with the recoil-distance Doppler-shift (RDDS) tech-
nique. Data were obtained for both the vk, yrast band and
the positive parity side band previously assigned to the
vhy1p® wh,® Tg 7, configuration [1].

Levels in '*Ce were populated by the 2°Sn('°0,3n) re-
action at an incident energy of 70 MeV. The spectra were
measured using a BGO Compton suppressed HPGe detector
(22% efficiency, energy resolution =~2.1 keV) at 0° to the
beam, in coincidence with at least one of six 3’ X 3”’ Nal(TI)
detectors in a plane perpendicular to the reaction plane. The
target of enriched '?°Sn was prepared by evaporation of en-
riched metallic onto a thin Au backing which faced the inci-
dent beam. The thickness of the target (~1.0 mg/cm?) al-
lowed the recoiling nuclei to escape with an average velocity
of v=0.008c. The Pb stopper was of sufficient thickness
(~20 mg/cm?) to stop all the recoils. The measurements
were performed with a plunger device constructed in our
laboratory [2]. Spectra were obtained for 13 different target-
stopper distances from around 20 to 250 um. The target-
stopper flight distances were measured using the capacitance
technique and also with a precision micrometer. Data for
spectra at different flight distances were normalized using the
279 keV gamma line from the Coulomb excitation of the Au
backing. This was possible by using a separate output from
the HPGe detector without the coincidence condition with
one of the 6 Nal detectors. Figure 1 shows typical spectra.

In the analysis of RDDS data it is usual to fit the ratio of
the intensities of the shifted and unshifted components of a
gamma line as a function of the flight distance. Instead the
program LIFETIME [3], adjusts the lifetimes and the initial
populations of the levels to obtain the best fits to the mea-
sured unshifted and shifted intensities independently, as
functions of flight distances given a model for the time dis-
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tribution of the side feeding intensities. This enables extrac-
tion of lifetimes even in cases where one of the components
is difficult to extract within reasonable experimental uncer-
tainties, as it turned out to be the case in the present work.
The following corrections to the data were applied: position-
and velocity-dependent changes in the solid angle subtended
by the detector; effect of attenuation of alignment during
flight; emission of gamma rays during the slowing-down
time resulting in an energy distribution between the shifted
and unshifted energies. The possibility that the measured
zero target-stopper distance may not be the true zero was
considered by adding a term d to each flight distance. This
dy term is treated as a variable parameter in the program.
The value obtained for this real zero distance was 22.5
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FIG. 1. Typical spectra for two target-stopper distances (20 and
210u).
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FIG. 2. Relevant portion of the level scheme of **Ce.

*1.0 pm. Transitions from levels with 7~1 ps appeared
totally shifted at all distances, and this value is taken as an
upper limit in such cases. In modeling the side feeding tran-
sitions, a one-step side feeding was assumed where neces-
sary. The relative intensities of the gamma rays were taken
from previous work [1], where the same reaction and inci-
dent energy were employed. A separate measurement of the
spectrum with a thick target was made in order to verify that
the relative intensities agreed with the previous work at least
for the strong gamma lines. The side feeding intensities were
obtained from these relative intensities as the difference be-
tween the total intensity feeding and depopulating a given
level. No long-lived (7>>1 ps) side feeding transitions were
needed in order to fit the decay and growth curves. The de-
cay and growth curves for 14 transitions were fitted simulta-
neously. The total number of data points was 340 and the
number of parameters (initial populations and transition
probabilities) which were varied was 22. A reduced x? of 2.1
was obtained for the overall best fit to all the decay curves.
The uncertainties in the experimental data points (unshifted
and shifted intensities) include statistical and fitting errors
given by the peakfitting routine used [4]. The program
LIFETIME uses the least-squares minimization routine
MINUIT written by James and Roos [5] which includes the
error routine MINOS. MINOS finds the true positive and nega-
tive errors (confidence intervals) of a parameter by examin-
ing the behavior of the x? in the vicinity of its best value.
The value of the parameter is varied in steps, both above and
below its best value, and at each step, X2 1s reminimized by
varying all the remaining parameters. This process is contin-
ued until x? increases by one unit.

Figure 2 shows the level scheme used to obtain the final
results on the lifetimes, while samples of the resulting fits to
the data are shown in Fig. 3.

At the incident energy used, the 3n and the 4n channels
had about equal cross sections and thus it was possible to use
the known [6,7] lifetimes in '32Ce as a simultaneous check
on the measurements. The results obtained for levels in the
ground state band of '*’Ce are compared with earlier mea-
surements in Table 1.

The measured lifetimes for the levels in the yrast vh;;;,
band in *3Ce are compared with the predictions of the tri-
axial rotor plus quasiparticle model (PTR) [8] in Table II.
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7 4ol _
E 619keV 1269keV
m 3 L i i i i i s 1 i L
c
2 T T T T T T T T T T
£100 & E
ob @1 1 '
10 ¢ E ’
. E 170keV 954keV
1 ' L 2 i 1 ' i i A A i
0 100 200 300 O 40 80 120

Distance (um)
FIG. 3. Decay curves of **Ce.

Standard BCS parameters were used in the calculations;
A=0.92 MeV, Fermi level A=50.6 MeV and #w,=8.41
MeV, while the VMI parameters for the even-even core were
taken from the original work of Mariscotti eral [9];
Jo=69 (MeV) ™! and the  stiffness  constant
C=0.0061 (MeV)® giving for the core softness o=
1/2C J3=0.25. For the odd neutron the N=4 and 5 shells
were included and the « and u values were taken from stan-
dard tables (N=4, «=0.07, ©=0.39; N=5, x=0.062,
©#=043). The deformation parameters (e,=0.165,
€4,=0.019) were taken from the systematics of potential en-
ergy surface calculations for the N=75 isotones quoted in
[10]. It was necessary to employ a small ( y~—5°) triaxial-
ity parameter in order to reproduce reasonably well the ex-
perimental levels, but the calculated transition probabilities
were insensitive to the exact y value. We point out that the
rather large signature splitting (~70-~100 keV) seen in the
vhyy, yrast band has been taken as evidence for slightly
triaxial shapes (y=~—30°) in nuclei of this region at low
spins [1]. Also shown in Table II are the transition probabili-
ties calculated with the geometrical model of Donau and
Frauendorf [11]. The calculations were done with the same
deformation parameters as above. For the vhq,[541]9/2
configuration, K=9/2, g,=-0.24 and an alignment of 2%
were used. The collective g factor was taken to be Z/A.
While the results of both calculations are in close agree-
ment with the measured B(E2) values, the calculated
B(M1) values for the 13/2™ and the 15/27 levels are about
three times larger than the measured values. The experimen-
tal B(M1)’s were extracted assuming pure M1 transitions.
M1 transitions in rotational bands in this mass region are, in

TABLE 1. Lifetimes in '**Ce. Values of 7 are in ps.

J7 Ey (keV) Tpresent TRef.[4] TRef. [5]
2% 325 59+6 58+9 57+4

4t 533 5.5+0.6 = 5.4+1.0
6" 683 <1 = 1.0+0.5
8" 787 <1 1.0+0.2 <1
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TABLE I Lifetimes and reduced transition probabilities in the '**Ce v/, yrast band: (a) triaxial-rotor-

plus-quasiparticle model, and () geometrical model.

Transition probabilites

J7 J7 E, (keV) 7 (ps) Expt. a b
112~ 92~ 170 763 65+2 104 27 o
92" 555 17+3
1312~ 7.9+0.5 27 27 :
1172~ 385 45+4 162 106 b
11/2- 619 2+1
152~ 3.8+0.8 S0 52 50 :
13/27 235 56x15 209 175 b
N 752 =65
1712~ 13/ <1.0 72 68 :
192~ 1512~ 763 <10 =65 87 81 a

2B(E2) in Weisskopf units (W.u.).
®B(M 1) in milli-Weisskopf units (mW.u.).

general, nearly pure. Furthermore, PTR calculations predict
an E2 admixture of <10%. We point out that the decay y
rays from both these levels (385 and 235 keV, respectively)
have double placements in the level scheme [1]. For the 170-
keV (11/27 to 9/27) transition, the PTR predicts a larger and
the geometrical model a smaller B(M 1) than the experimen-
tal value. It should be pointed out also that, in the geometri-
cal model, the B(M1) values [and the B(E2) to a lesser
extent] are very sensitive to K, which is indirectly related to
triaxiality in a high-j single quasiparticle band. A value of
K=~2.5 would result in a reasonable agreement with the ex-
perimental B(M 1) values, but the B(E2) would be roughly
a factor of 2 too large.

Reduced E2 transition probabilities in the yrast band of
the even-odd Ce isotopes have also been calculated with the
interacting-boson-plus-fermion model (IBFM) [12]. Even
though the IBFM predictions reproduce the signature split-
tings observed in the low-energy region quite well, the cal-
culated transition probabilities for the yrast transitions, read
from Fig. 4 of [12], vary between 0.02 to 0.12 2 b? and thus
are a factor of about 2-3 too low compared with the results
of the present measurements. This is puzzling in the light of
the fact that IBFM seems to reproduce rather well the mea-
sured B(E2) values in the low-lying decoupled 7h,,, yrast
band in the proton odd neighbor '3!La [13].

The M1 transitions of the positive parity three-
quasiparticle band, which has been previously assigned to
the vhy1p®wh|1,® Tgq, configuration in [1], were rela-
tively strong. Such an enhancement in B(M1) values has
been observed in the case of mixed neutron-proton configu-
rations in other odd-N nuclei in this mass region. In addition,
it was possible also to obtain experimental decay curves for

TABLE III. Lifetimes in the **Ce three-quasiparticle band.

J7 J}T £, (keV) 7 (ps) Transition probabilities

17127* 15/2~ 1269 5.3%0.6 B(E1)=23 puW.u.
172 =

o 7/2+ 954] L sigs |BED=42 uWa
17/2 201 B(M1)=0.5W..

212 19/2% 159 5.3+0.6 B(M1)=1.1 W.u.

the interband transitions (954 and 1269 keV) connecting the
3gp band to the levels of the yrast band. As a result, reliable
lifetimes could be obtained for three of the lowest levels of
the K =15/2 band. The lifetime of the 15/2 bandhead could
not be determined as the interband 1305 keV transition was
very weak. These results are presented in Table III. In con-
trast, the data on the M1 transitions in the negative parity
three-quasiparticle vh,,® (7hy,2)* band (not shown in Fig.
2) indicate that these transitions are extremely rapid (7<1
ps).

The measured lifetimes of the 19/2* and the 21/2" levels
of the 3qp band correspond to B(M 1) values of 0.5 and 1.1
W.u., respectively. The geometrical model [11] predicts a
value of =05 Wuau. for this configuration utilizing
K=15/2, and the following input parameters for the
vhin, Thyp, and g4, quasiparticles, respectively; g fac-
tors: —0.24, 1.26, and 1.0; alignments: 2, 4, and 1#. The last
two quantities were obtained from experimental data. The
triaxiality parameter was set to zero, as this band does not
show any significant signature splitting.

Finally, the B(El) values extracted for the
19/27—17/27 and the 17/2* —15/27 interband transitions
are about 23 and 42 uW.u., respectively. Unfortunately data
are not available in other odd-N nuclei of this mass region to
compare with these E1 transition strengths.

To conclude, in !Ce, both triaxial-rotor-plus-
quasiparticle and the geometrical models reproduce fairly
well the measured reduced E2 transition probabilities in the
vhyipp yrast band. However, the agreement between the ex-
periment and the predictions is not good for the B(M1) val-
ues. IBFM predictions for the B(E2)’s, on the other hand,
are about 2-3 times smaller than the measured values. For
the positive parity three-quasiparticle band, the experimental
B(M1) values are of the same order of magnitude as the
geometrical model predictions.
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Lifetimes of low-lying levels in the A/=2 band built on the 7k, state in the Z-odd nucleus '3°Pr were
measured with the Doppler-shift recoil-distance technique. Reduced transition probabilities B(E2) were ex-
tracted in order to calculate the deformation parameters. These values were compared to theoretical results of
the total Routhian surface (TRS) calculations. While the quadrupole moments obtained for the 74 1172 excited
levels below the first backbend in *Pr are very similar to those of the *Ce core, TRS results predict a
quadrupole moment of about 50% larger for the core. [S0556-2813(98)04311-8]

PACS number(s): 21.10.Tg, 23.20.—g, 27.60.+j

The mass region A =130 has been of both theoretical and
experimental interest because nuclei in this region are ex-
pected to exhibit a soft behavior related to the shape asym-
metry parameter 7y. Various theoretical approaches can be
applied to this mass region and, in general, some properties
such as observed energy spacings can be reasonably well
predicted by more than one model. The band structures in
33pr [1], 5pr [2], and "Pr [3] were determined in previ-
ous measurements and compared with cranked-shell model
(CSM) predictions, with good agreement. They show some
common features: (i) there is a negative-parity AI=2 band
built on the 7h ;, orbit with strong E2 transitions connect-
ing the levels; (ii) in the positive-parity rotational band based
on the g, Nilsson orbit, there are several M1 transitions in
the low-spin part of the spectrum. More recently, Breiten-
bach et al. [4] have used the triaxial-rotor-plus-quasiparticle
model to describe the levels in !**Pr. In contrast, prior to this
experiment, no lifetime measurements concerning the low-
lying levels in the Pr nuclei were available in the literature.
However, there are some results related to the even-even Ce
isotopes. Husar ez al. [5] measured the lifetimes in the yrast
band of %B2134Ce and observed a strong reduction of the
E2 transition strengths with increasing neutron number. Kir-
wan et al. [6] measured the lifetimes in the yrast band of
132Ce; a pronounced drop in collectivity was observed in the
vicinity of the first backbend (I=12") due to the alignment
of a pair of &y, protons. Dewald et al. [7] determined the
lifetimes for the /=4*—16" states in *°Ce using the coin-
cidence plunger technique and concluded that the experimen-
tal B(E2) values could be well reproduced by calculations
based on the triaxial-rotor model (with 8,=0.26 and y
=21°) and the rotation-vibration model (with 8,=0.25).

*Present address: Departamento de Fisica, Centro das Ciéncias
Exatas e TecnolGgicas, Pontificia Universidade Catdlica de Sao
Paulo, Sao Paulo, Brazil.

TAlso at the Carrera del Investigador Cientifico of the Consejo Na-
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Argentina.
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In this Brief Report, lifetimes of low-lying levels below
the backbend in the AI=2 band built on the 7k, state in
Pr [2] were measured with the Doppler-shift recoil-
distance method (RDM). This method can be applied in the
range of 7~1 ps to several hundred ps and permits the de-
termination of model-free matrix elements for 7 transitions
in nuclei. The plunger apparatus employed in this experiment
was described in detail by Garcia-Bermudez et al. [8]. The
target-stopper separation was measured with a commercial
electronic linear measurement instrument (TESATRONIC-
TTA 60, supplied by TESA S. A., Switzerland) and was also
continuously monitored during the runs by means of the ca-
pacitance technique of Alexander and Bell [9]. This tech-
nique also allows the measurement of the zero distance (d,)
through the extrapolation of the linear part of the curve
showing the inverse of the capacitance as a function of the
target-stopper distance. The value of the zero distance was
obtained as (17.0=0.2) um. The quality of the target and
stopper plays a critical role in RDM experiments. In prin-
ciple, the shortest lifetime that is possible to measure de-
pends on the zero distance that target and stopper can reach
before touching. This distance is strictly related to the pla-
narity of the target and stopper surfaces. The target consisted
of =1.1 mg/cm® of Sb evaporated onto a =1.3 mg/cm® Au
foil backing. The stopper was a thick, polished Pb foil of
about 12 mg/ecm?, sufficient to stop both the recoil nucleus
and the beam. The target was stretched according to the pro-
cedures proposed in [10].

The 211235h( 16O,4n) 133.135pr reaction was performed at a
beam energy of 76 MeV, supplied by the TANDAR accel-
erator facilities. Single y-ray spectra were obtained with two
HPGe detectors placed at 0° and 157° to the beam direction.
The data analysis was performed for each detector, thus pro-
viding observation of the background region for the shifted
y-ray peaks, as well as giving two independent values for the
recoil velocity. The detector at the forward angle (32% effi-
ciency and energy resolution of 1.94 at 1333 keV) was po-
sitioned at 11.6 cm from the target, while the other detector
(40% efficiency and energy resolution of 1.85 at 1333 keV)
was at 15.6 cm from the target. The y-ray spectra were ac-

3726 ©1998 The American Physical Society
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FIG. 1. Relevant portion of the rotational bands in '*°Pr, as
proposed by Semkow et al. [2]. The bands are identified by (7, a)
numbers. The Nilsson configurations at Zw=0.0 is 7hy, 3/2
[541]. The experimental lifetimes measured in this work are related
to the 373, 660, and 854 keV transitions.

quired for 16 target-stopper separations ranging from 17 to
797 pm, in runs of typically 3 h.

The relevant portion of the rotational band in *°Pr, as
proposed by Semkow et al. [2], is shown in Fig. 1. In the
current experiment the lifetimes of the 373, 660, and 854
keV transitions, corresponding to the low-lying states of the
mhy, band, were measured for the first time. The 1000 keV
7y ray is contaminated by a transition of the same energy in
the '**Pr nucleus, produced in a competing reaction. An il-
lustrative spectrum, showing the intensities of the unshifted
and shifted peaks at various target-to-stopper distances is
presented in Fig. 2, for E, =373 keV.

The average recoil velocity relative to the velocity of light
was determined experimentally from the separation of the
shifted and unshifted peak centroids as B=v/c
=0.0096(5). In order to obtain the peak areas of the un-
shifted (/) and shifted (I,) v rays, it must be noted that the
unshifted peaks present a width characterized by the intrinsic
resolution of the detector, while the widths of the Doppler-
shifted peaks are broadened due to the spread in the recoil
velocities. The 7y spectra for all distances were normalized
using the 279.5 keV gamma line from the Coulomb excita-
tion of the Au backing. The computer code LIFETIME [11]
was used in order to correct the unshifted and shifted inten-
sities as a function of flight distances for all of the usual
perturbing effects [12] (such as changes of solid angle as a
function of recoil velocity and particle-detector distance, ef-
fects of alignment attenuation, and emission of vy rays during
the slowing down time resulting in an energy distribution
between shifted and unshifted energies).

LIFETIME treats the initial distance d, the initial popula-
tion of the feeding states, the transition rates of the interband,
and the side-feeding transitions as variable parameters and
performs a least-squares fit to the shifted and unshifted tran-
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FIG. 2. Unshifted and shifted y-ray peaks of the 373 keV tran-
sition at three target-stopper distances, respectively, from bottom to
top (d=57, 247, and 797 um).

sition intensities. The side feeding was modeled by one-step
transitions, and the associated parameters were included in
the least-squares analysis. The relative intensities of the side
feeding were given by the difference between the total inten-
sity populating and depopulating a given level. The best fits
obtained by LIFETIME are shown in Fig. 3. The measured
lifetimes and B(E2) values for the 373, 660, and 874 keV
transitions are shown in Table I. The transition quadrupole
moments in Table II have been deduced with the following
equation:

5 2 2
B(E2)= 2= 0XIK20/(I-2)K)?,

with K=3/2. The code TRS [13] was used for the purpose of
obtaining relevant properties of specified configurations near
the ground state by means of the energy minimization as a
function of the deformation parameters B8,, B4, and y for
each rotational frequency. This code performs calculations
based on the Woods-Saxon potential, Strutinsky formalism
(liquid drop with shell corrections), and self-consistent pair-
ing. In Fig. 4, examples of total Routhian surfaces for
some selected configurations of *Pr and '3*Ce are shown
for two rotational frequencies, illustrating the equili-
brium deformation below and above the backbending. For
the '*Pr nucleus, TRS predicts a neutron alignment between
hw=0.35 and 0.40 MeV [Figs. 4(a) and 4(b)], while the
experimental value [2] is at Aw=046MeV. The '*°Pr
nucleus changes its deformation from y=+30° (noncollec-
tive prolate shape) to a very large negative deformation y
=—30° (triaxial-collective shape). The neutron alignment
(gain of =10%) in **Ce is predicted to occur between £
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FIG. 3. Typical fits to the experimental intensities [ and I, as a
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and 854 keV transitions. Open circles denote the I, component
while solid circles stand for /. The fit was performed by LIFETIME.

== (.175 and 0.234 MeV [Figs. 4(c) and 4(d)], while the
experimental value (according to CSM calculations done
based on the data of Ref. [5]) is Aw= 0.38 MeV. The 3*Ce
nucleus changes from y==—~27° (collective prolate) to y==
—85° (noncollective oblate) as a consequence of the neutron
alignment. The most interesting feature extracted from the
comparison between TRS predictions and the experimental
results is related to the behavior of the quadrupole moment
Q, of the **Pr and the core '**Ce. TRS predicts that the Q,
values of 3°Pr (22 eb) and those of '3*Ce (3.4 eb)
should be very different. This is to be expected as the odd
proton in '3Pr polarizes the nuclear shape towards positive
7 values. On the other hand, the experimental values for both
nuclei are unexpectedly very similar, as can be seen in Table
II. The term called Q[®S, in Table II, was calculated from
the following expression:

TABLE 1. Lifetimes and reduced transition probabilities ob-
tained in this work.

E7 Texpt B(Ez)expt
(keV) (ps) (e*b?)
373 33+2 0.33+0.02
660 3.4+09 0.19+0.05
854 1.33+0.07 0.134=+0.007
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TABLE II. Experimental values of the quadrupole moments,
and those calculated by TrS for the *Pr and **Ce nuclei.

Nucleus J7 ‘expt ;FRS
(e b) (eb)
15/2~ 3.2%0.1
135ppa 19/2~ 2403 2.2
23/2° 1.98+0.05
2+ 3.3+0.2
34Ceb 4+ 2.44+0.01 3.4
6" 1.60%0.08

“Spins and parities from Ref. [2].
PErom Ref. [5].

6ZeA2/3 s 2/5 172
:=mr0'82 1+7 s B2 |cos(30°+ ),

where the 3, and y parameters were extracted from the TRS
predictions.
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FIG. 4. Total Routhian surfaces in the (8,,¥) plane for the
B35pr (a), (b) and **Ce (c), (d) nuclei. The black dots show the
location of minima. The contour lines stand for the total energy in
the intrinsic frame as a function of the deformation parameter 3,
and y. (@ Aw=0350MeV, minimum at S3,=0.190, g,
=—0.018, y=24°; (b) 2w=0.408 MeV, minimum at B8,=0.159,
B4=—0.019, y=—32°. The neutron alignment for 'Pr (Vhyp)?
occurs between (a) and (b), driving the nucleus to a very large
negative 7y deformation (triaxial-collective shape); (¢) Aw
=0.175 MeV, minimum at 8,=0.172, 8,= —0.017, y=—27°; (d)
Aw=0.234MeV, minimum at §,=0.172, B,=-0.009, ¥
=—85°. The neutron alignment '**Ce (vh,;,)? occurs between
(c) and (d), driving the nucleus to a very large negative y deforma-
tion (noncollective oblate shape).
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To conclude, the lifetimes of the low-lying levels (373,
660, and 854 keV) based on the 7k, band in '**Pr were
measured and compared with the even-even core B34Ce. Our
experimental results for the quadrupole moments show that
there is a decrease with frequency for the states below the
backbend (Table I), very similar in magnitude and behavior
to the quadrupole moments in 134Ce measured by Husar
et al. [5]. This may be due to changes in the deformation
parameters (f3,,y) because the band crossing has not oc-
curred yet. The theoretical predictions of TRS indicate that
the magnitude of Q, should be different for 135pr and *Ce.
Finally, we believe that the experimental results obtained in
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this work for '3°Pr encourage further measurements to inves-
tigate the electromagnetic transitions in the A= 130 region.
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Lifetimes of the decay from superdeformed to normal deformed in **Nd
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Lifetimes of low-spin members of the superdeformed band in '*Nd have been determined by the
Doppler-shift recoil-distance method. We find a quadrupole moment of 7.2%12 b for the 677 keV
(3I-3)) transition in the band, confirming the large deformation previously measured by the Doppler-

2 2

shift attenuation method. However, the quadrupole moment for the 620 keV transition deexciting the
3.324 MeV (—221) state at the bottom of the band is much smaller. We conclude that the superdeformed

potential-energy minimum disappears or the band drastically changes character at this point which

causes the sudden depopulation.

PACS pumber(s): 21.10.Tg, 21.10.Re, 23.20.Js, 27.60.+j

The spectroscopy of rotational bands with very large
prolate deformation—generally called superdeformed
(SD) bands—has made rapid progress in recent years. A
large number of such bands has been discovered in the
mass 130, 150, and 190 regions. However, the investiga-
tion of the decay out of the SD potential-energy
minimum has largely been unsuccessful up to now. The
first case where some of the transitions linking the SD
and normally deformed minima could be observed [1]
was in 13Nd; see partial level scheme of Fig. 1. In this
nucleus, the SD band collects about 10% of the intensity
flow near the bottom of the band and it was possible to
find several connections to the normally deformed states,
each with an intensity of about 1-2 %. In order to under-
stand the decay mechanism of the SD bands, it is impor-
tant to know the transition probabilities at the bottom of
the band and, if possible, for the linking transitions.
Doppler-shift attenuation method (DSAM) measure-
ments [2] in the mass 150 region, and recoil-distance
method (RDM) measurements [3] in the mass 190 region,
find that the collectivity remains high in the SD band all
the way down to the region where it decays out.

In a previous experiment [4] lifetimes were measured
for states with spins 7 > 4 in the SD band of *’Nd using
the DSAM. A constant average transition quadrupole
moment of Q, =7.41+1.0 b was deduced from these data.
It was also shown that the 677 keV (3-3) transition and

*Present address: Comision Nacional de Energia Atomica,
1429 Buenos Aires, Argentina.

fPresent address: Universidade de Sao Paulo, Sao Paulo, SP,
Brasil.

}Present address: LIGO project, Caltech 102-33, Pasadena,
CA 91125.
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all lower-spin transitions are emitted from fully stopped
nuclei when a gold-backed target is employed. This sug-
gests that the lifetimes (plus feeding times) at the bottom
of the SD band are in the picosecond (or longer) range,
requiring a RDM measurement.

In this Rapid Communication we report on a lifetime
measurement of lower-spin states of the SD band in **Nd
where it decays into the normally deformed states. The
RDM was used to measure the lifetimes. From these
data we determined transition probabilities, and for E2
transitions, both at the bottom of the band and for transi-
tions in the decay out of the band, we deduced transition

sD iBAND
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(965) GROUND BAND
H ]

FIG. 1. Partial level scheme of '**Nd showing the decay out
of the SD band.
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quadrupole moments. For comparison, the transition
probabilities of several transitions in the normally de-
formed ground band were also determined. In the
analysis of the previous DSAM experiment, the side-
feeding intensities and a model for the side-feeding life-
times had to be included. Furthermore, uncertainties in
the stopping power enter and limit the accuracy of the re-
sults. It was, therefore, an additional aim of this experi-
ment to obtain an independent determination of the de-
formation of the SD states in **Nd. Our experiment
confirms the large deformation for the lower-spin
members of the band. However, we find that the only ob-
served E2 transition out of the 3.324 MeV state (lowest
observed band member) has a considerably smaller @,
than the in-band transitions. This implies either that the
SD band terminates or that it drastically changes charac-
ter at this point.

Excited states in '>Nd were populated in the
1000Mo(“°Ar, 5n) reaction at 175 MeV, the beam being
provided by the 88-Inch cyclotron at the Lawrence
Berkeley Laboratory. A  self-supporting metallic
molybdenum foil of 1 mg/cm? thickness, enriched in
100Mo to 97%, was used as a target. Both the target and
a gold-stopper foil with a thickness of 11.6 mg/cm?® were
stretched and mounted in the Bonn recoil-distance device
[5]. The target-stopper distance was varied by three
piezoelectric motors with a precision of +1 ym. The dis-
tance was monitored continuously by capacitance mea-
surements. Gamma-ray coincidences were measured
with the HERA array of 20 Compton-suppressed Ge
detectors and an inner ball of 32 BGO scintillators. Ap-

LIFETIMES OF THE DECAY FROM SUPERDEFORMED TO...

R495

proximately 115X 10° coincidence events (at least 2 Ge
and 2 BGO detector signals were required) were recorded
at each of the five target-stopper distances of 10 (electri-
cal contact), 20, 40, 76, and 146 um. With the average
recoil velocity v/c =(2.4310.05) %, determined from
the energy separation of the shifted and unshifted peaks
in the y-ray spectra, these distances correspond to flight
times of 1.37, 2.74, 5.5, 10.4, and 20.0 ps, respectively.

In the analysis, a large number of -y coincidence ma-
trices were created, each corresponding to a particular
pair of angles for the Ge detectors, and a given target-
stopper distance. This was done in order to keep the full
energy resolution for the shifted peaks which appear at a
different location in the spectra depending on the Ge an-
gle to the beam. Therefore, the HERA detectors were
separated into five groups, each corresponding to similar
angles, whose average values were 37°, 51°, 90°, 123°, and
153°. With five target-stopper distances, a total of 75 ma-
trices was created. In the sorting, multiplicity and total-
energy cuts of K >14 and H > 1.6 MeV, respectively,
were applied. The resulting spectra contained predom-
inantly *Nd: about 60% of the '>*Nd events, but only
about 20% of the 'Nd events were suppressed by these
requirements. To obtain coincidence spectra, gates were
set on several clean transitions above the states for which
the lifetimes were to be determined. Therefore, side feed-
ing into the levels of interest did not affect the analysis.
Spectra with gates on different transitions, created from
matrices with the same angle on the projection axis, were
added to improve statistics.

Examples of the y-ray coincidence spectra for three
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FIG. 2. Coincidence spectra over the range
500-650 keV measured in forward (left) and
backward (right) detectors at three different
target-stopper distances. The spectra are sums
of gates at the shifted and unshifted positions
of the transitions at 603 and 677 keV and the
shifted positions of the transitions at 749, 817,
882, and 947 keV. Unshifted and shifted com-
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different target-stopper distances measured at forward
and backward angles are shown in Fig. 2. Peak areas
were determined by a standard fitting routine taking the
different widths of the shifted and unshifted components
of the transitions into account. Contaminants in the
spectra were identified in the following way: those at
shifted positions were found by comparing spectra
recorded at different Ge detector angles, those at non-
shifted positions could be identified due to their different
time behavior. In the cases presented in Table I, there
were spectra at enough angles to disentangle the effects of
the contaminants.

Theoretical lifetime curves were calculated and fitted
to the experimental intensity ratios R =I, 4./
(£ ynshine +1spire) by a program supplied to us by Emling
[6]. Examples are shown in Fig. 3. The transitions were
treated within one fitting procedure; therefore, the ratios
R had to be modified to take the different total intensities
of the transitions into account. This was achieved by
multiplying the ratios R of transition »n by
I (n) /114121 (603 keV). The in-band feeding times were
calculated from the quadrupole moments measured in the
previous experiment [4] using the DSAM. The lifetimes
of the states with spins between (%) and (3!) at the bot-
tom of the superdeformed band and of several states in
the normally deformed ground band in *Nd were ob-
tained. The data for the SD band are summarized in
Table I; those for the ground band will be given in detail
in Ref. [7].

The lower part of the SD band in **Nd collects an in-
tensity of about 10% of the total population of this nu-
cleus. This was the first case where decay pathways to
the normally deformed states were identified, and several
branches were observed with intensities of the order of
1% each. The data from the previous experiment [4] in
which a gold-backed target was used were reanalyzed and
an additional transition of 965 keV could be tentatively
placed into the level scheme (see Fig. 1). The ordering of
the 529 keV and the 965 keV transitions was chosen due
to the similar time behavior of the 529 keV and the 546
keV transitions observed in the RDM measurement. The
intensities of the different decay pathways were carefully
determined and with this information, transition proba-
bilities were calculated for the SD and the linking transi-

TABLEI. Lifetimes T, transition probabilities A, and quadru-
pole moments Q, of superdeformed states in '**Nd.

I; (#) T (ps) E, (keV) A {ps™h Q, (b

€ <0.22 749 >4.5 >6.7

aZ 0.311%20 676 3.2%12 72512

32 0.631338 603 1.635:¢ 6.829-%

z 14393 546 0.55%3:33 SR 0
529 0.1633:4¢

z 24137 620 0.08+9:%4 1.4%34
550 0.13*%3:83

‘Deduced from transition probabilities using the rotational
1 for the SD band.

model formula with K =
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FIG. 3. Decay curves of four SD transitions in **Nd. The
points are the normalized experimental data (see text); the
curves represent the fits to the data.

tions. For the E2 transitions, transition quadrupole mo-
ments can then be derived using the rotational model for-
mula. These quantities are included in Table I. In addi-
tion, the quadrupole moments are displayed graphically
in Fig. 4, where they are compared to the average Q,
value determined from the previous DSAM experiment
[4] for the higher-spin transitions in the band. The life-
time of the 749 keV (4-%) transition in the SD band
could not be determined in our experiment because it is
already fully Doppler shifted at the closest target-stopper
distance of 10 pm. This gives a lower limit for the transi-
tion quadrupole moment of 6.7 b, which is consistent
with the previous DSAM experiment [4].

The transition quadrupole moment of the 677 keV
(3-2) transition, Q,=7.2%}-2 b, is in agreement with the
previously determined [4] average value of Q,=7.4+1.0
b and confirms the large deformation of the SD band.
Using the relation Q,=0.004ZR?[(c/a)*—1]/(c/a)*"?,
we deduce an axis ratio ¢ /a of about 1.4 for the 677 keV
transition in the SD band of !*Nd, in good agreement
with values for other SD bands in this mass region
[8-11]. The drop in the Q, values of the 603 and 546 keV
transitions is not so significant, given the large experi-
mental uncertainties. However, it is interesting to note

. that the dynamic moment of inertia of the SD band,

which shows a rather smooth behavior over the whole
frequency range, rises sharply at the bottom of the band.
This fact was already interpreted [1] as a change in the
internal structure of the band at this point. A smaller
quadrupole moment of the 546 keV transition would sup-
port this interpretation.

A rather drastic change in the SD band is seen at the
3.324 MeV state. The only E2 transition observed so far

"deexciting this level is the 620 keV transition which has a

quadrupole moment of Q,=1.410.4 b, indicating a drop
in the B(E2) value of more than an order of magnitude
compared with the rest of the band. This Q, value is even
more than a factor of 2 smaller than the ones in the nor-
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FIG. 4. Transition quadrupole moments Q, of E2 transitions
with energies 620, 546, 603, 677, and 749 (only lower limit) keV
from this experiment (points with error bars). The lines give the
average quadrupole moments and uncertainties for the higher
spin transitions from a previous DSAM experiment [4].

mally deformed ground band [7]. The transition that
would continue the SD band from this state would be ex-
pected around 490 keV, but no such transition is seen. In
fact, any continuation of the band with the previous
quadrupole moment and a transition energy greater than
about 350 keV would be more intense than the observed
620 keV transition. No such transition is seen, indicating
either that the band does not continue or that there is a
large disruption in the energies of the band at this point.
It is this disappearance of the in-band E2 strength that
causes the fragmented decay out of the 3.324 MeV state.
The interesting aspect of this behavior is that it seems
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to be very similar to the usual decay out of SD bands.
These bands generally depopulate quite suddenly over
Jjust one or two levels and there has been much specula-
tion about what might cause this behavior. Simple mod-
els suggest that the deexcitation should be more gradual.
We have here the first direct information about this deex-
citation process, and it shows that the deexcitation is sud-
den. The discontinuity in the band may be connected to
the disappearance of the SD potential-energy
minimum—as our total Routhian surface calculations
suggest—or to another drastic change in character of the
band. - Of course, it is not clear that 13°Nd is typical for
the deexcitations of SD bands in general but at least in
this case we have learned that there is a sudden change in
the structure of the band at the deexcitation point.

In conclusion, lifetimes of low-spin states of the SD
band in !*Nd have been determined using the RDM.
The transition quadrupole moments within the SD band
are in agreement with a previous experiment using a
DSAM. However, the band is observed to change drasti-
cally at the 3.324 MeV state. The B(E2) value for the
620 keV E2 transition depopulating this level is more
than an order of magnitude smaller than that for the
transitions in the SD band. This is probably related to
the sudden depopulation of the SD band at this point.
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Lifetimes of levels in two doubly-decoupled bands of **Pr involving neutron intruder orbits have been
measured using Doppler-shift techniques. The deduced transition quadrupole moments are consistent with total
Routhian surface predictions for the suggested configurations of both bands. The negative-parity band with one
neutron in the 7,4, orbit has a much larger quadrupole deformation than the positive-parity band with a neutron
in the (f75/hop) orbit, reflecting the strong polarizing effect of the N=6 intruder orbit on the nuclear shape.

[S0556-2813(98)50109-4]

PACS number(s): 21.10.Tg, 21.10.Re, 25.70.Gh, 27.60.+j

The large amount of experimental information on de-
formed rotational bands in the A =130 region has revealed
several structures with enhanced moment of inertia and
quadrupole deformations of 8,~0.3-0.4. They correspond
to an ellipsoidal nuclear shape with a major-to-minor axis
ratio of 3:2. Cranking shell model (CSM) and total Routhian
surface (TRS) calculations [1] indicate that many of these
highly deformed (HD) rotational bands may be attributed to
the occupation of the N=6 neutron intruder orbits, believed
to have a strong polarizing effect on the shape of the nucleus.
As a consequence, it is expected that the bands which in-
volve two i3/, neutrons should be more deformed than those
with only one neutron in the i3, orbit. However, recent
accurate quadrupole moment measurements of the yrast su-

*Permanent address: Institute of Atomic Energy, Beijing, China.
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perdeformed (SD) band in *'Ce and the yrast and two ex-
cited SD bands in '*?>Ce using the Doppler-shift attenuation
method [2] have yielded very similar deformations for these
bands, leading to the conjecture that in the Ce isotopes the
equilibrium deformation of highly deformed bands depends
less on the N=6 intruder than on the greater stability of the
SD core at the Z=158 shell gap. Very recently, the quadru-
pole moments of several highly deformed bands in Nd and
Ce isotopes have been measured {3], which also showed no
clear dependence on the number of occupied intruder orbits.
Two bands of **Nd in which the i3, orbit becomes occu-
pied at high spin do not show the expected increase in de-
formation, a fact which was explained through the compen-
sation of the polarizing force of the wvi 5, intruder orbit
(which drives the nucleus towards larger deformation), by
the rotation-induced shrinking effect at high spins (which
drives the nucleus towards smaller deformation). The signifi-
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cance of intruder orbitals in determining the deformation has
recently been called into question by the observation of
strongly coupled structures based on a hole in the Nilsson
[404]9/2 orbit in ?*P'Pr [4,5] and PPr [6]. A recent
systematic investigation of the high-spin spectra of nuclei
in the A~135 region (Z=57-61, N=72-78), using the
configuration-dependent shell-correction approach with the
cranked Nilsson potential [ 7], has shown that the equilibrium
deformation of the superdeformed bands is strongly depen-
dent on the number of proton holes in the gq, orbit.

In the odd-odd nuclei of the A=130 mass region the
prevalent structures are the semi-decoupled deformed rota-
tional bands built on wh11p® VA1, T /dsp@ VR, and
Th11,® vgqp, configurations [8,9]. Above N=72, the occu-
pation of the deformation driving v(f7,h9,) and viys, in-
truder orbits becomes possible. Bands tentatively assigned to
configurations built on these orbits have indeed been ob-
served in *%La [10], 132Pr [11-13], **Pr [8,12], **Pm [14],
and *°Pm [15]. They are predicted by TRS calculations to
have an enhanced deformation. However, lifetime measure-
ments to experimentally demonstrate that the observed
doubly-decoupled bands have a larger deformation are very
scarce. The only lifetime results are from a fractional Dop-
pler shift analysis of a doubly-decoupled band in '**Pm [14],
where the authors conclude that in this band the odd neutron
occupies the [541]1/27 orbit of mixed Aoy, and f7, parent-
age, based on the measured quadrupole moment. Measure-
ments of transition quadrupole moments in the observed
doubly-decoupled bands of other odd-odd nuclei of the A
=130 mass region would help identify which of the avail-
able neutron intruder orbits are occupied in the bands of
different nuclei.

The present article reports on lifetime measurements in
139pr based on Doppler-broadened line shapes and centroid
shifts. The »Pr nucleus has one proton and one neutron
outside the Z=158, N=74 subshells and thus the potential
minimum at large deformation is shallower than in Ce (Z
=58, N=74). As a consequence, core stabilization by shell
gaps may be less effective in 134pr than in Ce nuclei, and the
shape driving effect of the vi 3, intruder orbit may have a
more pronounced influence.

The rotational bands in **Pr were populated through the
110pg (28Si, p3n) reaction, by bombarding a Au-backed
1 mg/cm? ''°Pd target with a 130-MeV 28Si beam provided
by the XTU tandem accelerator of the Legnaro National
Laboratories. The GASP array [16] with 40 Compton-

TABLE 1. Transition quadrupole moments and lifetimes for the
positive-parity doubly-decoupled band in “**Pr. The transition en-
ergies given are from the unshifted spectra at 90°. The relative
intensities are from Ref. [8], renormalized to 100% for the lowest
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suppressed HPGe detectors and the 80-element BGO inner
ball was used for coincidence measurements. The multi-
telescope light-charged-particle detector array (ISIS) [17],
consisting of 40AE-E Si telescopes, enabled the selection of
the reaction channels associated with proton evaporation.
Events were written on tape when three or more Ge detectors
fired in coincidence with at least four BGO detectors. A total
of 1.9% 10° triple or higher-fold Compton-suppressed events
was collected.

The Doppler-broadened line shapes for a cascade of six
transitions in the positive-parity doubly-decoupled band
were obtained for each of the seven rings of detectors (34°,
60°, 72°, 90°, 108°, 120°, and 146°) available in the GASP
array. The spectra_for the analysis were obtained from ma-
trices constructed selecting the coincidences between the de-
tectors of a specific ring and any other of the 40 detectors,
regardless of the angle, by setting narrow gates on a few
clean stopped transitions deexciting the lowest level of the
band. This technique avoided as much as possible the pres-
ence of contaminant peaks near the Doppler broadened tran-
sitions.

The negative-parity doubly-decoupled band is weaker in
intensity by at least a factor of 2 [12], and most of the tran-
sitions in this band, especially those with the higher energies,
appear shifted and hence are faster. Furthermore, no deexcit-
ing transitions from this band that could be used as gates
have been reported in the literature. Thus we have employed
the centroid-shift analysis, which in this case is the more
sensitive technique for extracting the quadrupole moment of
the entire band. For this purpose -y matrices have been
produced in which each axis represents detectors belonging
to the same ring. Since the transitions detected at 90° are not
subject to Doppler shifts, all of the in-band transitions were
used as gates on the 90° detectors, and the Doppler-shifted
spectra of the band at the various angles were obtained from
the & versus 90° matrices. Finally, the spectra showing the
Doppler-shifted transitions in the forward (34°) and the
backward (146°) ring of detectors are obtained as a sum of
gates on all the in-band transitions for the different angles
from the 34° vs 6 and 146° vs 6 matrices. From the differ-
ence in Doppler shifts at the forward and backward angles
the mean recoil velocity at which a given state decays is
obtained as

TABLE II. Energies and lifetimes for the transitions in the
negative-parity doubly-decoupled band in **Pr. The transition en-
ergies given are from the unshifted spectra at 90°. The relative
intensities are from Ref. [12], renormalized to 100% for the lowest
analyzed transition. 0, =6.3+0.4 ¢b and Q,,=3.3%0.5 ¢b.

analyzed transition. Q;=3.2+0.3 eb. E, (keV) 1, (%) 7 (fs)

EGe) L I o) o0 10090 ot T
822.8 100(10) 217 3.76(10) 430(23) 1064.6 77(7) 123(16)
882.4 53(6) 23* 3.80(10) 296(16) 1126.2 61(5) 87(11)
977.8 48(5) 25* 4.48(24) 126(14) 1202.0 43(4) 63(8)
1075.5 36(4) 27" 3.94(20) 102(11) 1290.0 38(4) 48(6)
1167.0 31(3) 29* 3.71(20) 76(8) 1385.0 34(3) 34(4)
1252.0 26(3) 31" 3.57(24) 58(8) 1486.0 17(2) 24(3)




RAPID COMMUNICATIONS

PRC 58 INFLUENCE OF VALENCE NEUTRON CONFIGURATION . . . R1369
1000 $ 600
ool 9TBkeV 34 1167 kev | 34
25 5 23 2927
800 500
700 +
600
jg 500
5 1000 T T T T 600 T T
0 0
5 978 ke Vo148 1671l l 146
w0l 5 -2 ' ol B
600 400
400 30

960 970 960 990

1140 160 1180

Energy (keV)

FIG. 1. Experimental and calculated line shapes for some transitions in the positive-parity doubly-decoupled band of *3*Pr for the forward
and backward ring of detectors. The arrows indicate the positions of the unshifted peaks.

B=[E,(34°)— E,(146°)]/2E,cos(34°).

The experimental results are then expressed in terms of the
fractional Doppler shift as

F(7)=(B!Bo),

where 3 is the initial velocity of the recoiling nucleus.

The analysis of data was performed with the codes
LINESHAPE [ 18] and FTAU [19]. Both codes are modified ver-
sions of the original program for Doppler broadened line
shape analysis by Gascon et al. [20]. This code is based on
the programs DECHIST and HISTAVER [21], which employ the
formalism of Currie [22] to simulate the velocity history (in-
cluding direction) of a series of recoiling nuclei, using Monte
Carlo techniques. The LINESHAPE code includes the least-
squares minimization routine MINUIT and the parameter error
analysis routine MINOS, developed at CERN [23]. The code
FTAU performs a two-dimensional y? minimization of the
experimental fractional Doppler shifts in terms of the as-
sumed spin independent parameters for the in-band and side-
feeding quadrupole moments.

Both the line-shape and the fractional Doppler shift cal-
culations were performed assuming rotational-band side
feeding for each of the levels of interest. The moment of
inertia of the side-feeding cascades was varied from 40 to
5542 MeV ™!, values found for the dynamical moments of
inertia (1(2)) of the highly-deformed bands of Pr, Pm, and
Nd nuclei (A=134-136, see, e.g., Fig. 4 of Ref. [12]), with-
out appreciable influence on the results. The side-feeding
intensities were obtained from previously measured [8,12]
in-band transition intensities (see Tables I and II), as the
difference between the intensities of the deexciting and
populating transitions for each individual level.

The slowing down of the Pr recoiling nuclei in the Pd
target and the Au backing was described with electronic

stopping powers using the shell-corrected Northcliffe-
Schilling parametrization [24]. This parametrization is con-
sidered to describe the stopping of Ce, Pr, and Nd nuclei
recoiling into Pd and Au at the recoil energy region of inter-
est [3,25]. Since both bands were populated in the same re-
action and have similar average excitation energies and the
recoiling nuclei are slowing down in the same target and
backing, systematic errors due to the parametrization of the
energy loss mechanism are largely eliminated, thus justifying
a direct comparison of the deduced quadrupole moments of
the two bands.

Figure 1 shows examples of the resulting line-shape fits at
forward and backward angles for transitions in the positive-
parity band of '*Pr. The best estimates of the in-band 0,
values and the corresponding lifetimes for the individual lev-
els are shown in Fig. 2 and Table I. A linear fit to the indi-
vidual quadrupole moments is also shown in Fig. 2, leading
to an average in-band Q, value of 3.9%0.3 ¢b. The corre-

6 T T T T T L

4 ‘_ & * :-

Q, (eb)

<Q>=39%03eb
Q. =32eb

sf

l Il 1 1 1 I i
18 20 22 24 26 28 30 32 34
I (7)

FIG. 2. Transition quadrupole moments as a function of spin for
the positive-parity doubly-decoupled band of **Pr. The horizontal
straight line is the average of the six Q, values ({Q,)=3.9 eb).
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FIG. 3. Doppler-shifted spectra of the negative-parity doubly-
decoupled band in **Pr, at forward and backward angles.

sponding side-feeding quadrupole moment obtained is O
=3.2%+0.3 eb. A centroid-shift analysis of the top four tran-
sitions of this band, which had short enough lifetimes,
yielded a value of Q,~Q ~3.2+0.4 ¢b. However, since
the line-shape analysis is more reliable than the centroid-
shift method for several of the lifetimes involved in this
band, we adopt the results from the line-shape analysis
shown in Fig. 2 and Table 1.

Figure 3 presents the Doppler-shifted spectra of the
negative-parity doubly-decoupled band at forward and back-
ward angles. The measured values of the fractional Doppler
shifts are compared in Fig. 4 with the F(7) versus E, curve
calculated with the computer code FTAU. The best fit to the
data, obtained with a x* minimization assuming a constant
quadrupole moment for the whole band, yields a value of
0,=6.3+0.4 ¢b for the in-band transition quadrupole mo-
ment with Q,,=3.3%0.5¢b. The relatively small quadrupole
moment of the side-feeding (~ 1/2Q,) is similar to the slow
side-feeding deduced for the isotone '**Nd [3,26].

Total Routhian surface calculations including quadrupole
and monopole pairing correlations have been performed for
both bands of interest. In these calculations the pairing field
1s calculated self-consistently and the Routhian is minimized
with respect to the deformation parameters 3,, B4, and y at
each step in frequency [27]. The expectation value of the
quadrupole operators Q,, and (Q,, are calculated using the
intrinsic wave functions at the minimum of the TRS calcu-
lations.

The configuration assigned to the positive-parity band
above the crossing at Aw~04 MeV is w(hp)’
Qv(fop,hopn) [8,12]. In the present TRS calculations the
minimum of the positive-parity configuration involving the
Sfan/hop orbit is at (B,,y)=(0.22,+11°). The quadrupole
moment calculated using the intrinsic wave functions is Q,
~3.5eb, about 10% lower than the average experimental
value of (QF)=3.9 eb.

M. N. RAO et al.
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FIG. 4. Fractional Doppler shifts vs transition energy for the
negative-parity double-decoupled band in '**Pr. The dashed lines
correspond to the upper and lower limits of Q, obtained for a re-
duced chi-squared value of anin-f-l.

The quadrupole deformation and the triaxiality parameter
for the m(hy1)3®viy3, configuration assigned to the
negative-parity doubly-decoupled band [12] are calculated to
vary smoothly from (8,,v)=(0.30,+3°) at low rotational
frequency to (B;,¥)=(0.28,+ 12°) at the highest observed
frequency. The calculated quadrupole moment decreases
from Q,=5.7¢b at Aw=0.45MeV to Q,=43¢b at hw
=0.85 MeV. Such a decrease of the quadrupole moment at
high spin has been recently discussed for the highly de-
formed bands of Nd and Ce nuclei [3], where the calcula-
tions were in very good agreement with experiment. In the
present case, however, the best fit to the data were obtained
with a constant in-band quadrupole moment of 6.3+0.4 eb.
The average calculated Q, for this band is about 20% lower
than this measured value.

In summary, the lifetime of levels in two doubly-
decoupled bands of the odd-odd nucleus **Pr have been
measured using the line shape and centroid shift methods.
The band involving the vi 3, orbit has a much larger defor-
mation than the one with a neutron in the (f7,/hqp) orbit,
confirming the predicted polarizing effect of the N=6 in-
truder orbit on the nuclear shape.
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The Dy nucleus has been studied with the Mo (**Fe, 2pny) reaction at 240 MeV incident energy. A
rich variety of structures was observed at high spin. The nearly spherical vh,;, I=11/2 isomer is the basis of
a negative parity irregular yrast structure which is observed up to /=>51/2. A positive parity band presenting a
large dynamic moment of inertia was observed, similar to the deformation enhanced vi;s, bands known to
exist in this mass region. However, we propose an alternative assignment for this band, namely the triaxial
collective minimum with 8=0.2 predicted by total Routhian surface calculations for a N, =4 quasineutron
excitation coupled to pairs of aligned quasiparticles. Another negative parity structure, with strong M1 and

weak E2 crossover transitions, was observed.

PACS number(s): 21.10.Re, 23.20.En, 23.20.Lv, 27.60.+j

1. INTRODUCTION

Neutron-deficient nuclei in the A~ 140 mass region dis-
play a rich variety of band structures. Axially symmetric
prolate shapes (y=0°) are favored for the Ay, quasiproton
excitations from the lower midshell in these nuclei with
y-soft cores. The quasineutrons, on the other hand, from the
upper part of this shell exert a driving force towards collec-
tively rotating oblate nuclear shapes (y=—60°, according to
the Lund convention [1]), resulting in shape changes in these
nuclei. The systematics of the strongly deformation driving
intruder orbital vi,3, [660]1/2% have been extensively in-
vestigated in recent years in several odd-N (N=73,77) nu-
clei in the mass 130-140 region (Refs. [2-10]). In **Nd a
g-factor measurement [11] for a positive parity band has con-
firmed the vi 3, configuration assignment. The experimental
data obtained up to now in several of these nuclei, including
in particular, the measured quadrupole moments, are consis-
tent with the prediction [12] of a quadrupole deformation of
B~0.35 for the vi 5, configuration, a value close to a prolate
nuclear shape with a 3:2 axis ratio. The decoupled vis,
bandhead energies and deformations of odd-N nuclei of this
region (Z=156-64) and (N=69-77) have also been system-
atically investigated using the Nilsson-Strutinsky method

[13].

*Permanent address: Institute of Physics and Nuclear Engineer-
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With a view to extend the systematics of the i3, band,
we recently performed an experiment to produce and inves-
tigate extremely neutron deficient Dy nuclei in the A= 140
region, by means of the **Fe+%Mo reaction at 240-MeV
incident energy. Of the various nuclei (with Z=63 to 66;
N=75 to 78) produced in this experiment, the 3p channel
leading to 3Tb was the strongest one populated at the inci-
dent energy used, and the results on the high-spin structures
populated in '3Tb were described in [14]. We report here
the results on the 2pn channel leading to the odd nucleus
3Dy which was among the six most intense channels popu-
lated in the experiment. No data on excited states of “>Dy
have been published previous to this work.

II. EXPERIMENTAL PROCEDURES

The high spin states in the odd-N nucleus Dy have
been populated by the *Mo (**Fe,2pnv)**Dy reaction at
240-MeV incident beam energy. The target used was an ap-
proximately 1.0 mg/cm? thick enriched (>97%) °*Mo foil.
The beam was provided by the tandem XTU accelerator of
Legnaro National Laboratories. Gamma rays have been de-
tected using the GASP array [15] composed of 40 Compton-
suppressed high-efficiency HPGe and the 80-element BGO
inner ball. The multi-telescope light-charged-particle detec-
tor array (ISIS) [16], consisting of 40 Si surface-barrier AE
—E telescopes, enabled the selection of the multiplicities of
the evaporated charged particles in coincidence with the ob-
served y rays. In order to permit the identification of the

©2000 The American Physical Society
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various masses produced in the reaction, the recoil mass
spectrometer (RMS) [17] was coupled to GASP. The
coupled GASP-RMS system has an intrinsic mass resolution
better than 1/300 and the average transmission efficiency in
this experiment was about 1% (efficiencies of this order of
magnitude are usual for charged particle emission reactions
and with relatively thick targets [18]). Events have been col-
lected on tape when at least two Compton-suppressed HPGe
detectors and two BGO detectors fired in coincidence. A
total of 1.3X 10° Compton-suppressed events was collected.
The data have been sorted into charged particle-y-7y, mass-
y-y and y-y-y cubes.

According to CASCADE code [19] calculations the follow-
ing cross sections were expected for the evaporation reaction
channels: about 100 mb for *3Tb, 40 to 60 mb for each of
142Gd, Wpy, 0Gd, **Tb, 20 to 30 mb for each of “'Tb
and Dy, about 10 mb for each of 37!3°Eu, 0Tb and 2
mb or less for Dy and others. These predictions are
roughly consistent with our experimentally observed yields.

Due to the fact that the efficiency of the charged particle
detection system is not 100%, the observed 7-ray spectra
gated by charged particle type and fold contain transitions
from higher particle multiplicity channels. We have used lin-
ear combinations of particle-gated -y matrices to generate
clean spectra consisting of transitions from each individual
charged particle multiplicity channel of the reaction. As neu-
trons were not detected, this procedure does not allow the
separation of the contribution of different neutron multiplic-
ity channels. The comparison with the mass-143 gated spec-
tra then permitted unambiguous assignment of several
y-transitions to the *3Dy nucleus (Fig. 1). Background-
subtracted spectra generated from those matrices were used
to construct the level scheme of '*Dy. The data were ana-
lyzed using the VAXPAK [20] and RADWARE [21] spectrum
analysis codes. The fully symmetrized y-vy-y cube was used
to construct 9~y matrices in coincidence with several transi-
tions in each observed cascade. This procedure is particularly
important for the weaker transitions (relative intensity below
about 3%), which can be confirmed only in the double-gated
spectra.

The assignment of the spins and parities to the “Dy
levels was based on the DCO (directional correlation from
oriented states) ratios. A y-y matrix was constructed by sort-
ing the data from the eight detectors positioned at the 72°
and 108° rings in the GASP array against the 12 detectors in
the 34° and the 146° rings. Gates were set on both axes on
several strong quadrupole transitions and the intensity of
other transitions observed in the two spectra has been ex-
tracted. If 1,(72°+108°) and 1.,(34°+146°) represent the in-
tensity of a transition when gating on the (72°+108°) rings
and (34°+146°) rings, respectively, the theoretical DCO ra-
tios

_17(72°+ 108°)

PO (3404 146°)

which one obtains, for the present geometry, are Rpco
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FIG. 1. Gamma-ray spectrum (not efficiency corrected) in coin-
cidence with the 530 keV line (}’Dy). (a) Gated with mass 143;
(b) gated with particle fold 2p. The peaks present in both spectra
can be assigned to 3Dy. Their energy is shown in keV. The other
peaks are contaminants from *Tb in spectrum (a) and Dy in
spectrum (b).

=1.00 for quadrupole transitions and Rpco=0.55 for pure
dipole transitions. Furthermore, A/=0 dipole transitions
yleld RDCO= 1.07.

III. RESULTS

The level scheme of YDy deduced from the present
work is shown in Fig. 2. It is consistent with the coincidence
relationships, intensity and energy balances from the
2p-gated matrix and double-gates of the y-y-y cube (except
for the cases explicitly mentioned below). The y-ray energies
and relative intensities of all the transitions assigned to Dy
are given in Table I, which also shows the DCO ratios and
the resulting spin and parity assignments. These assignments
are, however, all based on the assumption that the spin (par-
ity) of the level populated by the 495 keV transition is &,
which is inferred from systematics of the mass region and
from the close similarity to the level scheme of the isotone
141Gd [10]. The assignments without parentheses are, there-
fore, to be regarded as certain, from the DCO results, relative
to the spin of that state.

Due to the fact that the A7=0 dipole transitions yield an
Rpco ratio close to that of a stretched quadrupole, there is an
ambiguity of interpretation for the weak transitions (with
larger uncertainties). This is the case of the 514 keV transi-

064301-2
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FIG. 2. The level scheme of “*Dy. The energies of the y-ray transitions are given in keV. The width of the arrows is proportional to the

7y -ray relative intensity.

tion linking (together with the 1060 keV line) band 4 to the
2~ state. For this reason, another possible assignment
would be two units larger for all the states of band 4. This
ambiguity has no important consequence with regards to the
interpretation of this band, discussed below.

There are some alternatives with respect to the ordering of
the transitions in the weakly populated cascade presented to
the left of structure 1 in Fig. 2. They are presented in order of
decreasing relative intensity but other possibilities are con-
sistent within the experimental errors.

Figure 3 shows a sum of clean double gates of the posi-
tive parity band of 3Dy (band 4). The coincidence relation-
ships can be verified to be consistent with the observed spec-
trum. It is apparent from the figure that the sum of the
relative intensities of the 184 and 251 keV transitions which

decay from the (3 ) is significantly below that of the feed-

ing transition 221 keV, indicating that the (3 7) state is iso-
meric and/or its decay is fragmented in additional unob-
served lines. A similar situation happens with the lower
states of bands 5 and 6. The intensity balance of the %~
states shows a loss of observed intensity in the decays. The
order of the transitions is fixed, however, by the interband
transitions which are well established from the analysis of

the double-gated spectra.

IV. DISCUSSION
A. The negative parity bands

The nearly spherical vh;;, I=11/2 state is the basis of a
negative parity irregular yrast structure which is observed in
3Dy (band 2) up to I=51/2. The irregularity and the pres-
ence of dipole transitions within the cascade indicate a
weakly deformed structure. The transitions of structure 2 and
the linking transitions between structures 2 and 1 in Dy
have an almost one-to-one correspondence in *'Gd [10],
indicating a strong similarity between the negative parity
states. Similar states have been successfully described within
the IBFM+ broken pairs model [22] in **’Nd [8] and *°Sm
[9]. A stretched E2 cascade, band 6 appears to be yrast be-
tween spin [=23/2 and I=35/2. However, it is much less
intense than the main sequence (band 2), indicating that it is
not fed from higher spin yrast states. There is no clear cor-
respondence between band 6 and the negative parity struc-
tures in the neighboring isotones.

Another negative parity band (structure 1, above I=%),
with strong M1 and rather weak E2 crossover transitions is
a possible magnetic rotation band [23,24], based on the
[h112]* proton particle pair and [%;1,,] ! neutron hole con-
figuration. This type of band appears as a solution of the
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TABLE I. Gamma-ray energy, initial and final excitation energy, spin assignments, relative intensity and
DCO ratio for the transitions in **Dy. E; and E ¢ are the energies of the initial and final states corresponding
to each transition. The y-ray energies are accurate to *+0.2 keV rising to 0.5 keV for the weak transitions
and above 1 MeV. The relative intensities were obtained from the analysis of the 2p-gated background
subtracted (clean) matrix. The uncertainties given may be underestimated for the very weak transitions

(below about 3).

E, E; E; =17 I, DCO ratio
[keV] [keV] [keV]
(29.9) 1558.0 1529.1 (17/27)=19/2~ 0.19(3)
66.7 66.7 0.0 (12%)=(112%) 2(1)

112.7 6029.0 5916.2 0.32(3) 0.44(15)

122.1 432.7 310.6 —11/27 1.03)° 0.57(15)

1515 845.3 693.5 11727 —-11/27 0:02(3)

161.2 471.8 310.6 7127 —=11/27 0.36(8) 1.08(23)

183.8 2058.7 1874.9 19727 —=17/2~ 4.97(28) 0.52(7)

184.2 250.9 66.7 327 —(1/2%) 0.4(5) 1.18(15)

185.7 3851.9 3666.3 31/27—29/27 1.85(11)

198.7 1044.2 845.3 15727 —=11/27 0.07(6)

209.8 3248.2 3038.4 2712725127 11.11(43) 0.55(6)

2209 471.8 250.9 7127 —3/27 1.09(21) 1.3(2)

221.8 693.5 471.8 11727 —=7/27 1.84(17) 0.94(20)

236.0 3676.2 3440.3 31/27—29/2" 5.41(22) 0.61(5)

250.9 250.9 0.0 3/2” = (1/2%) 0.4(4) 1.08(15)

260.0 3133.3 2873.4 27127 —(25/27) 2.01(13) 0.60(13)

279.0 3651.0 3372.0 (29/27)—(27/27) 2.01(16) 0.59(10)

293.3 2234.7 1941.6 (21/27)—(19/27) 2.39(19)

307.0 34403 3133.3 29/27—27/27 12.3(5) 0.57(3)

318.0 2873.4 2555.7 (25/27)—(23/27) 3.42(24)

321.2 2555.7 2234.7 (23/27)—(21727) 5.29(36) 0.58(21)

324.2 4384.2 4060.0 35/27—33/2" 3.67(19) 0.45(18)

327.7° 3201.1 2873.4 —25/27 2.4(24)

333.2 5916.2 5583.1 1.02(10) 0.44(15)

350.7 1044.2 693.5 15/27— 11727 3.65(20)

356.7 3162.7 2806.0 (25/27)—(21/27) 2.1(6) 0.84(7) |

366.2 1409.4 1044.2 15127 —15/2~ 0.14(8)

370.9 52309 4859.9 (39727)—(37/27) 1.52(16) |

373.6 845.3 471.8 11727 —-7/27 2.08(23) 0.94(16) |

383.5 2442.2 2058.7 23/27—19/27 26.8(12) 0.97(12)

383.8 1941.6 1558.0 (19/27)—=(17/27) 5.7(6) |

383.9 4060.0 3676.2 33/27—-31/27 7.1(5) 1

418.4 3666.3 3248.2 29/27 27127 3.05(25) 0.66(9)

444.4 1941.6 1497.3 19/27 — 3.73(29) |

462.3 2312.0 1849.7 (23/27)—(19/27) 3.3(5) 1.19(13) l

467.6 4376.0 3908.4 0.74(26)

468.2 3908.4 3440.3 —29/27 3.9(4) !

475.6 4859.9 4384.2 (37/27)—35/27 2.51(21) I

487.5 2579.1 2091.6 (17724)—=(1312) 1.08(18) '

495.0 805.6 310.6 152" =11/2" 100.0(10)¢ 1.00(6)

501.1 2058.7 1558.0 19727 —(17/27) 5.6(5) {

504.5 2579.1 2073.3 (17/27)—19/27 0.21(14) 1

513.6 3104.0 2590.0 (2172%)—(2127) 0.88(21) 1.18(33)

524.9 3104.0 2579.1 (21/2%)—=(1712%) 4.2(5) 1.06(17) ‘

529.5 2058.7 1529.1 19727 —19/27 15.8(9) 1.17(7) 1

535.9 4387.8 3851.9 —31/27 2.19(29)

537.3 1581.5 1044.2 19/27—15/2~ 4.09(27) 1.12(11) ‘
i
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TABLE 1. (Continued).
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E, E; Ef IT—If 1, DCO ratio
[keV] [keV] [keV]
542.8 3676.2 31333 31727 =27/27 7.7(4) 1.19(15)
550.5 3713.2 3162.7 (29/2)—(25/2) 2.0(4)
557.2° 4465.6° 3908.4 1.49(15)
564.1 1409.4 8453 15727 —=11/27 3.20(28) 1.04(12)
571.3 3675.2 3104.0 (25/2%)y—=(2112%) 6.4(6) 1.25(20)
574.5 1497.3 922.8 5.3(7)
577.2 1009.9 432.7 1327 — 9.8(14) 0.57(11)
577.4 31333 2555.7 27/27—(23/27) 5.57(39)
596.3 30384 2442.2 25/27—23/27 17.1(7) 0.46(6)
603.7 3851.9 32482 31/2- =272 10.1(4) 0.92(10)
612.4 922.8 310.6 9.55(10)
613.9 2555.7 1941.6 (23/27)—(19/27) 8.5(6)
619.2 4060.0 34403 33/27—=29/27 2.26(23)
628.2° 3666.3 30384 29/27—25/2~ 1.61(29)
635.3 1558.0 922.8 (1727)— 4.4(5)
6372 43124 3675.2 (29/21)—(25/2%) 5.4(5)
638.7 2873.4 22347 (25/27)—(21/27) 8.4(6)
644.6 4232.1 3587.5 35/27—31/27 0.68(18) 1.14)
645.4° 3201.1° 2555.7 (27/27)—=(23127) 5.6(5)
650.1 2231.6 1581.5 23/27—19/27 4.01(34) 1.25(12)
658.0 3038.4 2379.3 25/27 —-23/27 1.90(22)
663.9 2073.3 1409.4 19727 —15/27 2.60(34) 0.95(13)
6719 3587.5 2915.6 312" 5272 1.9(4) 1.33(16)
676.4 2234.7 1558.0 (21727)—(17/27) 6.4(7)
682.8 2091.6 1409.4 (13/2%)—15/2" 0.9(4)
684.0 2915.6 2231.6 272" 2312 2.89(24) 1.2(2)
686.9 2760.2 2073.3 23/27—19/27 1.24(25)
700.2 1009.9 310.6 1327 —11/27 1.9(6)
706.2 2234.7 1529.1 (21/27)—19/2" 5.4(6)
707.3 5019.7 43124 33/27—=29/27 5.0(4)
707.9 4384.2 3676.2 35127 —31/2" 5.4(4) 1.15(13)
7227 4435.9 3713.2 (33/2)—=(2972) 1.3(4)
723.4 1529.1 805.6 19/2- —15/2~ 68.4(29) 1.08(4)
7314 70103 " 6279.0 47/27 —43/27 4.54(25) 1.1(2)
733.6 31757 2442.2 —23/27 5.1(6)
752.5 1558.0 805.6 (17727)—15/2 25.8(22)
753.8 31333 2379.3 27127 —23/27 12.2(8) 1.05(7)
762.6 5583.1 48204 —(31/27) 1.92(29)
769.4 6279.0 5509.5 43/27—39/27 6.06(31) 1.01(18)
773.5 5793.2 5019.7 (37/21)=(33127) 3.14(37)
799.8 4859.9 4060.0 (37/27)—33/2" 2.39(34)
803.6 4655.6 3851.9 3527 —31/27 10.6(5) 1.12(13)
821.7¢ 3201.1¢ 2379.3 —23/27 3.9(6)
8354 6628.6 5793.2 (41727)—(37/2%) 2.09(28)
847.1 5230.9 4384.2 (39/27)—35/2~ 3.41(35)
850.0 2379.3 1529.1 23/27 —19/27 30.5(16) 1.08(3)
854.0 5509.5 4655.6 39/27 35/2~ 7.35(38) 1.12(17)
858.4 52943 4435.9 (37/2)—(33/2) 1.00(21)
864.6 40403 3175.7 2.6(4)
865.0 1874.9 1009.9 1712~ —13/2" 4.1(7) 1.26(7)°
892.4 3271.6 2379.3 232" 3.7(6)
893.1 7903.5 7010.3 51727 —47/2~ 1.84(18) 1.16(28)
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TABLE 1. (Continued).

E, E; E; I7=I7 1, DCO ratio
[keV] [keV] [keV]

898.5 7527.1 6628.6 (4512 )= (41/2%) 0.81(25)

934.2 6165.1 5230.9 —39/27 3.48(30)

970.4 8497.4 7527.1 (49727 )—(45/2%) 0.24(22)
1044.1 1849.7 805.6 (19/27)—15/2" 5.4(19) 1.09(16)
1049.9 2579.1 1529.1 (17/2%)y—19/2" 2.3(5) 0.68(24)
1060.1 3372.0 2312.0 (27727)—(237127) 2.9(5) 0.61(9)
1060.1 2590.0 1529.1 (21727)— 19727 4.8(12) 0.35(16)
1069.4 1874.9 805.6 17727 —15/27 1.66(36)
1169.5 48204 3651.0 (31/27)—(29/27) 1.86(23) 0.55(16)
1276.9 2806.0 1529.1 (21/2)— 19727 1.5(6) 0.57(10)

#Gamma-ray below experimental energy threshold. Inferred indirectly from coincidence relations.
Observed intensity. Probable decay from isomeric state leading to underestimated value.

“Tentative gamma ray or level. Not shown in level scheme for simplicity.

9Sum of the intensities of the transitions feeding the 15/27 level: 1044, 752, 1069, and 723 keV, normalized

to 100.
¢Contaminated.

tilted axis cranking model applied to nearly spherical nuclei.
The particle and hole excitations tend to couple their angular
momenta perpendicularly. In order to generate higher spins
the angular momentum vectors of particles and holes gradu-
ally align, resembling the closing of a pair of blades. For this
reason this type of band is also known as a ‘‘shears band.”’
In Dy, the M1 band appears as a rather irregular band,
which is an exception among the neighboring isotones, and
may not be the expected band based on the shears mecha-
nism.

The B(M1)/B(E?2) ratios obtained for the levels of struc-
ture 1 are shown in Fig. 4. The levels below =% present
lower values for this ratio than the ones above, suggesting a
change in configuration. The E, =754 keV E2 imterband
transition was not considered in the calculation of the ratio
for the I=2% state. In '*'Gd [10] there are no M1 transitions,
observed below spin %, which connect the M1 structure to

the (4 7) state, as in band 1. The B(M1)/B(E2) ratios for

1600
525571

1400 4
Bond 4

1200 637 707 773

1000
800

Counts

600

400 |
200

0

1000

200 400 600 800 1200

Energy(keV)

FIG. 3. Sum of clean double gates for the positive parity band of
3Dy (band 4). The in-band transitions are indicated with arrows.
The linking transitions, as well as the low lying transitions fed by
the band can also be seen.

band 1 are relatively small (by a factor of 2-3) as compared
to those for the magnetic rotation bands of '*’Nd [8] and
1399m [24].

B. The positive parity band

A very regular structure consisting of stretched E2 tran-
sitions, presenting a large dynamic moment of inertia, was
observed in '**Dy (band 4). It is very tempting to assign to
this structure the vi;3, configuration, which is known to gen-
erate enhanced deformation bands in this region, in particu-
lar, in the N=77 isotones: '*’Nd [8], *°Sm [9], and *'Gd
[10]. However the TRS calculations which will be presented
in the next subsection indicate another possible interpretation
for "Dy which cannot be ruled out with the presently avail-
able experimental data. Figure 5 shows the dynamic mo-
ments of inertia for the positive parity bands of the N=77
isotones. Both *Dy and '3’Nd show very stable moments
of inertia around 60%%/MeV. The '*’Nd nucleus is the heavi-
est Nd isotope for which the transition quadrupole moment

BMMLYB(E) [n7/e’d’]
a4
I

192 2172 2372 25/2 2712 292 3172 33/2 3572 37/2 3912
1{h)

FIG. 4. Ratio of reduced transition probabilities B(M1)/B(E2)
as a function of spin for structure 1 in 4Dy,
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FIG. 5. Dynamic moments of inertia for positive parity bands in
N=77 isotones (circles **Dy, squares '*!Gd, diamonds '**Sm,
and triangles *7Nd).

of the vij3;, band has been measured. It has the least de-
formed i3, band of the Nd isotopes since the number of
neutrons is departing from the N=72 gap, whose role in
stabilizing enhanced deformations has been discussed in an
article by Kondev et al. [25].

C. Theoretical calculations

Standard total Routhian surface (TRS) calculations [12]
were obtained for the yrast positive parity configurations in
the N="77 isotones. The results, presented in Fig. 6, show an
interesting trend as one increases the number of protons from
Z=60 to Z=66. Besides the 8~0.3 minimum, with positive
¥, which has been assigned to the Nd i3, band, an addi-
tional minimum appears around 8~0.2, y~—30°, which be-
comes favored in '“*Dy. The configuration of this minimum
is based on positive parity neutron states of the N, =4 os-
cillator shell (from mixed vds;,,s1,,87 States on a spheri-

PHYSICAL REVIEW C 62 064301

Y=Basin(y+30°)

-
\ .‘1’ ///"
e/ A

J ‘\\\ ’{ \\\ 7
FulNSN y&a‘\)\ 7

FIG. 6. Total Routhian surface calculations for positive parity
configurations at Zw=0.5 MeV in N =77 odd nuclei from Z=60 to
Z=66: (a) "'Nd, (b) *Sm, (c) *'Gd, and (d) “’Dy.

cal basis, or [400]5*, [402]3 %, [404]3*, [402]3* and oth-
ers on the deformed basis) coupled to a broken pair of
intruder No.=5 (k) aligned protons. Also, the least ex-
cited Nooe=5 (from mixed gg,f7, states) neutron pair
gradually aligns in the frequency range of the band. This
minimum constitutes another possible interpretation for the
positive parity band of '*3Dy. It should be noted that due to
a compensation between the degree of collectivity and defor-
mation, the two minima should present rather similar mo-
ments of inertia.

The quasiparticle Routhians for a deformed Woods-Saxon
potential calculated for %’Dy are shown in Fig. 7. The de-
formation and the pairing gap parameters used were obtained
from the TRS results (above) at a rotational frequency of

FIG. A Quasiparticle
Routhians for 3Dy (a) quasincu-
trons and (b) quasiprotons with

deformation parameters corre-
sponding to the absolute minimum
of Fig. 3(d): 8=0.2, y=—-30°; (c)

quasineutrons and (d) quasipro-

tons with deformation parameters

corresponding to the vi;, local
minimum: B3=0.29, y=19°. The
line type indicates the parity and
signature (ma): solid (+,1/2),
dotted (+,—1/2), dashed (—,—1/
2), and dot-dashed (—,1/2).
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FIG. 8. Relative alignments for the positive parity bands of N
=77 isotones. A reference of I =0.06%w—6.5 was subtracted.
The circles, triangles, squares, and plus signs are the experimental
data for Dy, Nd, Gd, and Sm, respectively. The solid and dotted
lines are the TRS calculations for Dy and Nd respectively in (a),
and for Gd and Sm in (b).

hw=~0.5 MeV (for each of the two minima), but were kept
fixed at all frequencies. The vi 3, quasineutron state is out of
scale at low frequency in Fig. 7(a) and crosses with the low-
est N=4 positive parity state at w~0.7 MeV, while in Fig.
7(c) it is the lowest positive parity configuration above Aw
~(.15 MeV. It should be noted that the calculations corre-
sponding to the i3, minimum for Dy and ¥'Nd
quasineutrons are very similar, since they are isotones, and
the equilibrium deformations are nearly the same.

Figure 8 presents relative spin plots with respect to a lin-
ear reference (/.= 0.06/ w—6.5) which is a rough descrip-
tion of the "Dy data [Fig. 8(a)]. The relative spin for *’Nd
is about 5 units larger, with a little larger dynamic moment
of inertia (the slight upward slope observed). The TRS cal-
culations are also shown in the figure and are in very good
qualitative agreement with the experimental results for both
nuclei. The moment of inertia for Nd is larger than for Dy,
although this effect is overestimated in the calculation. The
spin for these two shapes at the same frequency is both cal-
culated and observed to be smaller in the heaviest isotone. In
addition, the Dy band is observed down to I=13/2, while in
Nd, I=19/2 was the lowest spin populated. The calculations
predict that the shape is stable (at the referred minimum) in
Dy in the frequency range from 300 keV to 500 keV, coin-
ciding very well with the range of the band observed experi-
mentally. In Nd the shape is calculated to be stable above
400 keV, roughly coinciding with the beginning of the ob-
served band at about 330 keV. The steep jumps in the theo-
retical plots correspond to sudden changes in the yrast equi-
librium deformation. For the other two intermediate isotones
(*°Sm, 'Gd) there is reasonably good agreement [Fig.
8(b)], and there appears to be a strong suggestion of a tran-
sition between the two deformation minima as predicted by
TRS calculations. However, the amount of the alignment in-
crease in the transition is overestimated. In summary, there is
a good overall interpretation for the positive parity bands of
the N=77 isotones assuming competition between the two
positive parity minima with the two distinct configurations.

PHYSICAL REVIEW C 62 064301

The general trends are predicted by the TRS calculations.

In the alternative assignment of the 7,3/, basic configura-
tion (and shape) for all of these bands, the behavior of the
relative spins (as in Fig. 8) could perhaps be explained by the
possibility that a pair of &y, quasiprotons align generating
the observed upward slopes in Sm and Gd. The crossing
frequency would be increasing from Z=60 to Z=66, as ex-
pected, since the proton chemical potential is being raised. In
this case the Dy band would be completely below the cross-
ing while that of Nd would be completely above. The 5 units
of spin difference would come from the alignment of the
quasiproton pair. Although this is a satisfactory interpreta-
tion, the predicted crossing frequencies of the 4y, proton
pair (from calculatiens of the same type as in Fig. 6) have
only a modest increase from 0.28 MeV to 0.38 MeV from
Nd to Dy. In Gd the quasiproton alignment has been consid-
ered ‘‘perturbed.’’ It appears to be delayed and to have an
unusually large interaction strength. The situation is, there-
fore, also not very clear.

In 'Nd the measured transition quadrupole moment is
consistent with the predicted 8~0.3 deformation, when the
positive y deformation (towards the noncollective shape) is
taken into account [26]. For '**Dy, a similar transition quad-
rupole moment is expected, since the negative v (in the col-
lective sector) compensates for the decrease in 3 deforma-
tion.

V. CONCLUSIONS

The high spin states of the very neutron deficient nucleus
of Dy have been measured for the first time. Among the
structures observed, there is a M 1 band, somewhat irregular,
and a very regular positive parity band presenting large dy-
namic moment of inertia. Two possible assignments have
been considered for the configuration of this band, with dif-
ferent deformations: one based on the i3, coupled to N,
=35 quasineutron states, and the other on low-j N =4
positive parity states coupled to high-j N,.=35 protons and
neutrons. We suggest that this second configuration could
also be involved in the perturbed positive parity bands of the
Gd and Sm isotones. It would be interesting to measure life-
times of the individual states of these bands. In order to
distinguish between the two possible assignments, a g-factor
measurement would be adequate, since they differ, among
other things, by a broken pair of protons. This is a very
difficult measurement, however, due to the weak relative in-
tensity of the gamma cascade and the short lifetimes ex-
pected.
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The 3Tb nuclens has been studied with the *2Mo (**Fe, 3py) reaction at 240-MeV incident energy,
extending the systematics of odd-A, N= 78 isotones to higher Z. For the yrast band, excited states up to a spin
of 59/27 have been observed. The first allowed backbend occurs at a rotational frequency of #ew
=0.38 MeV. Three- and five-quasiparticle structures were identified, similar to those seen in lower mass N
=178 isotones. Two of these structures have characteristics typical of mixed proton-neutron oblate configura-
tions with one pair of aligned 4, neutrons. In addition, two bands consisting of stretched E2 transitions have
been observed with no known analogous structures in neighboring nuclei. The results are discussed in terms of

the cranking model. [S0556-2813(99)03310-5]

PACS number(s): 21.10.Re, 23.20.En, 23.20.Lv, 27.60.+j

I. INTRODUCTION

Neutron-deficient nuclei in the A=~ 130-140 mass region
display a rich variety of rotational band structures. Axially
symmmetric prolate shapes (y=0°) are favored for these
nuclei with y-soft cores, for the k,,, quasiproton excitations
from the lower midshell. The quasineutrons, on the other
hand, from the upper part of this shell exert a driving force
towards collectively rotating oblate nuclear shapes (v
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=—60°, according to the Lund convention [1]), resulting in
shape changes in these nuclei. ,

In odd-Z nuclei cranked shell model (CSM) calculations
predict that, as the nuclear shape changes from prolate to
oblate, the first allowed %/, proton crossing frequency rises
while that of the k,,/, neutron crossing falls. The alignments
of a pair of allowed protons and neutrons can occur at similar
rotational frequencies, giving rise to shape coexistence ef-
fects.

Systematics for several N=78 odd-proton nuclei, '*’Pr
(2], "*°Pm [3], and "'Eu [4], including both prolate and
oblate nuclear shapes are available in the literature. The pro-
late nuclear shapes involve one k,y, proton at low spin, and
at higher spins, the [7/,,]° configuration due to the align-
ment of the second and third k,,, protons. Three quasiparti-
cle configurations 7h,,®[vh,15)* with collective oblate
shapes induced by quasineutron alignments have also been
observed in these nuclei. In addition to the bands of negative
parity, bands believed to be built on positive parity three
quasiparticle configurations, viz., [7dsp, mg1,]®[whyy)?
have been seen. Moreover, CSM calculations predict con-
figurations involving protons and h,;, neutrons with
collective oblate shapes, with five quasiparticles. Possible

©1999 The American Physical Society
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configurations, such as  whyp®[ vhp)? @[ TEanl%
7rh11,2®[vh11,2]4, and 7Th1]/2®[Vh11/2]3® V8n have been
tentatively identified in these works.

The present work is an extension of the systematics of
N=178 isotones to the **Tb nucleus with Z=65. The lowest
three transitions (520.8, 674.0, and 771.9 keV) in the yrast
band were known previously [5]. A preliminary level scheme
extending to ~4.3MeV had been obtained earlier by the
Milan-Padova group [6]. In the present work, information on
high spin states in this nucleus has been obtained up to an
excitation energy of 10.1 MeV. Several rotational bands
have been identified which resemble previously observed
structures in other isotones with Z=59, 61, and 63.

II. EXPERIMENTAL PROCEDURES

High spin states in the odd-Z nucleus '*3Tb have been
populated by the *>Mo(**Fe, 3py)**Tb reaction, at 240-
MeV incident beam energy. The 3p channel was the stron-
gest channel populated in this experiment, which had as an
objective the search for the first excited states of the
B-delayed proton emitter '*'Dy [7]. The target used was an
approximately 1.0mg/cm? thick enriched **Mo foil. The
beam was provided by the tandem XTU accelerator of Leg-
naro National Laboratories. vy rays have been detected using
the GASP array [8] composed of 40 Compton-suppressed
high-efficiency HPGe and the 80-element BGO inner ball.
The multitelescope light-charged-particle detector array
(ISIS) [9], consisting of 40 Si surface-barrier AE-E tele-
scopes, enabled the selection of the multiplicities of the
evaporated charged particles in coincidence with the ob-
served vy rays. In order to increase the detection sensitivity
and permit the identification of the various masses produced
in the reaction, the recoil mass spectrometer (RMS) [10] was
coupled to GASP. The coupled GASP-RMS system has an
intrinsic mass resolution better than 1/300 and the transmis-
sion efficiency in this experiment was about 1%. Events have
been collected on tape when at least two Compton-
suppressed HPGe detectors and two BGO detectors fired in
coincidence. A total of 1.3X 10° Compton-suppressed events
was collected.

III. RESULTS

The data have been sorted into charged particle-y-v,
mass-y-y, and also charged particle-mass-y cubes. Matrices
were then obtained with appropriate conditions on the par-
ticle type and multiplicity to select the events associated with
the 3p channel and mass 143. This procedure permitted un-
ambiguous assignment of several newly observed 7y transi-
tions to the *Tb nucleus. In order to enhance the different
band structures seen in “*Tb, fully symmetrized y-y-y cubes
were used to construct -y matrices in coincidence with the
strongest transitions in each observed regular sequence.
Background-subtracted double gated spectra generated from
these matrices were used to construct the level scheme of
3Th. These matrices were analyzed using the VAXPAK [11]
and RADWARE [12] spectrum analysis codes. Examples of
some gated spectra are displayed in Fig. 1.
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FIG. 1. Double-gated coincidence spectra for bands 1, 2, 3, and
5 in 3Tb with gates set on several transitions in each structure.
Bands 3a and 3b, spectrum gated on the 867.5-keV transition; band
5, the multiple peak at ~772keV appears due to contamination of
v rays of similar energies in the gate.

y-ray cascades were assigned to Tb on the basis of
coincidence relationships, relative intensities and the system-
atics of odd-Z N=78 isotones. The intensities of the transi-
tions were determined from the total projection of the matrix
produced by gating the charged particle-y-y cube on the 3p
channel. The sum of the relative intensities of all the transi-
tions feeding the 520.8-keV, 15/27 level was normalized to
1000.

The assignment of the spins and parities to the '*Tb lev-
els was based on the DCO (directional correlation from ori-
ented states) ratios. A -y matrix was constructed by sorting
the data from the 8 detectors positioned at the 72° and 108°
rings in the GASP array against the 12 detectors in the 34°
and the 146° rings. Gates were set on both axes on several
strong quadrupole transitions and the intensity of other tran-
sitions observed in the two spectra have been extracted. If
1,(72°+108°) and 7,(34°+ 146°) represent the intensity of
a transition when gating on (72°+ 108°) and (34°+ 146°)
axes, respectively, the theoretical DCO ratios

o 1720 +108%)
PEOT T (34°+146°)

which one obtains, for the present geometry, are Rpco
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=1.00 for quadrupole transitions and Rpco=0.55 for pure
dipole transitions. Furthermore, AI=0 dipole transitions
yield Rpco=1.07.

The y-ray energies and relative intensities of all the tran-
sitions assigned to '*3Tb are given in Table I, which also
shows the DCO ratios and the resulting spin and parity as-
signments. The level scheme of **Tb deduced from the
present study is shown in Fig. 2.

The lower part of the band labeled 2a is the favored sig-

nature of the yrast band, while band 2b (extreme right-hand
25 —

side of the Fig. 2) formed by the cascade of 875.6- [(5
— 4], 807.4- (BT —=%7), and 677.2keV (£ —47)
transitions, is the unfavored component of the wh,,, decou-
pled yrast band, which depopulates through the 541.1-keV
transition to the 11/27 level.

DCO ratios determined the E2 character for the transi-
tions deexciting the levels shown with definite spins and
parities in the cascades la, 1b, and 2a. The assignment of the
spin and parity of &~ to the 1423.8-keV level populated by
the 668.9-keV transition in band 1b could be independently
confirmed based on the following arguments.

(i) The 229.0-keV dipole transition, linking this level to
the %2~ level of band 2a sets a minimum possible spin of %,
while the 882.7-keV E?2 transition, linking this level to the
541.1-keV L~ level of band 2b sets a maximum spin of %
and negative parity.

(11) This assignment is corroborated by the E2 character
of the in-band (1b) transitions together with the dipole char-
acter of the 903.1-keV linking transition between cascade 1b
and the ground state band (2b). The DCO ratios for the other
linking transitions between these two bands which could be
obtained from the present data (897.8 and 536.1 keV) are
also consistent with the spin assignments shown. The spin of
the lowest level of the cascade of quadrupole transitions b
has been assigned to be %~ consistent with the DCO ratio
(0.92x0.08) of the 635.6-keV transition feeding this level.
This level deexcites to the 3~ ground-state through the
253.7- and 534.5-keV transitions. It is not possible to con-
firm the ordering of the 253.7- and the 534.5-keV transitions
on the level scheme. Above the 3~ state at 3979.7 keV, a
weakly populated, AI=2 cascade (1a) is seen, consisting of
658.0, 783.3, 802.3, 871.0, and 1040.3-keV transitions.

A discontinuity in the main yrast sequence (band 2) is
observed around 2.8 MeV, where two bands (labeled 2a and
3) are built on two distinct & ~ states, which depopulate into
the mh,,, ground state band through the strong 778.3- and
867.5-keV E2 transitions, respectively. These two bands
show very different rotational characteristics. The negative
parity band 2a built on the lower £~ level, is a A7=2 band.
On the other hand, the structure labeled 3a and 3b, above the
higher 22—7‘ level, has strong M1 and weaker E2 transitions
and decays into the ground state band also through the 89.4-

g2, 4551- (2~>27), and 661.7-keV (3L~
—3L7) transitions. Band 3 was observed up to spin 37, at
the energy of 8750.9 keV and shows a pronounced backbend
around spin %~
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The structure labeled 4 consisting of the four sequences of
transitions 4a, 4b, 4c, and 4d, decays to levels of both signa-
ture partners of the g.s. band through several high-energy
(1288.9, 1116.0, 1014.8, 951.7, 733.0, and 709.1 keV) tran-
sitions with about 5-10 % relative intensities. Similar stru-
tures have been observed in the neighbouring odd-proton
nuclei, ¥7Pr, 3°Pm, and '*'Eu, which are based on positive-
parity configurations linked to the negative-parity ground
state band through E1 linking transitions [4]. In analogy, we
assign positive parity to the levels of structure 4. The E1
multipolarities assigned to the two linking transitions, 1116.0

and 951.7 keV, both (3" —27) are consistent with their
DCO ratios. The structures 4c and 4d probably consist of
AI=2 sequences and the rather irregular sequences 4a and
4b are composed, at their lower part, of fairly strong E2
transitions and above spin 3 *, of strong M1 transitions.
The 118.1-, 219.5-, and 155.7-keV transitions deexciting the
structures 4a, 4b, and 4d into the lowest excited states, have
relative intensities of 1.75, 17.4, and 10.1 %, respectively,
and their placements and ordering in band 4 have been un-
ambiguously established on intensity arguments and the link-
ing transitions to the yrast band. The 219.5-keV transition
has DCO=0.56=*0.02, consistent with its assigned £1 mul-
tipolarity.

A weak stretched E2 band, labeled 5, was observed up to
9.3 MeV excitation energy. This band decays to the level at
2302.5 keV in band 4 with the spin assignment of 2%, by
means of the 636.8-keV transition, which has a DCO of
0.92£0.14 and thus has a quadrupole multipolarity. The spin
of the 2302.5-keV level is based on the DCO ratios of the
strong deexciting transitions to the unfavored component of
the yrast band.

IV. DISCUSSION

The experimental Routhians and alignments (i,) shown in
Figs. 3 and 4 as a function of rotational frequency (fw), were
calculated according to the standard procedure described in
Ref. [13], with the Harris parametrization [14] of the mo-
ment of inertia Jp=12MeV 'A% and J,=25MeV 3#4,
used in the case of the neighboring nucleus *'Eu [4]. The
quasiparticle Routhians for a deformed Woods-Saxon poten-
tial calculated for Z=65 and N =78 are shown in Fig. 5. The
deformation parameters used (8,=0.18, B,=00, y=
—30°) were chosen in accordance with the total Routhian
surface (TRS) calculations [15] for the 7k, configuration.
The pairing gap parameter was calculated self consistently
for =0 and was kept fixed for other frequencies. The low-
est quasiproton energy levels of negative parity are labeled
A, B, C, and D; and those of positive parity (g7, mdsp),
E, F, G, and H. Similarly, the lowest quasineutron energy
levels of negative parity are labeled a, b, ¢, and d.

A. The yrast band

Bands 2a and 2b are yrast at low spin and can be associ-
ated with the mh |, favored and unfavored signature part-
ners A and B, respectively. TRS calculations predict a tri-
axial shape (yy= —27°) for this configuration, which reflects
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TABLE I. Energies, spin assignments, relative intensities, and DCO ratios for the y-ray transitions in
3Tb. The y-ray energies are accurate to *0.3 keV rising to +0.5keV for the weak transitions. E; and E,
are the energies of the initial and final states corresponding to each transition.

E, E, E,
[keV] [keV] [keV] I7—=I7 I, DCO ratio

89.4 2834.5 27452 272" 2712 48(2) 0.73(19)
118.1 1927.4 1809.4 19727 —17/2~ 17.5(6) 0.57(10)
122.1 51912 5069.2 3712% - (35/2%) 3.0(1)
145.8 5337.0 5191.2 39/2% 372 29(1) 0.61(5)
146.0 2834.5 2688.7 27127 25127 1.1(1)
152.7 3231.1 3078.6 (272H—=272% 6.1(2)
155.7 2302.5 2146.7 23127 5212+% 101(3) 0.56(2)
167.5 5108.7 4941.2 39/27—=37/27 "40(1) 0.57(4)
175.7 5337.0 5161.2 39/21 372" 16.6(5) 0.53(3)
207.7 3407.0 3199.6 31727 —=29/2" 99(3) 0.61(1)
211.2 3996.5 3785.3 3.02)
215.6 4212.0 3996.5 2.4(1)
219.5 2146.7 1927.4 212 192" 174(5) 0.56(2)
229.0 1423.8 1194.8 17127 —19/2~ 6.6(3) 0.63(10)
251.2 5804.8 5553.6 43127 —41/2" 38(1) 0.55(3)
253.7 788.0 534.5 13727 — 22(1) 0.51(5)
267.3 788.0 520.8 132~ —15/2" 13.3(6) 0.72(8)
268.4 5989.6 5721.2 4312 412+ 47(1) 0.57(2)
271.6 2582.4 2310.8 2312+ 212+ 8.2(4) 0.77(13)
280.0 2582.4 2302.5 23/2% —23/2" 5.7(2) 0.72(15)
288.9 2688.7 2399.7 25127 —23/27 6.9(3)
290.8 4664.0 4373.5 352t —33/27 13.2(4) 0.52(8)
307.7 4287.3 3979.7 35/27—33727 3.7(2)
321.6 6445.5 6124.0 45/2% 4372+ 8.7(3) 0.52(11)
341.0 4941.2 4600.3 37127 —35/27 18.9(6) 0.71(6)
365.2 3199.6 2834.5 2972727127 171(5) 0.57(2)
369.4 5145.0 4775.6 39/27 —=37/27 4.0(2)
380.9 8790.0 8409.2 3.6(2)
384.3 5721.2 5337.0 412+ 302+ 78(2) 0.54(3)
389.6 3468.2 3078.6 2972 —27/27F 15.8(6) 0.36(9)
392.0 1927.4 15354 19/27—17/27 10.1(4)
392.5 7734.4 7342.2 51/27 —49/2~ 3.002)
402.8 6124.0 5721.2 4327 —41/2% 34(1)
403.0 2705.5 2302.5 25/2% 2312+ 58(2) 0.53(4)
411.3 6773.8 6362.6 47/27 —45/2" 9.13) 0.59(21)
423.2 8409.2 7986.0 —53/27 7.6(3)
430.8 7336.9 6906.1 —47/2* 17.3(6)
434.6 6033.7 5599.1 43727 —41/27 6.8(3)
434.8 2834.5 2399.7 27127 —23/27 9.7(4)
444.8 5553.6 5108.7 412~ —39/2" 60(2) 0.49(3)
446.4 43324 3886.2 35/27—33/2" 75(2) 0.50(3)
448.5 6938.3 6489.8 47727 —45/2~ 2.8(2)
450.1 6895.6 6445.5 —45/2% 9.3(3)
455.1 3199.6 27452 29/27—=27/2" 15.2(6)
4559 6445.5 5989.6 45,27 - 4372* 44(1) 0.50(5)
460.7 6906.1 6445.5 4712+ — 4512+ 26(1) 0.48(7)
4759 3979.7 3503.8 33/27—31/27 11.3(5)
479.2 3886.2 3407.0 33727 —-31/27 167(5) 0.57(3)
484.2 2786.8 2302.5 25/2+ 2312+ 32(1) 0.60(9)
485.3 2796.1 2310.8 (2521)—>21/2* 13(1)
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TABLE L. (Continued).
E, E, E,

[keV] [keV [keV] =17 I, DCO ratio
497.3 5161.2 4664.0 37/2% 352" 16.1(6) 0.48(7)
503.7 19274 1423.8 19/27 17127 16.6(6) 0.82(10)
507.5 8916.6 8409.2 3.4(2)

510.0 3588.5 3078.6 29/2F 27127 19(1) 0.68(10)

514.0 9430.6 8916.6 4.1(3)

518.1 8252.5 77344 (53/27)->51/2~ 14.3(6)

520.8 520.8 0.0 1527 =11/2 (1000)* 0.92(2)

527.5 5191.2 4664.0 3723527 18.4(6) 0.71(7)

530.8 1072.0 541.1 15/27—>13/2~ 27(1) 0.67(12)

534.5 534.5 0.0 —11/27 22(1) 1.02(11)

536.1 3281.3 2745.2 29/27—27/2" 35(1)

541.1 541.1 0.0 13/27—>11/27 171(4) 0.43(3)

543.2 7033.0 6489.8 47/27 —45/27 1.6(3) 0.70(17)

558.0 6362.6 5804.8 4527 4312 37(1) 0.52(6)

566.8 3797.7 3231.1 3121 —(272%) 21(1)

568.1 7342.2 6773.8 49127 —47/2~ 18.9(6)

572.5 3407.0 2834.5 3172 —=27/27 72(2) 0.96(6)

575.8 4373.5 3797.7 332 —31/2% 11.7(4) 0.71(12)

585.7 3785.3 3199.6 —29/27 17(1)

588.2 2399.7 1811.6 23/27 —(19/27) 15(1)

591.2 1809.4 1218.3 1727 =172~ 4.4(5) 1.02(7)

592.5 3281.3 2688.7 29/27—25/2~ 111(3) 1.02(4)

596.2 2688.7 2092.6 25/27 =212~ 86(3) 0.89(6)

604.1 3186.5 2582.4 (2721)=23/2* 12.2(5) 0.72(15)

608.9 4941.2 43324 37/27—35/27 27(1) 0.69(9)

614.6 1809.4 1194.8 17/27—19/2~ 6.8(5)

617.2 1811.6 1194.8 (19/27)—19/2~ 7.2(5)

631.6 6230.7 5599.1 43/27 —41/27 2.5(2)

635.6 1423.8 788.0 1727 —=13/27 60(2) 0.92(8)

636.8 2939.3 2302.5 27/2% 5 23/2% 8.5(5) 0.92(14)

643.8 7986.0 7342.2 53/27—49/2~ 8.2(4) 1.04(17)

652.4 5989.6 5337.0 43/2% -39/2* 19(1)

658.0 5448.1 4790.2 39/27 —=35/27 12.6(5) 0.85(15)

661.7 3407.0 . 27452 31727 =27/127 57(2) 1.17(7)

665.3 3604.6 2939.3 312 52712 7.6(4) 1.05(23)

668.9 2092.6 1423.8 21727 —17/2~ 81(3) 1.03(5)

672.5 5448.1 4775.6 39727 —>37/2” 13(1)

674.0 1194.8 520.8 19727 —=15/2~ 808(25) 0.96(3)

677.2 1218.3 541.1 17/27—13/2~ 122(4) B

686.6 3886.2 3199.6 33/27—29/27 11.0(5) 0.77(11)

696.2 5804.8 5108.7 43/27—39/2~ 69(2) 1.01(8)

697.7 1218.3 520.8 1727 —15/2~ 54(2)

698.4 3979.7 3281.3 33/27—=29/27 121(4) 0.97(3)

709.1 19274 1218.3 19127 —17/27 124(4) 0.77(4)

714.2 4600.3 3886.2 3527 —33/27 20(1)

719.1 3797.7 3078.6 31/2%—2712% 27(1) 0.96(15)

721.9 2688.7 1966.9 25127 —=23/27 27(1) 0.82(14)

732.9 3919.4 3186.5 (31/2%) = (27/2*) 6.8(4) 1.43(43)

733.0 19274 1194.8 19/27—19/2~ 50(2) 1.15(13)

736.6 1809.4 1072.0 1727 —15/27 5.6(4)

739.1 1811.6 1072.0 (19/27)—15/2~ 13(1)

747.2 4351.8 3604.6 3527 31727 10.5(5) 0.96(10)
054304-5
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TABLE 1. (Continued).

E E; E

[keV] [keV [keV] 17 1, DCO ratio
758.5 3503.8 2745.2 31727 —27/2" 112(4) 1.07(3)
771.7 3568.2 2796.1 (29/2%)— (25/2+) 20(1) 0.94(11)
771.9 1966.9 1194.8 23/27—19/27 615(19) 1.01(2)
776.1 3078.6 2302.5 27/2* - 23/2% 82(3) 1.00(3)
7763 5108.7 43324 30/27—35/2" 6502) 1.19(7)
778.3 27452 1966.9 27127 2302 305(9) 1.16(6)
782.6 62307 5448.1 430273972 13(1) 1.71(21)
783.3 42873 3503.8 35273172 75() 1.27(6)
784.8 43735 3588.5 33/2% 202" a1(1) 0.96(24)
785.0 43532 3568.2 (33/2+)— (292%) 1)

7813 51612 #3735 372+ 332+ 23(1) 1.31(51)
788.2 788.0 0.0 13/27—11/27 35(2)
795.9 4775.6 3979.7 37273312 91(3) 0.96(5)
801.7 3588.5 2786.8 2072+ —25/2* 3.2(2) 1.31(26)
802.3 7033.0 6230.7 4712 —43/27 22(1) 0.97(12)
807.4 2025.6 1218.3 21727 —17/27 22(1) 0.91(19)
810.5 4790.2 3979.7 35/27—33/2" 13.2(6) 0.60(9)
817.4 5191.2 4373.5 3772t —33/2% 16.9(6)
823.4 5599.1 4775.6 41727 =372 54(2) 1.15(7)
832.1 4751.5 3919.4 (35/2)—(31/2%) 13.4(6)
837.7 5191.2 43532 3772+ (33/2%) 10.1(4)
844.4 5196.2 4351.8 39/2* —35/2* 14.7(6) 0.84(15)
857.7 5145.0 4287.3 39/27—35/2" 55(2) 0.95(5)
866.5 4664.0 3797.7 35/2% —3172% 27(1)
867.5 2834.5 1966.9 27127 —23/27 232(1) 1.01(3)
871.0 7904.1 7033.0 5127 —47/2" 14.9(6) 0.79(12)
875.6 2901.2 2025.6 (25/27)—>21/27 11.0(6)
880.3 4287.3 3407.0 35/27—31/27 6.7(4)
882.7 1423.8 541.1 17/27—13/27 8.5(5) 1.29(18)
883.0 3588.5 2705.4 29/2* —25/2* 15.5(6) 1.36(41)
888.6 6033.7 5145.0 13727 =391 24(1) 0.90(4)
890.8 6489.8 5599.1 45/27 —41/27 35(1) 1.12(10)
897.8 2092.6 1194.8 212" —19/2" 30(1) 0.77(8)
903.1 1423.8 520.8 172"~ 152 37(1) 0.60(5)
904.7 6938.3 6033.7 47727 —43/2" 27(1) 0.90(4)
905.3 4373.5 3468.2 33,2t —29/2* 20(1) 0.90(11)
919.7 6115.9 5196.2 43727 —39/2% 9.8(4) 0.89(15)
925.3 43324 3407.0 35/27 —31/27 58(2) 1.02(9)
928.6 3231.1 2302.5 (2712*)—23/2* 15.7(6)
951.7 2146.7 1194.8 21721 - 1972 33(1) 0.54(10)
960.4 7734.4 6773.8 51/2-—47/2" 30(1) 1.05(7)
968.8 6773.8 5804.8 12— 4302 6002) 1.02(4)
974.3 7912.7 6938.3 51727 —47/2~ 17(1) 1.00(13)
974.5 70003 6115.9 (4712 )— 432" 6.6(4) 0.72(18)
979.6 73422 6362.6 49127 24512 9.7(4) 0.99(21)
994.6 15354 541.1 17127 —13/27 14(1)
1014.8 1535.4 520.8 1712~ —15/2" 12(1) 0.71(17)
1016.6 8750.9 7734.4 55/27 —51/2" 6.6(3) 1.06(20)
1029.7 7519.5 6489.8 49/27 —45/2~ 17.1(6) 1.02(12)
1040.3 89443 7904.1 55/27 —=51/2" 11.7(5) 1.42(30)
1054.9 4941.2 3886.2 37/27—33/27 60(2) 1.07(11)
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TABLE 1. (Continued).

E E; E

[keV] [keV [keV] - I DCO ratio
1058.4 8971.1 7912.7 55/27 —51/2~ 10.0(5) 1.28(20)
1058.4 8971.1 7912.77 55127 —51/2~ 10.0(5) 1.28(20)
1063.1 8153.5 7090.3 (51/2+)—>(47/2+) 3.1(3)

1116.0 2310.8 1194.8 2112+ 1972~ 48(2) 0.50(4)
11322 8651.7 7519.5 53127 —49/2~ 6.2(4) 1.17(17)
11553 10126.4 8971.1 (59127 )—>55/2" 7.5(4)

1176.6 9330.1 8153.5 (55/2+)—>(51/2+) 1.9(2)

1183.4 5069.2 3886.2 (35/2+)—>33/2_ 7.4(5)

1193.5 4600.3 3407.0 35/27 —31/27 16(1)

1288.9 1809.4 520.8 17/2=—15/2~ 76(3) 0.73(12)

2Sum of the relative intensities of y rays feeding the 520.8-keV level.
®The quadrupole nature of the y ray was obtained from angular distribution data.

the tendency to more triaxial shapes as the number of pro-
tons rises in the Ay, subshell. The *°Pm isotone, for ex-
ample, is quoted to have y~—15° [3]. This is a possible
explanation for the fact that the signature splitting is rather
constant in the Z=159 to 65 isotone systematics. For a con-
stant deformation the signature splitting would be expected
to decrease as the less aligned h{,, orbits are populated.
The experimental ratio of the reduced transition probabili-
ties B(M1)/B(E2) for the 1218.3-keV, I~ level in band

2b, obtained from the relative intensities of the 697.7- and
the 677.2-keV transitions, assuming negligible mixing for
the M1 v ray, was =~0.13 (see Fig. 6). Somewhat larger
values, but within an order of magnitude, have been pub-
lished for the lower levels in the unfavored partner of the
h 115> yrast bands in *’Pr and '#'Eu [2,4].

The first allowed proton bandcrossing BC can probably be
associated with the gain in alignment of about 6 % (which is
a reasonable value for the alignment of the B and C qua-

2 “3Th

Excitation Energy (MeV)

FIG. 2. The level scheme of “*Tb obtained from the *?Mo(>*Fe,3p y) reaction at 240 MeV.
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FIG. 3. Experimental quasiparticle (a) alignments and (b)
Routhians for the negative parity rotational bands in *3Tb. The
following symbols are used: Filled circles, band 1a; open circles,
band 1b; filled squares, band 2a; open squares, band 2b; filled tri-
angles, band 3a; and open triangles, band 3b.

siprotons), observed to occur in band 2a around #w
=0.38 MeV. However, an additional upbend of ~4 units is
observed at a slightly higher frequency (Aw=0.44 MeV). A
double backbend, due to the simultaneous alignment of a
pair of Ay, protons and a pair of %y, neutrons has been
observed at #w=0.43 MeV in the yrast band of 13%pm, with
a total increase of =~14#%, and with a triaxiality parameter
stabilized around y=—15° [3]. In *'Eu, on the other hand,
only the BC crossing is observed as a sharp backbend at a
frequency of 0.37 MeV [4]. Thus the situation in **Tb does
not resemble that in either of these two isotones. We tend to
believe that the additional upbend in band 2a may not corre-
spond to the ab quasineutron alignment, since a higher align-
ment would be expected for quasineutrons at y=—27°. In
addition, a change in deformation towards the oblate shape is
expected to be induced by the ab quasineutrons modifying
the band characteristics. We note that an upbend of a few
units of # in the 0.4-0.5 MeV frequency range is observed
also in bands 1a, 1b, and 5, in addition to band 2a.

B. Three- and five-quasiparticle oblate configurations

We assign the tentative configuration Aab and Bab with
an oblate deformation for the signature partners 3a and 3b,
respectively. Both the reduced signature splitting and the

PHYSICAL REVIEW C 60 054304

i(h)
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FIG. 4. Experimental quasiparticle (a) alignments and (b)
Routhians for the positive parity rotational bands in '“*Tb. The
following symbols are used: Filled circles, band 4a; open circles,
band 4b; open squares, band 4c; filled squares, band 4d; and tri-
angles, band 5.

strong M1 transitions are evidences for this assignment. As
discussed also in Ref. [4], the polarization forces of the ab
quasineutrons drive the 7-soft shape towards y=~—60°,
where the splitting between the AB quasiprotons is small,
and the approximately perpendicular coupling of protons and
neutrons results in a coherent addition of the components of
the magnetic moment responsible for M1 radiation, thus en-
hancing the M1 transition probabilities. The large initial
alignment of the band is consistent with the presence of the
ab aligned quasineutrons. Bands with these characteristics
have been seen in several neighboring odd-proton, N=74,
76, and 78 nuclei. (see, for example, *"'*La [16,17],
133.137p¢ [18,2], '*Pm [3], and *!Eu [4]). The experimental
B(M1)/B(E2) ratios for the signature partners 3a and 3b are
shown in Fig. 6 along with those obtained for the other ob-
served configurations in **Tb in the present work. These
ratios have been deduced assuming negligible mixing in the
M1 transitions. As can be seen from this figure, the present
B(M1)/B(E2) values scatter between ~ 1 to 25 (uy/e b)2.
Predictions based on the semiclassical model of Donau and
Frauendorf [19], for K values of 4,%, below and above the
crossing, respectively, are also shown in this figure, as solid
lines. These ratios have been published for the (whjz)
® (vhyyp)? configuration in **’Pr [2] and **'Eu [4] and vary
between approximately 10 and 100 (wy/e b)2.
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Quasi-neutron Routhian (MeV)
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FIG. 5. Quasiparticle Routhians as a function of rotational fre-
quency in “*Tb for (a) neutrons and (b) protons (8,=0.18, 8,
=0, y=—30°). The following convention is used for the levels:
solid line (7r=+, a=-+ 1), dotted line (7=+, a=— 1), dashed-
dotted line (7=—, a=+ %), dashed line (7=—, a= —% i

Band 3 has a crossing around Aw=04MeV with an
alignment gain of 5 £. This can be attributed to the BC (for
a=—1/2) and AD (for a=+1/2) crossings. The crossing
frequency is, however, lower than expected for y=~ —60°
(Aw=0.5MeV). Adopting this assignment one should infer
that the polarizing effect of the pair of aligned quasineutrons
ab dominate over the three quasiprotons ABC. Other pos-
sible assignments for the high-spin part of the negative parity
bands 3a and 3b are, (as also proposed for the bands popu-
lating the Aab and Bab configurations in '*'Eu), AEFab,
Aabcd (and respective signature partners), which are how-
ever, expected to cross at even higher frequencies and have
less parentage to the lower spin part of the band, in contra-
diction to the decay pattern observed.

C. The negative parity bands 1a and 1b

No structures similar to 1b and la are known in nearby
0dd-Z nuclei. Band 1a behaves as a signature partner to band
Ib at high spin. Band 1b appears to be a signature partner of
band 2a at moderate and high spins. However, band 2b has
the more appropriate characteristics and fits better the sys-
tematics of the unfavored signature partner (a= 1/2) of band
2a at low spin. There is no observed transition linking bands
1b and 2b. These two bands cannot be considered the con-
tinuation of one another. Band 1b presents a strong upbend at
fiw=0.32MeV. This is in the frequency region of the AB
proton crossing. This might be taken to indicate the absence
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100 gr——r————— T3
e 1a "
o 1b L
— 104 —_— o -
= E v 2a = o —_ s ]
X v 2b o " 1
E * 333 .
[u] [ ]
& 13 0 4dadb| ... - = E
W > v ]
1 oV x
e
= v s
o 014 o o L2 =
o o
0,01

172 212 252 20;2 332 372 412 452 492 532 ST
Spin (A1)

FIG. 6. Experimental B(M1;I—I1—1)/B(E2;I—I—2) ratios
of reduced transition probabilities for the various configurations in
13T, The following symbols have been used: Filled circles, band
1a; open circles, band 1b; filled triangles, band 2a; open triangles,
band 2b; filled squares, band 3a, 3b; open squares, band 4a, 4b. The
solid lines are predictions based on the semiclassical model of
Dénau and Frauendorf [19] for K= % for band 3a, 3b. The dashed
line is for band 4a, for K= %

of the negative parity quasiparticles A and B, which, if
present, would block the AB crossing. The next m=—, «
=+ 1/2 quasiparticle is D and is rather high lying according
to the calculations. Thus the lower lying a= — 1/2 signature
partner C would be expected to be more easily populated,
which is not the case. In addition, after the first crossing the
configuration of band 1b would be ABD, which should be
the natural continuation of band 2b. In spite of these prob-
lems the D configuration crossing with ABD seems to be the
most probable interpretation. Another possibility considered
is the coupling of the <y vibration, which is observed at rather
low excitation in nearby even-even nuclei [20], to the un-
paired quasiproton (B). In this case there would be no expla-
nation for the early upbend and for the absence of the fa-
vored signature = —1/2 band at low spin, which would
result from the coupling of the A quasiparticle to the
y-vibration quadrupole phonon.

The B(M1)/B(E2) ratios obtained for the levels.in bands
la and 1b are shown in Fig. 6 and are much smaller than
those obtained for the three quasiparticle bands 3a and 3b,
being about 0.05 to 0.3 (uy/e b)%. Also shown in Fig. 6 are
the B(M 1)/B(E2) ratios for the transitions involving bands
2a [~0.6 (sy/e b)?], and 1b [~0.05-0.10 (uy/e b)2].

In conclusion, bands 1b and la present an unexpected
puzzle which could not be understood from the present
analysis. One could question the assignment of negative par-
ity to this band, which seems to be well established from the
experimental data, but even for a positive parity assignment
there will be great difficulty in explaining the experimental
results, particularly the presence of several dipole transitions
linking bands 1b and la, which is a strong indication of
similarity of structures.
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D. The positive parity bands

The high spin part of bands 4a and 4b can be assigned the
ABEab and ABFab 5—quasiparticle configurations with
oblate shape, which is consistent with the observation of
strong M1 transitions and reduced signature splitting, as al-
ready discussed for bands 3a and 3b. For the lower spin part
(below the crossing which occurs around A w=0.37 MeV)
two possibilities can be considered for a=+1/2 (—1/2):
ABE (ABF) with triaxial shape and abE (abF) with oblate
shape. The latter is preferable for two main reasons: there
would be no shape change from high to low spin, and ac-
cording to cranking calculations, the F quasiproton is fa-
vored for oblate shapes (in agreement with the data) while
for triaxial shapes E is favored. In both cases a significant
splitting is expected, as observed. For y=0, the splitting
should be rather small.

The more excited positive parity orbits G and H in place
of E and F are the candidates for participating in the con-
figurations of bands 4c and 4d, together with either AB or
ab. Since the experimental signature splitting is small and
the structure was only observed at low spin we have insuffi-
cient evidence in this case for making a choice between
aligned protons or neutrons.

The experimental ratios of transition probabilities
B(M1)/B(E2) obtained for the levels of the positive parity
band structures 4a and 4b are shown in Fig. 6. These values
scatter around 0.3 and 10 (uy /e b)%. The dashed line in Fig.
6 is the Donau and Frauendorf model prediction [19] for a K
value of 2. No information is known in the literature for
these ratios in neighboring nuclei for positive parity configu-
rations.

Finally, the weak positive parity band 5, has been as-
signed the ABF configuration which is consistent with the
absence of any sharp crossing up to the highest frequencies.
The signature partner E was not observed. According to Fig.

PHYSICAL REVIEW C 60 054304

5(b), the F Routhian becomes favored (for triaxial deforma-
tion) at ~0.45MeV.

V. SUMMARY

The **Tb nucleus has been studied to high spin, and sev-
eral rotational structures have been observed. The yrast band
based on a decoupled 4, proton was found to have a cross-
ing at a rotational frequency of 0.38 MeV. As in several
neighboring odd-Z nuclei, bands with high M1 transition
rates and reduced signature splitting indicative of the break
up and alignment of a pair of h;,, neutrons, resulting in
oblate configurations, have also been observed in this
nucleus. Above the crossing which occurs at about 0.4 MeV
it is believed that these five-quasiparticle bands have an A,
proton with a pair each of aligned protons and neutrons (3a
and 3b). A set of structures (4a and 4b) assigned positive
parity have probably a five-quasiparticle configuration of ob-
late shape, consistent with the strong M1 transitions and
small signature splitting observed. The lower spin part below
the crossing at 0.37 MeV, possibly contains the gq,/ds;
proton with a pair of aligned 4,,, protons or neutrons. An
assignment of [ h,,,,]*® g4, to band 5 is consistent with
the absence of any sharp crossing up to the highest frequen-
cies. Finally, bands 1a and 1b have no analogs in neighbor-
ing odd-A nuclei and their structure is not understood.
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High-K bands have been observed in the '%%¢711%%Y} isotopes following the 124gn(*8Ca,zny)
reaction. The vk, band in **’Yb has been extended to higher spins. The high-K bands in
the even-even isotopes were observed for the first time and show very high B(M1)/B(E2) ratios.
Configiration assignments for the new bands are proposed. The results are interpreted within the

tilted cranking model.

PACS number(s): 21.60.Cs, 21.10.Re, 27.70.4q

I. INTRODUCTION

The recent development of the “tilted axis crank-
ing” (TAC) model [1,2] has revived the interest in the
signature-degenerate AI = 1 rotational bands. In that
semiclassical model, the axis of rotation is no longer con-
sidered to coincide with one of the principal axes of the
nuclear quadrupole deformation, but to be parallel to
the total angular momentum vector. As a comsequence,
the intrinsic signature is undefined. In this case no en-
ergy staggering should be expected between odd and even
spin states, The Yb region around mass 166 presents
some of the best normal-deformed axially symmetric ro-
tors known, and is therefore suitable for the observation
of “tilted bands,” as they are now called, without the
complications of 8- or -soft nuclear systems. On the
other hand, tilted bands are rare in that nuclide region.
The only high-Q orbitals available are the v[505]11/2~
from the h;;/, neutron subshell, the w[404]7/2% (go/2),
and the 7(523]7/2~ from the ky; 2 proton subshell. The
last two orbitals are known to couple to a I™ = 7~ band-
head state in some Er and Yb isotopes. High-Q orbitals
are necessary to boost high components of angular mo-
mentum along the symmetry axis (called K in this paper
for simplicity). Another characteristic feature of most
high- K bands is the appearance of strong M1 transitions.
The present work reports the observation of bands with
those characteristics in 1$7Yb, 1%6YDb, and 158Yb. Part
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‘recorded at each beam energy respectively.

of the band in 87Yb had been previously observed, and
had been assigned the vh;y/; configuration ([505]11/27).
The other two bands were observed for the first time.
For them we propose the w([404]7/2 ® [523]7/2) proton
configuration coupled to two distinct neutron configura-
tions, v[AB] and v[AE] for '®6Yb and !®8YDb, respec-
tively, where A and B are the first and second positive
parity quasiparticle excitations (from the %,3/5 subshell),
and F is the first negative parity quasiparticle excitation
(from [523]5/2 and [521]1/2 parentage). These assign-
ments give slightly better agreement with experimental
data than the more simple v[h;;/; ® i13/2] configuration.
However, the present data do not distinguish unambigu-
ously between the two.

II. EXPERIMENTAL MEASUREMENTS AND
RESULTS

The high-spin states of %5~ 168YDb were studied with
the High Energy Resolution Array (HERA) at the 88-
Inch Cyclotron of the Lawrence Berkeley Laboratory.
HERA consisted of 20 Compton-suppressed germanium

- detectors and an inner ball of 40 BGO (bismuth ger-

manate) detectors. The high-spin states were populated
in the reaction *24Sn(48Ca,zn) at 210, 220, and 225 MeV.
A stack of three self-supporting *24Sn (97%) targets with
~ 0.5 mg/cm? each separated by 0.5 mm gaps was used.
About 420, 570, and 166x10° coincidence events [~ 80%
high fold (k > 11) doubles and = 20% triples] were
From the
210 MeV data, 650%10% counts were accumulated into
a symmetrized E-y X Ey matrix with fold £ > 17 and
sum H > 13 MeV in the inner ball detectors. From the
220 and 225 MeV data two matrices were sorted at each
beam energy, one with requirements of total fold (Ge +
BGO) 15 < k < 25, and total sum 13 < H(MeV)< 26
(with 770 and 570x10° counts, respectively) and another
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- ’ matrices referred to in the text.
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with & > 24, H > 7 MeV (with 227 and 154x10° counts,
respectwely)

Figures 1, 2, and 3 show coincidence spectra. of energy
gates on members of bands observed from those matri-
ces. These bands show the characteristic pattern of high-
K rotational bands, i.e., a sequence of regularly spaced
lower energy transitions with no staggering, and higher
energy crossover transitions. The crossover transitions
are very weak in the cases of Figs. 2 and 3. Some of the
indicated crossovers can only be confirmed in summed
coincidence spectra of several energy gates, and in sums
of double-gated spectra from three- and higher-fold Ge
coincidences (Fig. 4). It was not possible to determine
the decay paths connecting those bands with other lower
ying states in the respective nuclei. This is due to the
ong half-life of the 11/2~ bandhead of the vh1; /> band in
67Yb (about 180 ns [3]), and probably to the same rea-
son (long “bandhead” lifetimes) for the other bands, as-
igned here to 1%6Yb and 8Yb. In addition, such bands
epresent roughly 1% and 0.5% of the respective channel
rields; i.e., they are very weakly populated structures.
[he vhy1/2 band in 1%7YD is populated with about 7% of
he channel yield. We believe that the main reason why it
s possible to observe such weakly populated structures,
vhich supposedly lie at high excitation energy, is their
1igh angular momentum component K along the sym-
netry axis. A high-K structure is not likely to deexcite
o the other lower lying low-K structures due to K for-
iddeness. Another reason is that most of the intensity
f these bands goes through the dipole transitions, which
re in an energy range of low density of E2 transitions
rom the stronger structures in the spectrum. Although
ome members of the respective ground state bands seem

cannot be considered as very good evidence for the chan-
nel assignments since those_transitions are among the
most intense in the corresponding sets of data, and their
intensity is therefore very sensitive to changes in back-
ground subtraction.

The assignment of each band to the corresponding
evaporation channel is based on the fold and sum-energy
distributions associated with the in-band - rays. Table I
shows the ratio between in-beam --ray coincidence inten-
sities from the two different sets of k¥ and H requirements
at a beam energy of 225 MeV, i.e.,

LG, f,15 < k < 25,13 < H < 26)

R= - A . -y e

. L fk>24,H>T)
where I, (, f, k, H) is the coincidence intensity between
v rays from states ¢ and f for a given condition on fold
(k) and sum energy (H). As can be seen from that ta-
ble, the ratio obtained for known coincident transitions
is very semnsitive to the number of neutrons of the respec-
tive evaporation residue. This ratio shows also very little
sensitivity, if any, to the spin of the highest state of the
decay path defined by the coincident transitions. We rely
on this table to assign the band of Fig. 2 to the 196Yb
nucleus. The assignment of the band of Fig. 3 to 268Yb
is based on the fact that it is only observed on the 210
MeV data set, where the 63YDb is by far the strongest
channel. The *57Yb transitions are observed with about
the same intensity in both the 210 MeV matrix and in
the 15 < k < 25, 13 < H(MeV)< 26 matrix at 225 MeV.
Figure 5 presents the level schemes for the high-K
bands observed in the present work. They are gener-
ally consistent with the coincidence intensity between the

o be present in the spectra of Figs. 2 and 3, this transitions and sum-energy relationships between paral-
800 ' . ]
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FIG. 3. Spectrum in coin-
cidence with the 215. keV ~
ray (***Yb) from the k > 17,
H > 13 MeV at 210 MeV
matrix. Transitions marked
with an asterisk belong to the
ground state band of '*3Yh.
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lel gamma-ray paths. The intensity of the 251 keV line
(*°°YD) seems to be significantly below the average trend
of the AT =1 transitions both in Figs. 2 and 4. This is
not an effect of background subtraction since there is not
a strong line with that energy in the background spec-
trum. Nevertheless, the scheme of Fig. 5(b) is the one
that provided the best overall consistency with the data.
The spins (I) of the “bandheads” in 195168y} were not
determined: The vh;y/, band in 87YDb was previously
known from (a,3n) [4] studies.up to spin (21/2~) (the
bandhead state 11/27,"with an excitation energy of 571
keV and lifetime of ~ 180 ns was known from *¢7Lu decay
studies [3,5]). We added several higher lying transitions,
and we disagree as to the existence of the 228.6 keV and
the 454.0 gamma rays, which were tentatively assigned
to the (23/2) — (21/2) and (23/2) — (19/2) transitions
in Ref. [4]. The other bands were observed for the first
time in the present work. The intensity pattern indi-
cates that there is very little, if any, decay out of the
band other than from the lowest lying state observed in
each band. For that reason one could refer to those states
as bandheads, although they may not be really so. Link-
ing transitions to other states were not observed; there-
fore the relative excitation from the “bandhead” states
to the ground state is not known. We expect it to be
high (above 2 MeV) since the structures'are very weakly
populated. - ' ' R

From the branching ratio I, (M1)/I,(E2) on each level
it is possible to extract the reduced transition probability

ratio B(M1)/B(E2) from the formula (y-ray energies in
Me

E,‘r,; (F2) L,(M1)

B3 (M) L, (53)

B(M1)
B(E2)

[(en)?/(e26%)] = 0.693 x

The results are presented in Figs. 6, 7, and 8. For the
even-even nuclei, since the spins are not known, the plot
is done as a function of the rotational frequency rather
than as a function of spin. The large uncertainties, par-
ticularly for the even-even isotopes, are due to the low
statistics of the weak E2 transitions. The experimental
points are calculated assuming a multipolarity mixing ra-
tio I, (E2)/I,(M1) = 6% = 0 for the AI =1 transitions.
Our directional correlation (DCO) measurements for the
vhy1/2 band in 1%7YDb (Fig. 9) are consistent with a small
mixing ratio (< 10%). Due to the low statistics of this
kind of measurement no attempt was made to measure
the DCO ratios for the other weaker bands in the even-
even nuclei. The assumption of Al = 1, M1 (+E2)
transitions and AI = 2, E2 crossovers is based on the
close resemblance between the three level schemes (Fig.
5).

Figure 10 shows the dynamic moment of inertia of the
high-K bands of the present investigation as a function
of rotational frequency. The two 7,5 /2 quasineutron band
(AB) in YD is also shown for comparison. The dy-
namic moment of inertia (J(*)) is calculated from each
adjacent pair of in-band «-ray transitions from
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FIG. 4. Sum of doubled-gated spectra on all dipole members of the
MeV]. The background spectrum was chosen to be the total projection
subtracted spectrum. The 588 keV line does not appear because there
energy.

19Yb band [15 < k < 25, 13 < H(MeV)< 26 at 225

of the cube, normalized to give zero total counts in the

is a very large peak in the total projection with that
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TABLE 1. Ratio between coincidence intensities from two k& and H conditions, as defined in the
text. E+v(i) and Ev(f) are the coincident « rays from the initial and final states with spin I(z)
and I(f), respectively. The corresponding evaporation residue (channel) is indicated, where known.

New assignments are in parentheses.

Ev(z) (keV) Evy(f) (keV) I(Z)(R) I(f)(R) Ratio Channel
298 199 6 4 0.13(1) 188yh
552 208 14 6 0.127(5) 188yh
174 155 15/2 13/2 0.85(7) 167yb
193 155 17/2 13/2 0.88(9) 17Yb
210 155 19/2 13/2 0.8(1) 7Yb
313 222 21/2 17/2 0.87(1) 187Yh
743 222 49/2 17/2 . 0.86(2) 187Yb
172 162 (I+2) (I+1) 2.6(6) 186¥Db)
269 162 I+7) I+1) 1.8(8) (*%°YDb)
337 228 6 4 2.50(4) 186y
666 228 22 4 2.54(5) 168yh
322 206 21/2 17/2 7.2(5) 165yh
429 322 25/2 21/2 7.77(15) 185vh
524 322 29/2 21/2 7.52(16) 185Yb

T@ = (AI)?R2/AE,(AI),

where AI = 1 for the high-K bands and AI = 2 for
he AB band, and E., are the energies of the transitions.
We assume that the frequency is fiw = FE,/AI where the
>nergy of the lower transition of the pair is used. No
signature splitting is observed in any of the three bands
‘except possibly at the highest frequencies) of the present
nvestigation which is characteristic of high K.

ITII. DISCUSSION

As mentioned in the Imtroduction, high-K bands are
10t commonly observed in this mass region. Most of
he neutron orbits near the Fermi surface have 2 = 5/2

or less and do not yield high angular momentum pro-
jections onto the symmetry axis. The only exception is
the [505]11/2 holelike state from the top of the hjy/»
subshell, which is, however, not very near to the Fermi
surface except for larger 3 deformation. Bands built on
this state are known in a number of Er, Dy, Gd, and Sm
odd-N isotopes, and in *°Nd and $7Yb. The proton
states are usually not active due to the Z = 70 gap. A
I™ = K™ = 7~ state can be formed by combining the
[523]7/2 with the [404]7/2 proton states. Bands built on
this state are known in a few Er isotopes and in 7°Yb.
The high-K band in 57Yb has been assigned the
v[505]11/2 configuration [3,4]. Our measurement of the
B(M1)/B(E?2) ratios for this band are in reasonable
agreement with what can be expected from such a config-
uration. Also, the part of the band extended to higher-

@
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~
o

I+10

t o1

.

FIG. 5. Level schemes for the Al = 1

bands in (2) **"Yb, (b) ***Yb, and (c) ***Yb.
. Tlaw - 3
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FIG. 6. Experimental and calculated B(M1)/B(E2) ratios
as a function of the total spin (J) for the *®”Yb band. The
solid and dot-dashed lines are for the vhy1/2 and vhy,,3AB
configurations, respectively, as calculated from the TAC
model. The dashed line is for vhy;/3 with A, = 0.

spin states is consistent with an increase in alignment
from a very smooth AP crossing Ref. [6]. The AB cross-
ing is not blocked for any negative parity single quasipar-
ticle configuration in contrast to the positive parity ones.
We therefore agree with the aforementioned assignment.

For the bands in the even-even isotopes 196—168 ¥} we
considered various possible assignments. The coupling of
the 1y /2 quasineutron with the first 743 /2 Quasineutron A
would yield the least excited two quasiparticle band with
a relatively high K. The AB crossing would be blocked
for such a configuration. No backbend is observed around
the AB crossing frequency (0.25 MeV) in the %6YDH
band [7] and no upbend in the '®8Yb band [8]. The
vlhy1/2 ® i132] (or simply v{h;, /24A]) assignment seemed
therefore attractive for both bands. However, calcula-
tions of the B(M1)/B(E2) ratio for that configuration
underestimate by at least a factor of 2 the experimental
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FIG. 7. Experimental and calculated B(M1)/B(E2) ratios
as a function of rotational frequency for the **®Yb band (§ = 0
assumed). The solid, dashed, and dot-dashed lines are for
the 7{77] ® ¥[AB], =[77], and v[h;,/, ® A] configurations,
respectively, as calculated from the TAC model.
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FIG. 8. Experimental and calculated B(M1)/B(E2) ratios
as a function of rotational frequency for the '**Yb band (§ = 0
assumed). The solid curve is calculated from the tilted model
for the w[7”] ® v[AE] configuration.

results obtained (Fig. 7). This is due to a partial can-
cellation of the magnetic moment perpendicular to the
spin axis from the “deformation-aligned” (DAL) hy;/»
quasineutron and the more “rotation-aligned” (RAL)
quasineutron ¢;3/;. In addition, there is evidence for an
upbend in the dynamic moment of inertia at low fre-

25
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1.5
L
E 1.0 z 'j “TI = =
osf ~ -7 °° ¥ ____‘1:____ = i -
i 'S {HF{ —
whs w4 B
A -

.o FIG. 9. Dfre&loﬁal correlation measurements (DCO) for

the y-ray transitions of the vhy1/2 band in *"Yb. The ratio

-"of coincidence intensities indicated, R(80°/30°), is given by

the intensity of the v rays (of energy E.) detected at ~ 80°
" or (180-80)° in coincidence with the 155 keV ~ ray detected
at 2 30° or (180-30)7 divided by the intensity of the v rays
(of energy E.) detected at ~ 30° or (180-30)° in coincidence

© “With the 155 keV v ray detected at s 80° or (180-80)° (the
“-_anples are measured to the beam direction). The solid line is

g ghq expected value for transitigns of the same multipolarity
-~ as that of the 155 keV transition. The 155 keV transition is
8 pre.s_’h“@ﬂﬂy of '_11_314—_5’52 multipolarity. With this hypothesis,
the dashed and dotted lines would be the expected values for
pure E2 transitions in coincidence with the 155 keV transition
for 6 = 0 and §% = 0.1, respectively. The expected values
were calculated specifically for the HERA system. The data
points marked with crosses and diamonds were tentatively
assigned to M1+ §*E2 and E2 multipolarities, respectively,

[see Fig. 5(a)].
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FIG. 10. Experimental dynamic moments of inertia as a
function of rotational frequency for the '°¢~!®®Yb high-K
bands. Diamonds 1°7Yb, x’s 18Yb, squares **®YD (the error
bars are about equal to or smaller than the symbol sizes). The
AB (or s) band of 2%¢Yb (K'=0) is also shown for comparison
(+). The first data point (indicated by an arrow) is off scale
at fiw = 0.182 MeV, J® = 387k?/MeV. The lines are traced
to guide the eye only

quency for the %6Yb band (Fig. 10). Such an upbend
could not be explained with the v[hi1/2A] assignment.

This situation led us to search for alternative assign-
ments for those bands. One possibility is the quasiproton
configuration 71'([523]7/2 ® [404]7/2) which is known to
form the I™ = 7~ in some Er and Yb isotopes. For sim-
plicity we will refer to this configuration as #[7~]. "The
calculated B(M1)/B (E2) branching ratio for this high-
K proton configuration is close to 1 for a wide frequency
range, and therefore closer to the experimental values. A
disadvantage of this assignment is that the first neutron
crossing (AB) is not blocked and should be present. A
rather weak interaction would be expected for this cross-
ing in 1%6YDb [7] and a strong interaction in %8Yb [8] as
happens in the crossing of the ground state band with
the s band (v[AB]) of the respective nuclei. No crossings
with these characteristics are present in the bands of this
work. We therefore propose that the band seen experi-
mentally is the w[7~] coupled to the first “aligned” pair of
i13/2 quasineutrons (v[AB]). For this configuration the
moment of inertia should be smooth down to the spin
where it crosses with the «w[7~]. This is an analog case to
the crossing of the s with the g band of 1°YD seen in Fig.
10. The upper branch of the crossing occurs at w = 0.18
MeV in the s band whereas it is seen at w ~ 0.16 MeV
in the high-K band. We believe this difference is not
incompatible with the proposed assignment since J @) is
a quantity very sensitive to small disturbances. For this
configuration strong magnetic transitions are expected
since the aligned neutrons contribute to the already large
magnetic moment perpendicular to the spin axis from the
high-K proton configuration. This is consistent with the
very large M1/ FE2 branching ratios observed down to the
lowest frequencies (Fig. 7).

In 1%8YD, however, no upbend is seen in the dynamic
moment of inertia plot down to the lowest observed tran-

sitions. For this band we considered the same proton
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.. .. configuration coupled to the first negative parity neutron

'.conﬁgurahon (AE) which has the AB crossing blocked.

The M1/E2 branching ratios are not as large as in the
-w[7~]®v[AB] configuration, but are still rather large. We
would like to point out that the AB crossing should have
a large interaction in 168y}, which would result in a rise
of the dynamic moment of inertia over a wide frequency
ra.nge in contradiction with expenment (Fig. 10).

If these assignments are correct, though, we should
expla.m why the pure proton conﬁguratmn is not seen
in either of the two isotopes. Bqth bands, particularly
#[7~] ® v[AB], should decay to the #[7~] configuration.

-:A possible explanation is that, because of the sharp back- '
bend, the connection of the bands with the 7[7~] config-
uration is lost. The AI = 1 gamma-ray energies should
jump from around 160 keV to 320 keV, and fall in a range
of difficult observation, due to the presence of stronger
discrete gamma rays from other bands. It is possible
also that there is some delay in the connecting transi-
tions, during which the recoiling niclei might fly away
from the center of the target chamber, therefore decreas-
ing detection efficiency. The lower-spin states should be
seen, though, from direct population, provided that the
7[7~] band does not decay out easily, which we expect
from K forbiddeness. Perhaps there is not enough direct
population at these relatively low spins to make the band
observable.

The values of the M1/FE2 branching ratio as a function
of frequency, calculated from the TAC model, are given
in Figs. 6, 7, and 8. There is a reasonable agreement
with the experimental data for the configurations pro-
posed. However, from this agreement alone we cannot

ra'z out the v[hyy /5 A] configuration for the bands in the
even-even nuclei. Nevertheless, we believe this together
with the moment of inertia behavior makes the proposed
configurations more likely.

IV. TILTED AXIS CRANKING CALCULATIONS

The configuration assignments can be substantiated by
tilted axis cranking (TAC) calculations, which study the
interplay between rotational- and deformation-aligned
angular momenta in a quantitative way providing both
energies and in-band transition probabilities. - The
method is described in Refs. [1,2]. It has been recently
applied to high-K bands in %3Er [9], which seems to have
somie structural resemblance to 167Yb. Details about the
TAC calculations can be found in these references. Here
we mention only some important features needed to un-
derstand the results. The rotational bz.ds are associated
with quasiparticle conﬁgu.ra.tlons in a potential that uni-
formly rotates about an axis tilted with respect to the
pr1nc1pa.1 axes of the deformed potential. The orienta-
tion is determined by minimizing the routhian (energy
in the rotating frame) with respect to the tilting angle.
For this equilibrium orlentatlon the expectation value of
the angular momentum J has the same direction as the
cranking axis (J il w) For the bands studied in this
paper we assume axial symmetry which is a good ap-

proximation in this region (cf. [2]). The orientation is
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TABLE II. Results of the tilted axis cranking model. The calculated tilting angle 6 is given,
together with the spin J, and its projection onto the symmetry axis Js. The routhian €’ is taken
relative to the ground state band (g.s.) of ***Yb. The reduced transition probabilities B(M1) and
B(E?2) are also given. The calculations were performed at a rotational frequency of w = 0.25 MeV.

Configuration 0 J(k) Ja(h) e’ (MeV) B(M1) (%) B(E2)(e*b?)
gs. 90° 9.0 " 0.0 0.0 0.0 1.75 ' oo
vhyyys 44° 7.7 5.5 1.271 0.408 ' 0.447
vlhi1/24] 51° 12.9 8.2 1.13 0.474 0.657
w[77) 45° 10.5 7.4 0.876 0.564 0.470
#[77] ® v[AB] 64° 19.0 8.5 1.191 2.58 1.21
#[77] @ v[AE)] 45° 18.2 12.8 1.171 0.553 0.626

fixed by the angle 6 between the rotational axis and the  operate with the total angular velocity instead of its pro-
symmetry axis (denoted by 3). In the calculations we jection onto the one-axis. The experimental frequency
use the deformation parameters €; = 0.25 and ¢, = 0.01. is simply equal to the -y-ray energy of the transition
The pairing field is constant. The gap parameters are I — I — 1 to_ which the angular momentum J = [ is
Ax = 0.91 MeV and A, = 0.86 MeV. The proton and assigned. The intraband transition probabilities are cal-
neutron chemical potentials are kept fixed and are chosen ~ culated from the TAC wave functions by means of the
such that the expectation values are Z ~ 70 and N =~ 97  semiclassical expressions given in Refs. [1,2,11,9]. The
respectively at w = 0. results for w = 0.25 MeV are given in Table II..

In the analysis of the experimental spectra it is use- Figure 11 shows the quasiparticle spectra in the TAC
ful to introduce the experimental angular velocity w. In  model. The lowest excitations are of quasineutron type.
contrast to the standard cranked shell model (CSM) we  Since the collective rotation is about the one-axis @ =
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FIG. 11. Quasiparticle spectra for *Yb calculated from the TAC model. (a) Quasiproton routhians as a function of
rotational frequency for @ = 90°. (b) Quasineutron routhians as a function of rotational frequency for 8 = 90°. (c) Quasiproton
routhians as a function of the tilting angle () at fiw = 0.3 MeV. The circles indicate the occupation for the #{77] configuration.
(d) Quasineutron routhians as a function of the tilting angle (6) at Aw = 0.3 MeV. The square indicates the occupation for
the vhyy/2 configuration. The circles around 8 = 60° and around 8 = 38° indicate the occupations for the AB and AF

configurations, respectively.
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90°), the lowest quasineutron excitations are PAC (prin-
cipal axis cranking) solutions with & = 90°. They form
the lowest bands in 166167168y} which can be classi-
fied as traditional CSM configurations with good signa-
ture quantum number [8,11]. An exception is the hy; 2
quasineutron orbit, which strongly slopes down towards
# = 0°. It is a good example of strong coupling to the de-
formed potential, i.e., a DAL state in terms of the classi-
fication introduced in Ref. [12]. Figure 12(a) shows that
at finite rotation the hy;/; quasineutron has iz = 5.5k
and a very small z; component. This is reflected by the
routhian in Fig. 11(d), which is e’ = e — 5.5/w cos#.
The hy1/2 band observed in *$7Yb is assigned to this one
quasineutron configuration. It is a TAC solution that
represents what one is used to calling a high-K band.
The component J3 = K, the band starts at I = K, and
all the angular momentum increase comes from the col-

lective angular momentum R [cf. Fig. 12(a)] The tilting .

angle is to a good approximation given by the strong
coupling expression
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FIG. 12. Vector diagrams at fiw = 0.25 MeV. The thin solid
ine vectors represent the angular momentum of each quasi-
>article, and the rotational angular momentum (R), which
s parallel to the one-axis. The total spin (J) which is the
rector addition of the gquasiparticle and rotational angular
nomenta is indicated by a thick solid line vector. The angu-
ar momentum projections onto the one-axis is denoted by 2.
und onto the three-axis (the symmetry axis of the ellipsoid)
oy 23. (a) Diagram for the vh;y/; band. (b) Diagram for
he n[77] band. The dashed line vector is the vector addi-
ion of the two quasiprotons angular momenta. The positive
arity quasiproton (w[404]7/2%) is marked as 7+, and the
legative parity one (7[523]7/27) as #~. (c) Diagram for the
[77] @ v[AB] band. The quasiproton angular momenta is
ndicated as in (b). The dashed line vector marked as (AB)
s the vector addition of the two quasineutrons (A and B)
ngular momenta. The long-dashed lines represent the pro-
ection of the quasiproton and quasineutron angular momenta
erpendicular to the total spin. Since the g factors of protons
nd neutrons have opposite signs, the magnetic moments add,
ielding high M1 transition probabilities. (d) Diagram for the
77 |®v[AE] band. In this case the perpendicular component
f the quasineutron angular momenta (A and E) is small.
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cos@=K/I, I=Jw.

Figure 13 shows this behavior, which has the typical
Hopf bifurcation [12] at the bandhead, which corresponds
to the frequency wp = K/J in the case of strong cou-
pling. The calculated value Awp = 0.198 MeV is the
lowest possible frequency for the hi;/2 band (6 = 0°).
As seen in Fig. 14, the calculations predict a back bend
at J = 157 correspondmg to the AB crossing in the
i3a/2 quasineutron system. The presence of the h;y /2
quasineutron delays the AB crossing by 2% as compared
to the yrast line (shown in Fig. 14 as well). The ex-
perimental function T(w) [Fig. 15(b)] does not show any
irregularity up to I= 33/ 2. Figure 10 seems to indicate a
very smooth gain of moment of inertia that could be due
to a very much smoothed out AB crossing. The system-
atic absence, of the AB crossing in the hi;/; quasineu-
tron bands [9] is not fully understood at present. We
performed also a A, = 0 calculation for this configura-
tion. The corresponding B(M1)/B(E2) is shown in Fig.
6. The experimental values lie more or less in between
the A, = 0 and the full pairing calculation at the up-
_per part of the band. Figure 15(a) shows also a A, =0
ca.lculatlon for the th /2 band. Iis spins are larger than
;Eor the full pairing calculation at the same frequency (the
. kinematic moment of inertia is larger), in agreement with
 the experimental trend. This indicates that pairing might
be reduced for this configuration aJready at relatively low
spins. This might explain the absence of the AB crossmg
in this band.

In the even-even isotopes both the neutron and proton
excitations must be considered. The lowest two quasineu-
tron excitations are the (413/2)? configuration AB and the
~Degative parity configuration AE, which are PAC solu-
" tions with @ = 90°, They are the lowest bands. In Fig. 14"
we show the g ba.nd and AB for reference .The combina-
tlon ofthe hyy /2 quasmeutron with the 7,3 /2 quasineutron
" A results in a TAC solution. Its tlltmg angle is shown in
Fig. 13, its energy in Fig. 14, and spin in Fig. 15(a). It is
one candldate for the observed A =1 bands. As can be
seen in Fig. 6, it has relatively small B(M1)/B(E2) val-

_ues, since the transversal magnetic moments of the two

20 v T T

&deg)

e

%10 15 020 025 0s0 “oas
he(MeV) -

FIG. 13. Tilting angle as a function of rotational ﬁ'equency

The configuration corresponding to each line is mdlca.ted in

simplified notation (see text).’
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EMeV)

I®)

FIG. 14. Total energy (£) as a function of spin (J). The
configurations are indicated as in Fig. 13.

quasineutrons cancel to a large extent.

Figure 11(c) shows that most of the quasiproton or-
bitals drive towards 8 = 0°, since they are relatively
strongly coupled to the deformed field. For 8 < 45°
the orbitals coming from the Nilsson states [523]7/2
(h11/2) and [404]7/2 are lowest. They combine into a two
quasiproton configuration with J3 ~ 7. For short nota-
tion we call it the 7~ configuration although its structure
is more complicated than that of a simple K =7-band. As
seen in Fig. 12(b), the h;4/; quasiproton (7~) is apprecia-
bly tilted away from the three-axis. Its energy minimum
in Fig. 11(c) lies near # = 30° indicating a character
intermediate between DAL and FAL (Fermi-aligned) ac-
cording to the classification scheme of Ref. [12]. The tilt-
ing takes place at the beginning of the band causing the
relatively flat behavior of 8(w) at low w in Fig. 13. The
7~ band has not been seen in the present experiment,
but it is known in '$4Er [14].

For higher spin the 7~ two quasiproton configuration
combines with quasineutron excitations. The lowest two
quasineutron excitations are the configurations AB and
AFE coming from_the corresponding PAC configurations
at § = 90° (cf. discussion above). However, the result-
ing four quasiparticle configuration is not just a simple
combination of the 7~ with the AB and AE PAC bands.
As can be seen from Fig. 11(d), the quasineutron orbits
change noticeably with the orientation.

The orbital A has a minimum at § = 45° qualifying
it as a FAL quasineutron. Its energy does not depend
very much on 6. It can follow the orientation of the ro-
tational axis much better than other orbitals, since due
to the reduction of its quadrupole moment by pairing
it is only weakly coupled to the deformed field. The or-
bital B is RAL according to the classification in Ref. [12],
since it has its minimum at # = 90°. It is responsible for
the larger @ values in the configuration 7~ AB as com-
pared with 7~ (cf. Fig. 13). This increase of # and the
contribution of B (negative g factor) to the transversal
magnetic moment, which adds to the proton part, sig-
nificantly enhance the B(M1) values (cf. Fig. 7). This
is illustrated in Fig. 12(c), which also demonstrates that
4 contributes only very little to the transversal magnetic
moment. This is an example of the improvement brought
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FIG. 15. Total angular momentum (J) as a function of
rotational frequency. (a) TAC results. The configurations
are indicated as in Fig. 13. (b) Experimental results. Circles
7Y (vhyy)2), squares 1*6YDb (7~ AR, I = 11 assumed for the
lowest-spin state), triangles **Yb (7~ AE, I = 10 assumed for
the lowest-spin state). The experimental rotational frequency
(Fw) of each state of spin J is the energy of the dipole y-ray
transition depopulating that state (see Fig. 5).

by the TAC calculation, when the simple estimates of the
magnetic moments suggested in Ref. [10] are inaccurate
(the three-component of A would not be included making
its contribution much larger).

The FE orbital changes its character with §. At 90°
it consists mainly of [521}1/2 having a routhian that is
almost @ independent (as is characteristic of a A=0
pseudospin state). Since they slope down with decreasing
6, orbits coming from Nilsson levels with larger K take
over at lower 8. As a consequence, the quasineutron E
contributes about 2.6% to J3'in the configuration 7~ AE,
whereas lowest negative parity bands in 19%:183YhL (AR
and AF) show a large signature splitting, characteristic
for J3 = 0 [7,8,11]. The B(M1) values of 7~ AF are close
to the ones of 77, since both A and E have small angles
with the axis of rotation J [cf. Fig. 12(d)]. The large 4,
components of the quasineutrons A, B, and £ make the
tilting angle #(w) much less spin dependent than would
be expected from the strong coupling estimate (1). This
is clearly seen in Fig. 13 when comparing the h,,/, band
with the other configurations. :

The configurations 7-AB, 7" AE, and vhy;/2A are
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three candidates for the AI = 1 sequences observed in
166,168yh, As seen in Fig. 14, we expect them to be close
in energy. Our assignment to the 7~ quasiproton excita-

tions is based on the slightly lower energy and the la:rger’

B(M1)/B(E2) values compared to vhiy/2A. The assign-
ment of 7~ AB to ¥5YDb and of 7~ AFE to 1%8YD relies on
the evidence for an AB crossing in 1%¢Yb discussed in
Sec. III. In view of the restricted information our data
contain, these assignments must be considered as tenta-

tive.

V. SUMMARY AND CONCLUSIONS

Weakly populated high-K bands have been observed
in the '%8YDb region. The properties of the bands ob-
served for the first time in %YDb and 1¥Yb have led to
rather unusual tentative configuration assignments, i.e.,

7[7-|®@v[AB] and 7[7~]®@v[AE], respectively. The tilted .

cranking model predicts lower excitation energies for such
bands than would be expected from traditional models,

and is able to reproduce the large B(M1) /B(E2) ratios

observed. Another possible configuration would be the

v[h11/2 ® %1a3/2] for both bands in the even-even nuclei,
which should present, however, lower B(M1)/B(E2) ra-
tios. The vhqy /2 band in 167Yh has been extended to
higher spins. A smooth increase in the dynamic moment
of inertia as a function of spin is observed for this band
up to I = 33/2. The presence or absence of the AR

" crossing in this band is not clear from the experimental

data. The possibility of weaker pa1r1ng for this band is
raised.
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| Rotation-induced transition from superfluid to normal phase
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The transition from strong static pairing to weak static pairing and its consequences to the exci-
tation spectrum of a mesoscopie (medium number of particles) system are investigated. New levels
have been measured in °®Yb. A reasonable description of the A as 168 isotopes spectra is obtained.

The adequacy of the phase transition concept is discussed.
PACS number(s): 23.20.Lv, 21.10.Re, 21.60.Ev, 27.70.4+q

Shortly after the discovery of pair correlations of the
BCS type in nuclei, Mottelson and Valatin [1] predicted
that pairing should collapse in rapidly rotating nuclei
much like superconductivity in a strong magnetic field.
How this transition actually takes place has been a sub-
Jject of study in high-spin nuclear physics ever since. In
nuclei only & small number of particles (typically 10) par-
ticipate in the pairing correlations, and the fluctuations
of the pairing field create a substantial part of the total
correlation energy. The adequacy of the phase transition
concept is therefore questionable [2]. The transition from
the “superfluid” to the “normal nuclear phase” is analo-
gous to the transition from deformed to spherical nuclei,
with vibrations around the equilibrium shapes. Follow-
ing Refs. [3, 4] we call dynamic pairing the oscillations of
the pairing field around its static value, which vanishes at
high spin. The dynamic pairing correlations decrease the
moment of inertia of all low-lying configurations by abdut
the.same amount [2, 3], while affecting very little the rel-
ative excitation spectrum. As pointed out in Refs. [4-6]
the disappearance of static pairing corresponds then to a
major change of the excitation spectrum, from the quasi-
particle (qp) to the particle-hole (ph) spectrum. The for-
mer is characterized by strong alignment of the single qp
angular momentum with the rotational axis, and related
band crossings that strongly depend on parity and weakly
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'On leave from the Institut fiir Kern und Hadronen Physik,
FZ-Rossendorf, PF.19 0-8051 Dresden, Germany.
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on the particle number N. The latter shows small align-
ment in general, and a characteristic individuality with
respect to N. Examples of the appearance of the ph spec-
tra at high spin have been discussed in Refs. [4-7]. The
purpose of the present work is to understand the exci-
tation spectra over a wide frequency range. We studied
experimentally the ¥8Yb nucleus and propose a calcula-
tion scheme, based on a schematic frequency dependence
of the pairing gap, which describes the transition from
the gp to the ph picture.

The high-spin states of 1°8Yb have been measured by
means of in-beam gamma-ray spectroscopy with the High
Energy Resolution Array (HERA) at the 88-Inch Cy-
clotron of the Lawrence Berkeley Laboratory. HERA
consists of 20 Compton-suppressed germanium detectors
and an inner ball of 40 BGO detectors. The *8Yb nu-
cleus was produced in the reaction 124Sn(*8Ca,4n) at 210
MeV. A gamma-gamma coincidence matrix containing
315x 108 counts was generated, with requirements of fold
> 17 and sum energy > 13 MeV in the inner-ball de-
tectors. The level scheme based on the present work is
presented in Fig. 1. Five bands previously reported by
Bacelar et al. [5] were confirmed (1 to 5 in Fig. 1) and
extended by one or two higher-lying transitions. In addi-
tion, four new bands (6-9, Fig. 1), two extending up to
I =~ 40h, were observed. Part of band 6 had been inde-
pendently observed by Khazaie et al. [8] but we disagree
as to how this band decays to the ground-state band. In
Fig. 1 the dashed transitions indicate the intensity flow
from band 6 to the ground-state band, according to our
coincidence data. The actual linking transitions, how-
ever, were not observed. Spin values of bands 5 to 9 are
tentative and are based on the coincidence relations of
the transitions (and -y directional correlations in the
case of band 7) and the relative intensities of the bands
at high spin, which correlate rather strongly with the
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proximity to the yrast line. The lower members of bands
8 and 9 are also seen to feed low-lying states of the other
bands but again the linking transitions were not found.
Figure 2(c) shows the experimental Routhians e’ (excita-
tion energies in the rotating frame [9]) relative to band 2
as a function of the rotational frequency w.

The expected change of the neutron spectrum is cal-
culated from the quasiparticle energies in a deformed ro-
tating potential (cranked shell model [9, 10}, with defor-
mation parameters from Ref. [10]), in which the static
pairing-gap parameter A decreases linearly from the full
value (0.8 MeV) at w = 0.25 MeV (where the AB crossing
oceurs) to zero at w = 0.5 MeV. In this frequency interval
a crossing occurs in each band, leading to a substantial
decrease in A according to microscopic calculations [3].
The chemical potential is adjusted to give the right par-
ticle number for the yrast configuration. The spectrum
generated by exciting pairs of gp is depicted in Fig. 2(a).
At the top of the figure we provide the scale for A. Since
the qp formalism does not distinguish between particles
and holes, for small A (large w) the spectrum contains be-
sides the ph excitations in the N = 98 system a number

of spurious particle-particle and hole-hole states [since
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the single-particle (sp) occupation numbers are close to
0 or 1] belonging to N = 96 and 100 [11]. They can be
eliminated by comparing with ph states calculated from
the sp energies without pairing. All the remaining phys-
ical (ph) states are shown in Fig. 2(b) at w > 0.5 MeV
(only the bands that exist at high spin were traced down
to low w for simplicity). On the other hand, alt low-
lying qp configurations are physical for large A (since
each qp has comparable particle and hole components).
The qp states do not always connect continuously with
ph states, usually because of avoided crossings between
spurious and physical ones where they interchange char-
acter. We reconnect (diabatically) the physical branches
by interpolation, as demonstrated in Fig. 2(a) (around
w = 0.5 MeV). Although rough and not free from am-
biguities, this procedure provides a reasonable descrip-
tion of the transition region between the large A and
zero A spectra, as seen from the comparison between
Figs. 2(b) and (c). There is only one low-lying configu-
ration which is not observed experimentally; the lowest
negative-parity (m = —), zero-signature (o = 0) configu-
ration. An assignment of this configuration to band 6 is
not excluded; however, our spin and energy estimates re-
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sult in high alignment and this is more consistent with a L0 A R A S 05 S e e
proton configuration, which still has strong pairing. For " > 2 e
this reason band 6 was left out of Fig. 2(c). Figures 3, 4, = g
and 5 demonstrate that the same approach describes well 5
the excitation spectra in the adjacent Yb isotopes. The -
same conclusion is valid for the corresponding isotones & 08 [~
(e.g., Hf), which show very similar neutron excitation 2 H
spectra. 3 04 [
The nuclei of the 158YD region show a transition from % -
a qp to a ph spectrum in the frequency range from 0.3 to 8
0.4 MeV. It reflects the disappearance of static pairing at 02 1=
high spin. That transition is described quite well by our
method. In mesoscopic systems such as nuclei, the pres- 0.0 |
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FIG. 4. Band structure of ¥7Yb. (a) Calculation with
decreasing A. {b) Experimental results [5, 8]. The line con-
ventions are the same as in the inset of Fig. 2(b).

the transition from superfluid to normal very diffuse. In
a macroscopic system the very large number of particles
allows for relatively small fluctuations and yields a sharp
phase transition. In superconductors, for example, the
relation between magnetization and magnetic field has
a singularity at the critical field where the phase tran-
sition occurs. In nuclei the analogous relation between
the canonical variables I and w shows a steep rise in the
transition region but its shape varies considerably from
band to band. Although some aspects of the destruction
of static pairing by rotation resemble a phase transition,
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there are also significant differences to it.
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Four bands of enhanced dipole transitions, with weak crossovers, have been observed in *Pb. Three of
these bands are connected to the spherical levels. In addition, the spherical level scheme has been extended.
The nuclear spectroscopy was done with the early implementation of GAMMASPHERE and HERA arrays of
Ge detectors. The nucleus '*Pb was populated in the *Yb(**Mg,5n) reaction at beam energies of 129, 131,
and 134 MeV, The experimental results are compared to tilted-axis cranking calculations. The systematical
behavior of the dipole bands in the heavier odd-A Pb isotopes, 195'197'199'201Pb, is also discussed.
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PACS number(s): 21.10.Hw, 21.60.—n, 23.20.—g, 27.80.+w

L. INTRODUCTION

Sequences of enhanced magnetic dipole bands have re-
cently been discovered in more than 20 isotopes in the lead
region [1-16]. All of these sequences show similar proper-
ties. They consist of strong magnetic dipole transitions with
weak E2 crossover transitions. Despite the small nuclear de-
formations deduced from lifetime measurements [17-21],
the bands have fairly regular energy spacings and show no or
only small signature splitting up to the highest rotational
frequencies.

The bands are understood as being built on configurations
involving the high-K proton A, and i, orbitals and holes
in the low-K orbitals of the i,5, neutron shell. Therefore,
near the bandhead the angular momentum of the protons is
aligned along the symmetry axis, while the .angular momen-
tum of the neutrons is aligned perpendicular to the symmetry
axis. Hence, the direction of the total angular momentum is
tilted by an angle of about 45° with respect to the symmetry
axis.

A striking feature of these M1 bands is that the ratio of
the dynamic moment-of-inertia to the B(E2) value is about
ten times larger than in well deformed nuclei. This indicates
that part of the moment-of-inertia stems from sources other
than collective rotation. Recently, the characteristics of these
bands with enhanced M1 transitions have been successfully
interpreted in terms of the tilted axis cranking model [22,23].
In this model the increase in the angular momentum within
the bands is created by the increase in the alignment of the
proton and the neutron spins in the direction of the total spin.
Since the change in the neutron and proton spin vectors is
similar to the closing of the blades of a pair of shears, the
term ‘‘shears bands’’ was suggested for these M1 bands.

II. EXPERIMENTS

The experiment was performed at the 88-Inch Cyclotron
Facility at Lawrence Berkeley National Laboratory. Data
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were collected using initially the High Energy Resolution
Array (HERA) and, subsequently, early implementation of
Gammasphere. The reaction was 174Yb(z“Mg,Sn) at beam
energies of 131 MeV (Gammasphere) and 129 and 134 MeV
(HERA). The targets consisted of a stack of three self-
supporting foils each with a thickness of ~0.5 mg/cm?. The
HERA experiments involved 20 Compton-suppressed Ge de-
tectors (~25% efficient with respect to a 7.5 cm X 7.5 cm
Nal detector at 25 cm) and a 40-element bismuth-germanate
(BGO) inner ball. The numbers (angles with respect to the
beam direction) of the Ge detectors were: 4(37°), 2(51°),
4(79°), 2(103°), 4(123°), 2(152°), and 2(154°). Each de-
tector was 15.5 cm from the target. The Gammasphere ex-
periment involved 36 Compton-suppressed Ge detectors with
~80% efficiency. Six detectors were placed at 90°, and five
each at 17°, 32°, 37°, 143°, 148°, and 163° with respect to
the beam direction. All of these detectors were located 25 cm
from the target. The HERA data set consisted of 160X 10°
and 310X 10° y-vy coincidences at 129 and 134 MeV, re-
spectively. The Gammasphere data set consisted of 5 108
three- and higher-fold events, yielding 9X 10® unfolded
y-¥-7y coincidences.

The HERA data were sorted into symmetrized -y matri-
ces and forward/backward vs 90° matrices for a directional
correlation analysis (DCO). A preliminary level scheme [24],
including levels up to E,,~5 MeV and I~45/2%, was ob-
tained using coincidence relationships, relative y-ray inten-
sities and A7 spin measurements from DCO ratios.

The Gammasphere data were sorted [25] into a symme-
trized three-dimensional cube and the level scheme was ex-
tended to E.,=7.0 MeV and 7=55/2A. A DCO matrix was
generated with the 90° detectors on one axis and the forward
plus backward detectors on the other axis. DCO ratios were
determined by setting gates on clean strong transitions on
both axes. The DCO ratios were normalized to known E2
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TABLE II. Gamma-ray intensities and DCO ratios for normal

transitions in '**Pb.
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E, (keV) 1,3 Rpco® E, — E;
Group 1

72.7 2212 — 2140
158.4 28.0 * 4.0 0.67 = 0.20 2584 — 2426
213.0 23.0 x 34 0.60 * 0.17 2426 — 2212
219.1 42+ 1.0 1.04 £ 0.26 2212 — 1993
431.9 1.7 = 0.7 0.59 * 0.14 2426 — 1993
519.6 81.8 * 9.6 0.96 * 0.11 1401 — 881
527.3 102+ 1.9 1.05 * 0.15 1549 — 1022
590.6 30.0 £ 5.7 0.97 = 0.15 2140 — 1549
592.5 354 = 8.8 1.08 = 0.14 1993 — 1401
668.0 9.0 = 1.7 0.58 = 0.07 1549 — 881
739.0 18.8 * 4.0 0.58 = 0.07 2140 — 1401
811.7 98+ 19 091 * 0.12 2212 — 1401
881.3 100.0 = 11.3 0.96 = 0.11 881 — 0
1022.1 122 * 2.1 0.77 = 0.14 1022 - 0
Group 2

97.7 22+ 038 2523 — 2426
146.4 48 * 1.8 048 = 0.21 4148 — 4001
148.7 45+ 23 0.53 = 0.18 4297 — 4148
164.3 75+ 2.1 0.51 = 0.16 4001 — 3837
224.3 1.7 = 0.8 5168 — 4943
279.1 34+ 13 4576 — 4297
296.3 49 £ 1.5 0.53 £ 0.11 3375 — 3078
310.8 99+ 19 0.63 = 0.13 2523 — 2212
367.8 25* 1.0 4943 — 4576
395.4 55*x 1.7 3770 — 3375
438.3 2.1 * 038 4208 — 3770
462.6 13.0 = 33 0.49 = 0.07 3837 — 3375
555.0 6.6 x 23 0.52 = 0.07 3078 — 2523
758.9 23+ 09 1.16 £ 0.31 3837 — 3078
851.3 16.0 = 54 0.96 = 0.14 3375 — 2523
Group 3

85.5 2610 — 2525
447.6 0.9 * 03 3860 — 3412
531.5 38 = 1.1 0.93 * 0.17 2525 — 1993
539.5 1812 3904 — 3365
581.4 0.8 =03 4441 — 3860
632.2 13+ 09 4239 — 3607
644.0 0.6 £ 03 4757 — 4113
677.0 99+ 19 093 = 0.11 2670 — 1993
701.2 1.6 = 0.5 4113 — 3412
741.9 45* 1.2 0.97 = 0.17 3412 — 2670
754.4 56 3.0 3365 — 2610
996.5 30+ 1.8 3607 — 2610
Group 4

180.2 2121 %29 0.61 = 0.16 2321 — 2141
184.3 19.5 = 3.0 1.07 = 0.28 1585 — 1401
301.6 1.8 = 0.6 2705 — 2404
331.3 05 *03 2652 — 2321
340.7 1.9+ 06 2993 — 2652
384.4 1.5 = 0.7 2705 — 2321
421.2 44 * 1.3 0.89 £ 0.17 3127 — 2705
472.1 48 = 14 0.46 * 0.13 2057 — 1585

 EE———— o =l

TABLE II. (Continued)

E, (keV) I Rpco® E, — E;
542.2 28+ 10 3247 — 2705
5463 6.4 = 1.7 LIl % 0.17 3539 — 2993
555.5 29.5 + 94 0.77 * 0.09 2141 — 1585
564.6 72+ 19 0.89 * 0.15 2705 — 2141
5943 26+ 13 2652 — 2057
612.6 83 22 0.96 + 0.13 3739 — 3127
638.3 32* 1.0 113 * 0.19 4177 — 3539
647.5 13+ 05 4634 — 3987
655.7 1.9 038 4395 — 3739
672.0 69 + 1.8 1.09 = 0.15 2993 — 2321
692.8 32+ 1.0 0.89 * 0.15 4432 — 3739
7115 0.7 + 04 4889 — 4177
729.3 1.5+ 06 0.97 * 0.30 5162 — 4432
739.5 1.8 £ 0.6 3987 — 3247
766.5 0.8 * 04 5162 — 4395
805.9 8.8 + 22 0.91 = 0.11 3127 — 2321
819.0 33+ 10 2404 — 1585
Group 5

302.8 1.0 + 04 0.45 = 0.12 4469 — 4166
319.5 24 =08 0.53 + 0.10 3639 — 3320
4153 1.9+ 1.0 4055 — 3639
4233 1.3+ 05 0.44 + 0.09 4589 — 4166
4417 1.0 + 04 5031 — 4589
444.4 34+ 1.1 0.46 = 0.08 4166 — 3721
454.6 0.7 + 04 4589 — 4135
482.5 1.9 = 0.9 0.45 * 0.08 4537 — 4055
834.0 28 13 3418 — 2584
845.8 11 =05 4166 — 3320
867.8 12 £ 05 4589 — 3721

*Gamma-ray intensities are normalized to the 881-keV transition.
®DCO ratios are normalized to E2 quadrupole transitions.

character in Fig. 1. The parity of the levels in group 2 cannot
be determined because the electric vs magnetic character of
the 97 and 310-keV lines which depopulate the 2523-keV
level cannot be uniquely determined. The ordering of the
146.4, 148.7, and 164.3-keV lines above the 3837-keV level
could not be firmly established. However, this uncertainty
has no influence on the excitation energy and spin of band 2.
The DCO ratios of all three lines are consistent with AJ = ]
dipole transitions, therefore, suggesting a spin of 39/2 for the
4297-keV bandhead. However, again mixed Al = 0 transi-
tions cannot be completely excluded. Intensity arguments
lead to the conclusion that none of the lines at 146.4, 148.7
and 164.3 keV can be magnetic dipoles, because M1 transi-
tions are mainly converted at these low energies. The inten-
sity and also the DCO ratio of the 148.7-keV line could only
be roughly determined, as it is coincident with an additional
line with a transition energy of ~149 keV which is not
placed in the level scheme. There are additional weak lines
in the upper part of group 2 which could not be placed.
Therefore, only tentative spin assignments have been made
for levels above 3837 keV. Although the levels of group 2
are irregularly spaced, it is not clear that this group belongs
to the spherical part of the level scheme. As is the case for
the M1 bands, this group consists of dipole transitions with
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FIG. 1. Partial level scheme of '®*Pb. Lifetimes of the 21/27, 29/2~, and 33/2* isomers are taken from [26]. The lifetime of the
13/2* isomer is taken from [27]. The widths of the arrows are proportional to the y-ray intensities. The strongest lines of groups 1, 3, and
4 are included in both parts of the level scheme (Figs. 1 and 2). To aid the reader, the groups and bands shown in Figs. 1, 2, and 3 are

separated by dotted lines.

E?2 crossover transitions. Similar structures have been found,
e.g. in "Pb (groups a, b, and d of Ref. [15]), *’Pb (group 2
of Ref. [16]), 1®Pb (group b of Ref. [12]), and 2°°Pb (group
1 of Ref. [23]).

The transitions of groups 3 and 4 in Fig. 2 extend the
spherical level scheme. While none of these transitions are in
coincidence with any of the dipole bands, this part of the
level scheme might be of interest in the search for transitions
which could link the superdeformed bands found in '**Pb
[28] to normal excitations. The lifetimes, spins and parities
of the levels of groups 3 and 4 displayed in Fig. | are taken
from [26]. Our DCO ratios confirm the spin assignments
given in [26] with the exception of the 2321 level in group 4.
Our analysis gives a DCO ratio of 0.61+0.16 for the 180-
keV transition depopulating this level, which is not in agree-
ment with the earlier proposed assignment of a stretched
quadrupole transition. For most of the 32 new transitions in
Fig. 2, DCO ratios could be determined. While many of the
new transitions have DCO ratios consistent with stretched

quadrupole character, A] = 0 dipole or mixed multipolarities
could not be excluded for all of these.

Figure 3 shows the transitions of group 5 which are feed-
ing into band la. Most of these 7y rays have transition ener-
gies near 400 keV (dipoles) and 800 keV (E2), as do the
transitions in dipole band la. Also, the DCO ratios of the
group 5 lines are comparable to those of the in-band M1
transitions. While the levels in this group have irregular
spacings, their properties seem to be closer to those of the
regular bands than to the spherical part of the level scheme.

B. Dipole bands

The strongest dipole band observed in the present study
has been labeled band 1a in Fig. 1. The characteristics of this
band, when combined with its proposed extenston, band 1b,
are similar to those observed for the strongest negative-parity
dipole bands in the heavier odd-mass lead isotopes
195,197,199.201py, [16,23,29,30]. The second strongest band was
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labeled band 2. This band is similar to the strongest positive-
parity dipole bands in the heavier odd-A lead isotopes
[16,23,29,30]. The bands 1a, 1b, 2, and 3 have been popu-
lated with 35+6,3+2, 11+3, and 10+2% of the intensity
of the 881.3-keV transition, respectively.

Figure 4(a) shows a sum of spectra double-gated on the
dipole transitions of band la. These transitions are in coin-
cidence with transitions in group 1 of the spherical levels.
Six weak E2 crossover transitions have been found in band
la. Since the connection to the ground state has been estab-

lished, the spin and excitation energy of the bandhead are
known quantities, which are essential for a comparison be-
tween theoretical and experimental values. The DCO ratios
of all of the transitions in the cascade are consistent with
stretched dipole character. Intensity arguments require an
M1 assignment for the lowest energy lines. The crossover
E?2 transitions then require all of the levels in the band to
have the same parity. The conversion corrected intensities of
transitions depopulating the excitations of band 1 are listed
in Table III, where the crossover transitions are included in

Band 1a
45/2° — 5180
5031
Group 5 " P33
441.7 710.7 43727 4826
- : 357.4 l ]
472 4589 § i
I 41/2~ L l 4460 691.7 : il
233 4| : T
T il v 546 747.6 334.4 482.5 FIG. 3. Partial level scheme of
| 466 /7T ey +4055 193pb showing band la and the
867.8 444.4 4133 P transitions of group 5 which feed
- ) this band.
37/2
8458 4 Groupd
319.5
"y l + mo—l— 3418
193 834.0

l— 2584
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FIG. 4. Sum of double-gated coincidence
spectra of bands 1 and 2 in '**Pb. Transitions of
bands 1a and 2 are labeled by an asterisk, transi-

tions of band 1b with circles. The transitions
within the groups in **Pb are labeled with **+,’
“¢X,”” and ‘*—"’ signs for groups 1, 2 and 5,
respectively.

300
Energy (keV)

the total intensity numbers. The B(M1)/B(E2) ratios in
Table III are smaller than in the heavier lead nuclei [19,23],
but comparable to those in °’Pb [29]. Intensity is feeding
into band 1a over the entire spin range, but no depopulation
is observed until below the bandhead.

Band 1b is only weakly populated. It decays via unob-
served transitions into band 1a. Only four transitions have
been assigned to this band. The bandhead spin is estimated to
be 47/2x 1% from the decay pattern.

Figure 5(a) shows the experimental spins as a function of
rotational frequency for band la and 1b in **Pb and for the
corresponding bands in other odd-A Pb isotopes
[16,23,29,30]. The structure in the lower part is very similar
for all bands. The backbending starts at about Zw~0.4 MeV,
suggesting a crossing frequency of about 0.3 MeV for all
odd-A lead isotopes. The two transitions at the top of
band la in °Pb show a sharp upbend, which might be the
onset of a second backbending or, perhaps, the band be-
comes irregular at higher spins. The curve of band 1b as
displayed in Fig. 5(a) has approximately the same spin and
slope as the upper part of band 1 in '*’'**Pb and band 1b in
195ph suggesting a similar structure.

Figure 4(b) shows a sum of spectra double-gated on the
dipole transitions of band 2. These transitions are in coinci-
dence with the transitions of group 2. The connection of this
dipole band 2 to the spherical levels has been established,
enabling a comparison of experimental and theoretical val-
ues. As discussed above, there remains an ambiguity in the
spin assignment for band 2, and the parity could not be de-
termined. Only one E2 crossover transition has been ob-
served. The B(M1)/B(E2) ratio given in Table III is small
compared to the ‘‘shears’’ bands in the heavier lead isotopes
[19,23]. The intensity pattern summarized in Table III is
similar to that of most of the ‘‘shears’” bands. There is side-
feeding over a wide spin range, but depopulation occurs only
in parallel with the lowest transition. The transitions associ-
ated with the missing intensity depopulating the (41/2) level
could not be observed. The spin versus rotational frequency,
hw, plot [Fig. 5(b)] shows that band 2 follows the systemat-

TABLE III. Spins, transition energies, total intensities, and
B(M1)/B(E2) values for dipole bands in *>Pb.

Linitial E(E2) E/(M1) Tiot® B(M1)/B(E2)
(A7) keV)  (keV) (u/eb)?
Band 1a

312~ 102.5 100.0 = 17.4

3327 2523 993 * 10.5

35127 633.2 3812 779 + 9.8 164 *+ 5.2
37/2~ 7825 4013 549 * 75 128 * 2.6
39/2~ 8145 4133 33.8 * 5.3 7.9 = 2.0
4112~ 747.6 3344 158 = 3.0 279 + 114
43/2~ 691.7  357.4 12.6 + 32 21.6 * 8.0
4512~ 710.7 3533 62+ 23 100 = 3.8
Band 1b

(49/2) 239.1 734 *+ 19.8

(51/2) 265.1 100.0 = 22.0

(53/2) 329.4 56.1 = 18.2

(55/2) 374.9 17.1 = 74

Band 2

(41/2) 197.0 46.9 * 15.0

(43/2) 232.0 100.0 = 15.6

(45/2) 2914 795 + 12.7

(47/2) 365.0 613 + 9.8

(49/2) 753.8  389.1 383+ 73 82 * 22
(51/2) 415.7 18.7 = 4.7

(53/2) 425.7 108 = 3.2

(55/2) 432.3 68 * 25

Band 3

29/2% 342.6 100.0 = 12.4

312 705.9  363.5 912 + 14.6 70+ 1.3
33/2% 7728 4093 532 * 10.6 4.1 =08
3512t 791.1 3817 302 = 8.4 49 = 1.0

*Total intensity of dipole transitions plus intensity of the parallel
E2 crossover transitions. The intensities are normalized to the
strongest band transition.
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ics of the strong, positive-parity bands found in the heavier
odd-A Pb isotopes [16,23,29,30]. This similarity suggests
positive parity for band 2 in '**Pb. While bands 2 in *°Pb
and *°'Pb show a constant slope, the curve upbends in the
lighter isotopes, probably indicating the alignment of addi-
tional 7,3, neutrons.

Only four transitions have been observed in band 3. They
have relatively large intensities and show a less regular en-
ergy pattern compared to the other bands in '°*Pb. Three
crossover transitions have been assigned. Spin and parity
could be assigned to this band as it decays directly to the
known 27/2" level at 2426 keV. It is possible that the tran-
sitions of this band are electric dipoles, but no E1 dipole
bands have been previously observed in the neighboring lead
isotopes. Intensity arguments can exclude E'1 transitions for
the other dipole bands, since these bands have low energy
transitions near the bandhead which are strongly converted.
For band 3 the B(M1)/B(E?2) ratios summarized in Table
IIT are low compared to the other dipole bands in **Pb.

IV. DISCUSSION
A. Tilted-axis cranking calculations

Lifetime measurements [17—21] of magnetic dipole bands
in the Pb isotopes indicate that these bands are built on
weakly deformed structures; the oblate character is deduced
from negative E2/M 1 mixing ratios [1,2]. These results are
supported by theoretical calculations, including those in the
tilted-axis cranking (TAC) framework [23], which indicate
that the quadrupole deformation parameter S is in the range
0.05=<8=0.1 and y=~—70° for the bands found in the lead
isotopes. For this deformation the highest occupied proton
orbital is the s, level from which excitations are readily
possible across the Z=282 gap into the high-K levels of the
hgp and i35, subshells.

For the neutrons the i3/, subshell is partly filled and holes
in the upper levels of this shell contribute to the neutron spin.
These are the levels with small K values, and the angular
momentum for the neutrons has only a small component in
the direction of the nuclear symmetry axis. This means that
near the bandhead proton and neutron spins are perpendicu-
lar to each other. The total spin is, therefore, tilted to the
symmetry axis by an angle of about 45°. Tilted axis cranking
(TAC) calculations show that this angle remains nearly con-
stant within the bands. The generation of angular momentum
within the bands can be explained by a continuous increase
in the alignment of the proton and the neutron spins into the
direction of the total spin [22]. At the top of the band both
spins are expected to be parallel, resulting in the maximum
total spin.

Theoretical calculations of the excitation energies of pos-
sible M1 band configurations have been performed by ap-
plying the semiclassical TAC formalism described in [22].
For simplicity the deformation parameters are kept constant
at 8=0.1 and y= —60° as the results of the calculations do
not change strongly for slightly varying deformations. The
pairing constants were A=0 for the protons and A =0.75 for
the neutrons. The latter corresponds to 80% of the odd-even
mass difference, which gives good agreement between
theory and experiment in the lead region. The application of

the calculations to the very similar isotope '*°Pb are de-
g
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FIG. 5. Experimental spins as a function of rotational frequency
for band 1 (a) and band 2 (b) in the odd-A Pb isotopes '**Pb
(@), Pb (*), 'Pb (V), Pb (), and *'Pb (¢ ). Values are
taken from [16,23,29,30] and the present work.

scribed in more detail in [23]. To compare calculated and
experimental values, the classical variable J is associated
with the nuclear spin quantum number 7+ 1/2 to account for
the lowest order quantal corrections. For the transition
I—I—1 the transition energy is associated with A w and the

classical transition spin J=%[I+(I—1)]+ =1

B. Configuration assignment

The configurations which we propose to assign to the
bands in '**Pb are summarized in Table IV. In this table the
nucleon configurations are labeled according to the standard
cranked shell model convention. Neutron configurations with
positive parity (i;3,) are labeled with the letters A, B, C, and
D in the order of rising level energy, while negative parity
neutron orbitals (p3, and fs,) are labeled E and F. The
proton configurations are only labeled by the total proton
spin, for example, 11 for one hg, and one i3, protons
coupled to 11 .

There are four points which support the assignments
given in Table IV: (i) The systematics of the experimental
spins in the odd-A lead isotopes, (ii) the systematics of the
bandhead energies, (iii) comparison of TAC calculations
with experimental spins and (iv) comparison of calculations
with experimental excitation energies within the bands in

TABLE IV. Proposed configurations for dipole bands in **Pb.

Band Configuration ? Neutrons Protons
la All (inp 1327 (sushoniag) 117
1b ABC11 (523327 (sizhoniia)11”
2 ABELl1 (50202 KT Roplimil] -
ABF11 (ianfe2)2927  (si2hopia) 117
3 A7 (ip)13/2% (siniaT”
A8 (iL)132* (suah5)8”

dAbbreviations are explained in the text.
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FIG. 6. Odd mass Pb systematics of the bandhead energies of
band 1 (B1) and band 2 (B2) compared to the 13/2* and 33/27
spherical levels. Values are taken from [16,23,29,30] and the
present work. The energy of the 13/2 % state in !**Pb is estimated to
be =100 keV from systematics. Unknown low energy transitions in
199Pb (below band 2) and in °'Pb (29/2~ — 25/27) are assumed
to have 70 keV. The single-particle configurations of the bandheads
are given in Table IV; the configurations of the 13/2F and 33/2%

levels are v(ip3,) and v(ip;,), respectively.

193ppb. The proton (hgpiisn) 117 configuration is also consis-
tent with earlier lifetime measurements [18].

Figure 5 shows the experimental spins as a function of
rotational frequency for band 1 and band 2 in the odd-A Pb
isotopes. As already discussed above, the bands show similar
properties in all isotopes, which suggests the assignment of
the same nucleon configuration to all bands 1 and bands 2,
respectively, in the odd-A Pb isotopes. In earlier work
[16,23], band 1 has been assigned All below the backbend
in the heavier isotopes. The configuration ABC11 has been
assigned for band 1 above the backbend in *7'%°Pb [16,23]
and for band 1b in '®>Pb [29]. These configurations corre-
spond to one and three i3, neutron holes (A and ABC in
CSM notation), which couple to the 11~ proton configura-
tion to form the ‘‘shears’’ bands. Band 2 has been proposed
as ABE11 in 19197:199.201py, [29,16,23,30] where the nega-
tive parity neutron ‘‘E”’ stems from the fs,— ps/, orbitals.

In Fig. 6 the bandhead energies of bands 1 and 2 in the
odd-A lead isotopes are compared to the energies of the
spherical 13/2% and 33/2" levels. The smooth increase of the
bandhead excitation energies with increasing neutron num-
ber also suggests the assignment of the same nucleon con-
figuration to all bands 1 and bands 2, respectively. The sharp
increase of excitation energy for band 2 in “°!Pb can be
explained by the filling of the i3, neutron shell in this iso-
tope and, therefore, more energy is necessary to excite neu-
trons across the shell gap.

Figure 7 shows the experimental spins of the dipole bands
in 'Pb versus Aw. The calculated values for all possible
configurations are also included in Fig. 7. The experimental
values for band 1a, 1b, and band 2 below the upbending are
well-reproduced by the calculated values, thus suggesting the
configurations All, ABCI11, and ABEIIl, respectively,
which have also been assigned to the corresponding bands in
the heavier lead nuclei. Band 2 could also have the configu-
ration ABF11; since the calculated values for this configura-

25F

T

20

J[R]

15F

FIG. 7. Experimental and TAC-calculated spins as a function of
the rotational frequeircy, Aw, for the dipole bands in '**Pb. The
experimental dipole bands [band 1 below (Bla) and above
(B1b) the backbend, band 2 (B2) and band 3 (B3)] are indicated
by symbols connected by dashed lines. The theoretical calculations
(solid lines) are labeled by the configurations listed in Table IV. For
band 1b and band 2 the experimental spins have an uncertainty of
*14A.

tion are similar to those for ABE11 they are not included in
the figure. The configurations involving one neutron hole (A)
could only be calculated up to 0.23 MeV because at this
frequency there is a high level density for neutron orbitals in
the Nilsson diagram. This high level density causes irregu-
larities in the calculated energies which originate from com-
peting quasi-neutron configurations. This is different from
the calculations in the heavier isotopes, where one may fol-
low the configuration up to much higher frequency [23]. This
means that for neutron number around 110 the rearrange-
ment of the neutrons into different quasiparticle configura-
tions competes with the gradual closing of the blades of the
shears, resulting in less regular dipole sequences. This aspect
will be discussed further in the following section.

Band 3 has lower spin and excitation energy than the
other bands. Therefore, the positive-parity configuration A7,
in which only one high-j i3, proton contributes, is a pos-
sible assignment for this band. The positive-parity configu-
ration A8, in which two protons are excited in the hgy, or-
bital, could also explain the properties of band 3 and is,
therefore, included in Fig. 7. Band 3 starts at Aw=0.34
while the calculations only provide reliable results up to
fw=0.23; extrapolating the calculated curves does not help
to provide an unambiguous configuration assignment of
band 3. This band, which lies high in frequency, is not very
regular.

In Fig. 8 experimental and calculated excitation energies
as a function of J are compared. The experimental values of
bands la, 1b, and 2 have slopes similar to the calculated
values for the proposed configurations. However, there re-
mains an uncertainty in the configuration assignment for
band 1b because the absolute excitation energy based on the
decay pattern is only a rough estimate. Transitions which
link this band to the rest of the level scheme have not been
identified. Also in Fig. 8 the experimental values for band 3
are compared with the TAC calculations for the configura-
tions A7 and A8. However, the calculations for both configu-
rations predict a smaller slope than the experimental values.
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FIG. 8. Experimental and calculated excitation energies as a
function of spin for the dipole bands in !**Pb. For band 1b the
absolute excitation energy is not known and only roughly estimated
from the decay pattern. See also caption to Fig. 7.

C. Regularity of bands

Some of the ‘“‘shears’” bands in the heavier isotopes have
been originally interpreted as irregular bands. Due to better
statistics in recent experiments the order of the transitions
has been reversed in °Pb [32], '7Pb [16] and '*®*Pb [33].
This leaves only regular bands in *>~202pb, while there are
slightly irregular bands in °?Pb [34], **Pb and *Pb [35].

Generally, there is a tendency that the ‘‘shears’” bands
become shorter and less regular with decreasing neutron
number. Such a behavior has been found in a shell model
study of “‘shears’” bands [31], where it has been attributed to
a lack of particles in the f5,— p3,, orbitals, which serve as a
kind of *‘glue” to fix the two blades of the shears.

The neutron number 112 marks the border between the
regions where the neutron system prefers prolate instead of
slight oblate deformation (cf., e.g., [36,37]). The lower
B(M1)/B(E2) values and the higher J'® value of the regu-
lar parts of bands 1a and 1b in '%*Pb, as compared to the
heavier Pb isotopes, may be evidence for the tendency of the
neutron system towards prolate deformation. The surprising
fact that this leads to less regular bands can be understood.
TAC calculations show that larger deformation suppresses
the ‘‘shears”’ mechanism, because the restoring force that
keeps the blades open increases. On the other hand, it be-
comes easier to generate collective angular momentum from
the core nucleons, which do not participate in the shears. In
the heavy Pb isotopes the ‘‘shears’” mechanism is the domi-
nating source of angular momentum [22], generating very
regular sequences, whereas in the lighter ones the angular
momentum contribution from the deformed core becomes
more important. Since the deformation is still rather small, it
does not lead to regular bands but rather to irregular quasiro-
tational sequences. An additional element which could desta-
bilize the ‘‘shears’’ mechanism is the change from small

oblate to prolate deformation (cf. [36]), because the de-
formed field that ‘‘glues’’ the high j particles to the two
blades of the ‘‘shears’” is no longer optimal (cf. the overlap
arguments given in Ref. [22]).

V. CONCLUSION

Excitations in 'Pb up to 55/2% and 7 MeV in cnergy
were deduced from experiments with early implementation
of GAMMASPHERE and HERA arrays of Compton-
suppressed Ge detectors using the "Yb(**Mg,5n) reaction
at beam energies of 129, 131, and 134 MeV. The spherical
part of the level scheme was considerably extended, which
might be helpful in the search of the linking transitions for
the superdeformed bands which have been found in this
nucleus.

Four bands of enhanced dipole transitions have been ob-
served in '°*Pb. Three of these bands have transitions which
connect them to the spherical levels, thus enabling a com-
parison between experimental values and theoretical calcula-
tions. The bands are built on configurations involving the
high-K proton hy, and i3, levels and holes in the low-K
levels of the i3, neutron shell. A comparison of the experi-
mental results with tilted axis cranking (TAC) calculations
shows a good agreement for the proposed configurations for
bands 1 and 2, while the short, less regular band (band 3)
cannot be assigned an unambiguous configuration. Probably
band 3 is built on a configuration involving only one
high-j proton particle and one high-j neutron hole.

As a result of the present work, the systematics of the
M1 bands in the odd-A Pb isotopes have been extended.
Bands 1 and 2 show a pattern similar to that of the corre-
sponding bands in the heavier lead isotopes,
195,197.199.201ph, - thus suggesting that all of these bands are
built on the same configurations.

It appears that '>Pb marks the lower borderline of the
region of regular ‘‘shears’’ bands in the heavy lead isotopes.
This change could be caused by a competition between the
neutrons that begin to drive towards prolate deformation be-
low N=112 and the closed shell of the proton system that
does not allow for large deformation. This competition
means that the change in M1 character materializes as the
appearance of less regular bands instead of more regular
ones.
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Two-way decay has been observed between superdeformed bands in '**Hg. It is proposed the decays
have M 1 multipolarity and connect signature partner bands. Candidates for the two-way gamma decays
connecting superdeformed bands are observed for the first time.

PACS numbers: 21.10.Re, 23.20.Lv, 27.80.+w

Superdeformed states are associated with extremely
large quadrupole deformations, typically 82==0.6 in the
mass 150 region [1,2] and B>=20.47 in the mass 190 re-
gion [3,4]. The large quadrupole deformations enhance
stretched E2 transition rates. Indeed both the mass 150
region and the mass 190 region have B(E2) values [2-5]
for superdeformed states which are 3 orders of magnitude
larger than the corresponding single particle (Weisskopf)
units. However, superdeformed bands around mass 190
extend to low frequencies (Aw—0.15 MeV) and spins
(I;~8) [6], much lower than for mass 150 nuclei. The
large electron conyversion coefficients associated with low
energy M1 decays enhance the total M1 transition proba-
bility and the E2 transition probabilities decrease with
decreasing transition energy [T(E2) < E?]. Thus it is
more likely for M1 decays to compete with stretched E2
decays, resulting in cross talk between superdeformed
states. .

The first evidence for transitions between superde-
formed bands was in '"Hg [7]. Four superdeformed
bands were observed and they were assigned as [512] 3
a=— % (band 1), [624]1 ¥ a==* + (bands 2 and 3), and
jisjz (band 4). Bands 1 and 3 (a=—7) have identical
transition energies at low spin. A fifth band was proposed
(the “missing” [5121% a=+ 1 band) to have identical
transition energies to band 2 (a=+ 1) and this will_be
referred to as band 2. Band 2’ would then be the signa-
ture partner to band 1. In order to clarify the '*Hg su-
perdeformed band assignments and to help prepare the
way for the following discussion, a partial level scheme
for bands 1, 2, 2', and 3 is shown in Fig. 1. In Ref. [7] it
was suggested that the decay proceeded from band 1 to
band 3. The intensity of the cross talk was estimated to
be of the order of 30% and it was proposed that the de-
cays are E1,

In this paper we report on the first observation of two-
way cross talk between superdeformed bands in '**Hg. It
is proposed that the cross talk is comprised of M1 transi-

tions between superdeformed signature partner bands. In
addition, candidates for the M1 ¥ decays are presented
for the first time.

Excited states in '**Hg were populated by the reaction
176y b(??Ne,5n) '?*Hg at a beam energy of 116 MeV.
The gamma decay was detected using the high-energy-
resolution array (HERA) Ge detector array at the
Lawrence Berkeley Laboratory 88 in. cyclotron. The
data were sorted into an E,-E, correlation matrix with

BAND 1 or BAND3 BAND 2' or BAND 2
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FIG. . Schematic partial level scheme for the proposed sig-
nature partner bands in '’Hg. Following Ref. [7] we assume
that there are two pairs of strongly coupled bands based on the
two configurations [5121% and [624] .- The two pairs of bands
are “identical™ up to the spins shown. Note that bands 2 and 2’
are not resolved and the single rotational sequence observed ex-
perimentally is assumed to be two bands. Also shown are M1
decays which may be expected to connect the signature partner
bands. The M1 energies are calculated in the limit that the
bands are strongly coupled. The spin assignments were derived
from a fitting procedure and taken from Ref. [6].
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the condition that at least two suppressed Ge detectors
were in coincidence with a total y-ray fold of 14 and
higher. Approximately 680 million events were contained
in this matrix of which ~60% belonged to '*Hg.

Figure 2(a) shows a y-ray spectrum in coincidence
with the 353 and 391 keV transitions in bands 1 and 3.
[It is not possible to say whether the decay is from band
1, band 3, or both since the y rays from these bands are
identical (to within 0.5 keV) below 430 keV.] In addition
to these bands, low lying transitions (254, 295, and 334
keV) in band 2 are seen to be in coincidence with the gat-
ing transitions. It is estimated that approximately 25% of
the intensity from band 1 and/or band 3 goes over to
band 2 (at spin I == ¥ ). )

A spectrum of superdeformed y rays in coincidence
with the 451 keV y ray in band 2 is shown in Fig. 2(b).
Other members of band 2 can be clearly seen. However,
this spectrum also contains transitions with energies of
233, 274, 314, and possibly 353 keV. These transition en-
ergies correspond to known y rays in the superdeformed
bands 1 and 3. The intensity of the cross talk is of the or-
der of 30% relative to the inband decay (at spin I~ 3 ).
Furthermore, a spectrum [Fig. 2(c)] gated by the 274
keV y ray in bands | and 3 not only contains all transi-
tions from bands 1 and 3 but also contains all transitions
from band 2 starting from the 334 keV y ray and is indi-
cated in Fig. 2(c) by an asterisk. Note that the spectrum
contains no evidence for a 254 or 294 keV superdeformed
transition (band 2). This is consistent with bands 1 and
2' and/or bands 3 and 2 being strongly coupled signature
partner bands (Fig. 1). These observations [Figs.
2(a)-2(c)] suggest that not only is there evidence for de-
cays from the a=— L to the a=+ ¥ structure (as ob-
served by Cullen et al. [71), but also from the a=+ 1 to
the a = — 1 structure. This is the first time that two-way
cross talk has been reported between superdeformed
bands. )

Two-way cross talk, as observed in these data, implies
little or no energy splitting between the connecting bands.
Since it is proposed [7] that both positive and negative
parity superdeformed bands exist, it is possible the decay
may be either E1 or M1. Collective low energy E'l tran-
sitions between rotational bands of alternating parity may
occur [8-101 in the presence of stable octupole deforma-
tions. However, '>Hg is not expected [7] to exhibit
stable octupole deformations. It is therefore suggested
that in this case ('®3Hg) two-way cross talk would most
likely indicate the presence of M1 decays.

Calculations [11] specific to '*Hg have shown that
M1 cross talk of the order of 25% is not unreasonable
for the proposed configurations (namely [5121% and
[624] ¥). The possibility that the one-way cross talk ob-
served [7] in '"3Hg was more likely to be M1 than E1
was first mentioned in Ref. [12].

Assuming bands 1 and 2’ and/or bands 3 and 2 are
strongly coupled [7], it is possible to predict the transition
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FIG. 2. (a) Spectrum of superdeformed transitions in coin-
cidence with the 353 and 391 keV ¥ rays in bands 1 and 3.
Transitions in bands 1 and 3 are labeled by energy and band as-
signment. Below 392 keV bands 1 and 3 are identical; at higher
energies the bands diverge and are easily resolved. The 7y rays
marked with *“** correspond to known transitions in band 2.
The inset is a section of the same spectrum expanded. (b)
Spectrum of superdeformed transitions in coincidence with the
451 keV y ray in band 2. Transitions in band 2 are labeled by
energy. The y rays marked with “#” correspond to known tran-
sitions in bands 1 and 3. ,The inset is a section of the same spec-
trum expanded. (c) Same as (a), except the gating transition is
now the 274 keV. y ray in bands 1 and 3. Transitions in bands [
and 3 are labeled by energy and band assignment. The y rays
marked with “«™ corresporid to transitions in band 2. The
lowest y ray in band 2 (*%”") is at 334 keV and the highest is at
661 keV.
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energies expected for M1 decays between the signature
partner bands. For superdeformed states in the spin in-
terval & — 3. the M1 energies range from 111 to 192
keV and are separated by approximately 10 keV (Fig. 1).
The lower portion of Fig. 3 shows a gate on the 391 keV
transition in bands | and 3, while the upper portion is a
section of the total projection spectrum, used to generate
the background spectrum. The known superdeformed y
rays from bands 1 and/or 3 are indicated. In addition, at
low frequencies there is evidence for a series of weak y
rays within 1 keV of the energies one calculates for M1
transitions. The dashed lines correspond to the energies
where one may expect to observe M1 transitions. The
peaks at 142 and 152 keV and to a lesser degree at 182
keV occur in a region where the background (total pro-
jection spectrum, upper part of Fig. 3) is relatively “flat™
and as such these peaks are rather insensitive to the back-
ground subtraction. The gamma ray at 161 keV falls
within a region of the spectrum which corresponds to a
peak in the total projection and, as a result, is sensitive to
background subtraction. For completeness we have also
indicated, in brackets, the energies where one would ex-
pect to find other M| gamma rays (see Fig. 1). The 132
and 172 keV transitions also correspond to regions in the
total projection spectrum where large peaks occur and

-t
o

TV JW U}

:

~ TOTAL PROJECTION
© 233(1,3)

(MILLIONS)

o o

o [4)]
e

e L L£) e
ameeeees (122)
s (182)

193(1,3)

™

100 120 140 160 180 200 220 240
ENERGY KeV

FIG. 3. Spectrum in coincidence with the 391 keV transition
in bands | and 3. Superdeformed (SD) transitions in bands 1
and 3 are labeled by energy and band assi%nment. The 192 keV
SD peak is a doublet with the £*—£% [93 keV transition.
Other peaks labeled by energy (142, 152, 161, and 182 keV)
correspond to where one would expect to see M1 y rays decay-
ing between the two pairs of strongly coupled superdeformed
signature partner bands (assumed to be based on the [512] %
and [624) % orbitals). For completeness we also show, in brack-
ets, those energies where one may expect to observe the remain-
ing M1 gamma-ray transitions (111, 122, 132, and 172 keV).
The upper portion of the figure shows the total projection spec-
trum. The positions of the proposed M1 decays are indicated
by a dashed line. See text for more information.
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once more we may expect to observe large fluctuations in
the final spectrum following background subtraction. For
M1 transitions and energies as low as 111 and 122 keV,
clectron conversion is expected to dominate over gamma
decay.

It is clear that the energies of the gamma rays shown in
Fig. 3 are, within errors, exactly those one would expect
for M1 decays (Fig. 1). However, the gamma rays are
very weak and, as discussed above, several of the peaks
are sensitive to the background subtraction. Other super-
deformed transitions in bands 1 (and/or 3) and 2 (and/or
2') are generally more contaminated than the 391 keV
gate (Fig. 3); nevertheless, the low energy gamma rays
seen in Fig. 3 show up consistently in these other gates.
Moreover, a spectrum in coincidence with gamma rays at
142 and 152 keV includes peaks consistent with known
inband superdeformed transitions in bands 1 (and/or 3)
and 2. Since the gamma rays are weak it was not possi-
ble to obtain the multipolarity of the transitions from an
angular correlation (directional correlation with oriented
nuclei technique) measurement. Finally, one would ex-
pect the ratio of the measured y-ray intensity to the total
M1 decay intensity to be approximately + (due tocz ™
decay) whereas the ratio of y rays to total E1 decay in-
tensity would be closer to 1 (very little ce ~ decay). The
individual intensities for the 142 and 152 keV M1 gam-
ma rays are 14(6)% and 15(6)% of the full superde-
formed inband intensity respectively or ~ ¥ of the total
cross talk intensity and hence are more consistent with
M1 decay. We therefore suggest that the series of low
energy transitions (Fig. 3) corresponds to the M1 decays
between signature partner superdeformed bands (as indi-
cated in Fig. 1).

If it is assumed that '>Hg has the same quadrupole
moment as '92Hg (20 eb) [5), then from the measured
branching ratios [(A/=1)/(A/=2)] one estimates the
B(M1) strength to be of the order of 0.5uf% (for the
[5121% and the [624]1% Ilevels, Ref. [11] calculates
B(M1) values of 0.5 and 1.0 u%, respectively). Further-
more, from the measured branching ratios it is also possi-

. ble to calculate the expected Ka x-ray yield due to ce —

decays. For M1 transitions in the energy range 111 to
181 keV, one obtains a Ka x-ray yield of approximately
0.8 0.2 per cascade (for E1 decays this value drops to
0.2+0.06). In Ref. [13] a Ka x-ray yield of 1.6 0.4
was measured for band | in ' Hg. It.is clear that any
significant difference between our calculated value (0.8),
based_on the measured branching ratios, and the mea-
sured value (1.6) could easily be due to M1 decays be-
tween superdeformed transitions which we do not ob-
serve.

Because of the very small intensity of the superde-
formed bands (1%-2% of the '"*Hg channel [7]), it was
not possible to decompose the cross talk into contribu-
tions from either pair of assumed signature partner bands
([5121 3 or [6241F). Neither was it possible to rule out




VOLUME 70, NUMBER 18

PHYSICAL REVIEW LETTERS

3 MAY 1993

the hypothesis that one-way FE1 cross talk may also
proceed from band 1 ([5121% a=—1%) to band 2
([6241 % a=+ %) as proposed by Cullen et al. [7].

In summary, the data presented here confirm the ex-
istence of cross talk between superdeformed bands. Un-
like previous experiments the decay is observed both
ways, indicating the presence of M| transitions. Further-
more, a series of low energy 7y-ray transitions has been
identified and it is suggested that these correspond to the
M1 decays between superdeformed bands.
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Superdeformation in *1Au
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A superdeformed band has been observed for the first time in an Au isotope. The reaction used
was 1B + 188W, demonstrating that very light ions can be used to populate superdeformed (SD)
bands at high angular momentum. The band is assigned to 191Ay. The «-ray energies are at the
quarter-point energies of the *?Hg SD band, indicating that it is “identical” to that of *°Hg.

PACS numbers: 23.20.Lv, 21.10.Re, 27.80.+w

The search for new superdeformed (SD) bands is im-
portant in many respects. Perhaps most obviously, SD
bands are a critical test of our ability to predict nuclear
properties. Multiple bands in a given nucleus give us
information about the orbitals involved at large defor-
mations, which may be quite different from those in nor-
mally deformed nuclei. Superdeformed bands are often
identical to others in neighboring nuclei and new exam-
ples often provide clues that will help us understand this
puzzling phenomenon. “Identical” SD bands, usually in
different nuclei, refer to rotational bands that have not
only the same moment of inertia, but also identical or
“equivalent” transition energies. The “equivalent” tran-
sition energies correspond to half-points or quarter-points
between two consecutive transition energies in the iden-
tical band. Since each transition carries two units of an-
gular momentum, this means that any additional single
particle contribution to the angular momentum must be
half-integer or integer. This is not expected in the “tradi-

tional” models and may lead to the development of new.

concepts and reveal new symmetries. .

In the mass. 190 region, superdeformed nuclei are
known only for the Hg, T1, and Pb isotopes {1}, although
they are predicted [2,3] for both higher and lower atomic
numbers. In the SD candidate nuclei with Z > 82, it is
very difficult to find new superdeformed bands because
of higher fission competition. Prior to this work, no SD

bands had been found in this region for Z < 80. These

relatively neutron-rich nuclei can only be populated at
high angular momentum with very light neutron-rich pro-
jectiles. We report here the first superdeformed band
found in a gold (Z = 79) nucleus, ***Au. This SD band
is the first experimental evidence that this region of su-
perdeformation extends below Z = 80. In this odd-Z

-nucleus, we find that the superdeformed band is “iden-

tical” to quarter-point energies of the SD band in the
“doubly magic” 192Hg and to an excited band in 19'Hg,

_an odd-neutron nucleus. This is different from the be-

havior of the Tl nuclei, the other odd-Z SD nuclei in this
region, where the extra odd proton does not produce a
SD band identical to that in 92Hg. =

The experiments were carried out at the Lawrence
Berkeley Laboratory 88-Inch Cyclotron using the High
Energy-Resolution Array (HERA) facility. HERA. con-
sisted of twenty Compton-suppressed Ge detectors and
a central 40-element bismuth germanate (BGO) ball.
States in 190:19L192Ay; were populated in the reaction
186\y7(11B, zn) at three different beam energies: 78, 84,
and 86 MeV. The targets consisted of one to three
stacked self-supporting 0.5 mg/em? BSW. All three-
fold and higher v-ray coincidences were recorded. The
twofold coincidence events were recorded only if they
were in coincidence with at least six inner ball detec-
tors. All events were recorded together with the -

* “ray sum energy and the multiplicity of the inner ball.
Also; in the 86-MeV reaction, the time- differences be- -

tween the -y rays detected in the BGO ball and the first-

. coincident Ge detector were recorded to enable the re-

jection of delayed -y rays and neutron-induced events. A
total of 2.0x 108, 1.9% 108, and 3.7x10® double events and
3.5%x107, 4.3x107, and 5.0x107 triple and higher coinci-
dence events were recorded for the three runs at 78, 84,
and 86 MeV, respectively. In each case Doppler-shift cor-
rections were made on the energies of the -y rays emitted
from the recoiling nuclei. In a separate set of experi-
ments, the 178Yb(1°F,zn) reaction was used at 100- and
105-MeV bombarding energies with a target consisting of
three stacked '76Yb metallic foils of 0.5 mg/cm? thick-

340 i ; 0031-9007/93/71(3)/340(4)$06.00
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ness. Summed over both energies, a total of 3.4x10%
double and 1.2x108 triple and higher coincidence events
were recorded.

Correlation matrices of E,-E., coincidences were con-
structed with various y-ray sum-energy (H) and multi-
plicity (k) requirements. A channel-by-channel search
of the matrices revealed a band of at least 13 transi-
tions from E,
MeV data sets for the 188W(11B,zn) reaction (Fig. 1).
There is also some weak indication of this band in the
78-MeV data set. The transition indicated by * in Fig. 1

is found in coincidence with SD band members. It has-

the same energy (371 keV) as the known low-spin 13/27-
9/2~ transition in '®'Au [4]. However, this transition
feeds the 10-ns isomer in 1%1Au. Because the recoiling
nuclei move out of view of the Ge detectors, the 274-keV
(9/2~-11/2") and subsequent transitions in the decay of
the isomer are not seen. The relative intensity pattern of
the band is shown in the inset. The uncertainties are rel-
atively large due to the very weak intensities. The transi-
tion intensities, internal conversion included, increase as
the transition energies decrease, become relatively con-
stant for energies from 500 keV down to 300 keV, and
decrease after that. This intensity pattern is similar to
those of the bands in ° Hg [5]. The energy spacings of
the transitions in this band are similar to others in this

= 220 to 678 keV in the 86-MeV and 84- -

v

region, with the differences between adjacent transitions .

being ~ 41 keV for the lowest energy transitions and =

34 keV for the highest energy transitions.
The assignment of the new band to %1 Au is supported
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FIG. 1. The ~-ray spectrum of the SD band produced in
the 88W(11B,6n)%1 Au reaction. The data represent the sum
of the 84-MeV and 86-MeV data sets. This spectrum is ob-
tained by double gating threefold and higher events. For the
84-MeV data set, the gates are nine transitions from 228 keV
to 540 keV. The gates for the 86-MeV data set are all 13 band
members. The transition indicated by * is 371 keV (see text).
The inset shows the transition intensities, deduced from the

double-gated spectrum.
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by the excitation function and cross bombardment re-
sults. The SD band is much weaker in the 78-MeV
reaction data where °2Au is much more intense (com-
pared with either the 84- or 86-MeV reaction) so that one
may rule out the possibility of the SD band belonging to
192A4. Known states with similar spins were populated
in the other experiment, 1"Yb(*°F,zn). The residual nu-
cleus has about the same energy of excitation and max-
imum angular momentum as those in the 88W(11B,6n)
reaction. The statistics of 1°°Au in this reaction are much
better while the 191 Au populations are much smaller than
those in the ®8W(!B,zn) reaction at 84 and 86 MeV.
Careful searches for this SD band were performed in these
data and it was not found. This suggests that this SD.
band most likely belongs to 191 Au and not to 1901924y,
With a multiplicity k >18 and sum energy H >14 MeV,
the band intensity is only 0.15% of the total 91Au in-
tensity. It is one of the most weakly populated SD bands
found to date. There are not sufficient statistics for mak-

. ing a directional correlation analysis to establish multi-

polarities, and it may be possible that this is a dipole
band. However, a plot of the dynamic moments of iner-
tia against frequency (fw) for this new band compared
with similar plots of dipole bands (e.g., in %7Pb and in
199ph) [6,7] and other SD. bands in this region shows a
behavior of the dynamic moments of inertia more regu-
lar than those-of dipole bands and more similar to that
of the SD. bands. In fact, the band is identical to some
other SD bands. Therefore, we made a reasonable as-
sumption that these cascade «y rays of the SD band have
multipolarity L = 2. Because of the weakness of this SD
band one might be tempted to assign it to a Pt nucleus

19 JULY 1993

produced by a competing (}*B,pzn) reaction. However, '

" our data show that the amount of the Pt produced by the

competing pzn channel is a factor of about 30 less than

the Au. Typically SD bands in this region are populated

at ~ 1% or less, For the observed SD band to be in Pt,

“therefore, it would have to be populated at the unusually

high 5% level to give the intensity observed. We regard

this alternative as unlikely.
In order to compare this SD band to other bands in this

- mass region, its clyna.mlc moment of inertia is displayed

in Fig. 2 together with those of 19%Hg [8,9] and 9'Hg*
(band 3 in Ref. [5]). It is seen that the moment of inertia
for 91 Au is very similar to those of the SD bands of
192Hg and 19'Hg*. The energy differences between the
transitions of 191Au, 192Hg, and 191Hg* SD bands are
also shown. FExcept for the lowest and highest energy
transitions, all the comparable transitions in the band
are within 2 keV of quarter-point energies of the 192Hg
band and those of the 191Hg* SD band.

The fact that the transition energies of the SD band
are identical to_the quarter-point energies of the 192Hg
band implies that the odd proton hole (relative to the
192Hg core) occurs in an orbital which has a zero or an
integer alignment. In addition, the absence of a signa-
ture partner band to the 1°2Au SD band suggests some

341
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FIG. 2. The dynamic moment of inertia of the **Au SD
band (diamonds) compared to those in *?Hg (circles) and
191j10* (squares). The inset shows the energy differences be-
tween the bands (circles, *** Au - ***Hg quarter-point energies;
squares, ¥%Au - 1¥1Hg*).

signature splitting. It therefore appears that this band is
not based on a strongly coupled orbital.

In order to help assign this 0dd-Z band to a specific
orbital we refer to the single-particle Routhians (Fig. 3).
The deformation parameters used to produce this plot
were obtained from total Routhian surface (TRS) cal-
culations, based on a deformed Woads-Saxon potential
and the Strutinsky shell correction formalism with a
monopole pairing interaction [10,11]. Figure 3 shows that
at these deformations there are several orbitals near the
Fermi surface, including the [411]1/2 and [530]1/2. Other
possibilities are the 62 and the [532]3/2 orbitals. How-
ever, these seem less likely because the 65 orbital has
a changing alignment and the [532]3/2 appears farther
away from the Fermi level in these calculations. Both
the [411]1/2 and the [530]1/2 orbitals are fairly flat in
the observed frequency range. Since a proton hole in a
flat orbital will produce no alignment relative to '9?Hg,
these assignments are not inconsistent with the observed
~ energies. This requires that the decoupling parameter
for this orbit be. different at these deformations. Indeed
particle-rotor model calculations suggest that this may
be the case. - - ’

The spins of the states are suggested using the methods
of Draper et al. [12] and Becker et al. [13]. Using the two
methods to fit the energies of the transitions gives an
average of 11.2(1) for the spin parameter of the upper
level of the 229:KeV transition. Since the nucleus is odd-
A, the most likely spin consistent with the above least-
squares analysis for the upper level is 23/2.

The alignment plots [14] for 1°! Au and ''Hg* relative
to 192Hg are displayed in Fig. 4. As with many other

examples of superdeformed bands in this region, 191Au .

shows an alignment of i = 1 relative to *%2Hg. This gen-
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eral phenomenon is not well understood. However, it has
‘been discussed [14] in terms of the aligned intrinsic pseu-
dospins of a pair of valence nucleons. The weak coupling
of the pseudo-orbital to the pseudointrinsic spin is a prop-

- erty of the observed approximate pseudospin symmetry
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in nuclear systems [15].
In addition to the SD band in °?Au described above,

we have observed another somewhat weaker band with

energies nearly identical to the yrast SD band in 191Hg

[16]. The transition energies are nearly the same as those

in the newly found SD band for low E., and they diverge , _

at high E,. The energies of the higher energy transi-
tions in this band are 506, 543, 580, 616, 651, and 686
keV. Weak evidence for several of these peaks can be seen
in Fig. 1. The peaks are more prominent under different
gating conditions. This second band was seen only in the
86-MeV data set and the data are insufficient to allow us
to assign it to a nucleus. Because of its apparent rela-
tionships to the SD bands of 19'Hg and 19!Au, it would
be very interesting to characterize this band further.

In conclusion, we note that the SD band in ' Au rep-
resents the first experimental evidence concerning the
nature of the proton orbitals below Z = 80 in superde-
formed nuclei. The band may be characterized by ei-
ther the [411]1/2 or the [530]1/2 proton orbital. This is
the first observation of an SD band in this region based
on these orbitals. This band has an unexpected and in-
teresting property: it shows an identical band relation-
ship to the yrast (quarter-point energies) band in 192Hg,
However, there is no evidence as yet of a signature part-
ner band. This band is very weak and it represents a
limit of what can be done with the current generation
of Compton-suppressed Ge arrays. A great deal remains
to be learned concerning the properties of this SD region
and the relationships between the SD bands. It is impor-
tant that we continue extending this region of superde-
formation with the next generation of detector arrays.
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