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Resumo

Informacdes espectroscépicas de estrutura nuclear foram acessadas, na regido de A~
100, por intermédio de reagbes de transferéncia de um néutron (d,p) e (d,t) e espalhamen-
tos inel4sticos provocados por déuterons e/ou particulas alfa. Dados de altissima qualidade
foram obtidos com ‘a, utilizacdo principalmente do sistema Pelletron-Espectrégrafo Magnético
de Sio Paulo. A interpretagdo das intensidades espectroscépicas de particula e/ou buraco
de néutron experimentais associadas aos vérios orbitais do modelo de camadas, salientou nos
99,101,108Ry; agpectos microscépicos de estrutura nuclear que demonstraram néo ser aparente
uma sistemética de preenchimento dos orbitais, revelaram a existéncia de excitagoes de =3
(ndio de valéncia) a baixa energia de excitagdo e diagnosticaram coexisténcia de forma também
a baixa energia. Na excitacio de estados coletivos por espalhamento ineldstico com projéteis
isoescalares, o método de anjlise da interferéncia coulombiana-nuclear permite, na descricao
DWBA-DOMP, quantificar aspectos macroscdpicos com a extracio simultinea da probabili-
dade reduzida de transigio isoescalar B(ISL) e da razio B(EL)/B(ISL). Nos nicleos de
90,027, 9498)\g ¢ 100102104Ry 5 aplicagio da metodologia desenvolvida possibilitou o acompa-
nhamento do carater de isospin, principalmente da primeira excitagio quadrupolar. Destaca-se
0 97Zr, para o qual a razdo dos momentos quadrupolares de néutrons e prétons obtida ultra-
passa em mais do que ~ 50% o valor N/Z previsto pelo modelo coletivo homogéneo, que é
detectado no %7Zr. Muito semelhantes entre si, os dois isétopos **Mo (is6tono do 2Zr) e **Mo,
revelaram também aspectos nio homogéneos, embora menos intensos e com predominéncia da
contribui¢do dos prétons. No °Ru, isétono do *Mo, a predominéncia de prétons é bem mais

leve, intensificando-se na seqiiéncia dos isétopos ®Ru e *Ru.



Abstract

Nuclear structure information for the A ~ 100 transition region was extracted from the
analysis of (d,p) and (d,t), one neutron transfer reactions and inelastic scattering by deuterons
and alpha particles. High quality data were obtained mainly using the Pelletron-Magnetic Spec-
trograph facility of Sdo Paulo. The measured particle and hole neutron strengths in the nuclei
99,101,108Ry revealed microscopic aspects of nuclear structure associated with the various shell
model orbitals. The results showed that all of the spherical valence orbitals are filling regardless
of the neutron number, as well as indicating the existence of low energy £ = 3 (non valence)
excitations and low energy shape coexistence. The excitation of collective states by inelastic
scattering of isoscalar projectiles was analyzed by the Coulomb-nuclear interference method in
the DWBA-DOMP description to permit the simultaneous extraction of the isoscalar reduced
transition probability B(ISL) and of the ratio B(EL)/B(ISL), thus quantifying macroscopic
aspects of nuclear structure. This methodology allowed the assessment of the isospin character,
mainly of the first quadrupolar excitations, in 9-92Zr, 9%Mo and 10%10210¢Ry. The extracted
ratio of the neutron to proton quadrupole moments for %2Zr exceeds by more than ~ 50% the
predicted value of N/Z even though %*Zr is in good agreement with the N/Z prediction. In
contrast, both **Mo (isotone of %2Zr) and %Mo demostrate a non homogeneous behavior but
with predominance of the protons in their quadrupolar excitations. The predominance of the

protons is very slight in %°Ru (isotone of %Mo) with an enhancement of this tendency for 1®2Ru
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Capitulo 1

Introducao

Uma das questdes mais instigantes, nos estudos de estrutura nuclear, est4
relacionada com a compreensao das chamadas regides de transi¢io de forma com
nimero de massa intermedidrio. Nessas regiGes, prétons e/ou néutrons nio sio
suficientes em nimero, com respeito a um “core”, para produzir, por exemplo,
efeitos coletivos mais facilmente previsiveis, nem sfo tdao poucos para permitir
consideragdes individuais simples. Por outro lado, a adi¢cio de um ou poucos
pares de nicleons, em particular de néutrons, é frequentemente responsével por
uma aprecidvel mudanga de comportamento [Eb88, Zh95]. Regides de tran-
sigdo tém sido a arena de interesse na evolugdo da pesquisa em Sdo Paulo,
explorando as potencialidades da Espectroscopia Nuclear com fons Leves, se-
gundo duas vertentes principais: (i) o exame de reagbes de transferéncia, na
caracterizagao experimental de aspectos microscépicos de estrutura nuclear, e
(ii) de interferéncia coulombiana-nuclear (ICN), em espalhamentos ineldsticos
com projéteis de interac@o isoescalar, salientando aspectos macroscépicos.

ReagOes de transferéncia de um nicleon, “pick-up” e “stripping”, tém
sido tradicionalmente empregadas para salientar aspectos de buraco e particula
Unicos nos estados do niicleo residual, na caracterizagio microscopica destes
com respeito a um carogo, neste caso o estado fundamental do niticleo alvo.
A informagfo assim obtida pode e deve, entretanto, ser analisada de uma for-
ma sistemdtica, observando o comportamento evolutivo em cadeias de isétopos
e/ou is6tonos, através dos conceitos de ocupagio e vacdncia, que revelam como
uma, certa regido de massa pode ser representada em termos dos nicleons, nos
orbitais do modelo de camadas. Os trabalhos associados 3 pesquisa em Espec-
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9 Espectroscopia Nuclear com Tons Leves

troscopia Nuclear com fons Leves demonstram a tradi¢do, em Sao Paulo, na
investigago da estrutura nuclear através de reagdes de “pick-up” (d,t) e “strip-
ping” (d,p), em particular na regiao de transicdo A ~ 100, sempre perseguindo
o objetivo de entender a estrutura global que se delineia a partir da andlise
critica dos resultados [Du88, Du94, Bo94, Bo97a, Ba97, Bo98, Ba9d8]. Estados
a baixa energia de excitacao associados a orbitais ndo de valéncia foram detec-
tados [Du88, Du94| e coexisténcia de forma foi diagnosticada em isétopos de
Ru & baixa energia de excitagio [Bo98, Ba9s].

Especialmente em regides de transigao, nao é razoavel considerar que,
como é feito usualmente, os valores de B(EL) reflitam toda a coletividade que
caracteriza a transicio entre estados do niicleo, pois, sdo em principio rela-
cionados somente 3 contribuigio de prétons. Fica claro que para quantificar as
contribuicdes dos néutrons, de importancia primordial no aspecto coletivo, me-
didas complementares devem ser obtidas. Foi feito, nos 1ltimos anos, um grande
esforgo para dominar aspectos tedricos e experimentais relacionados a extracéo,
na excitagdo de estados coletivos, dos valores das probabilidades reduzidas de
transicio B(ISL), que fornecem informacgdes referentes & contribuigio da massa
(prétons + néutrons) para as transicoes. O método de anilise da ICN em espa-
lThamentos ineldsticos, com projéteis isoescalares [Du97], é especialmente vanta-
joso para esse propdsito, pois, permite a extragdo simulténea de B(ISL) e das
razoes B(EL)/B(ISL), levando estas ao cancelamento de algumas incertezas
sisteméaticas associadas & escala da secio de choque absoluta e ao modelo de
reacio adotado. As publicaces, segundo essa vertente, enfocam estudos de
ICN com déuterons e particulas alfa em nicleos par-par, na regiao de A ~ 100
(isGtopos de Zr, Mo, Ru) [Du97, Ho89, Go96, Bo97b, Uk9I7, Uk01].

As caracteristicas do sistema Pelletron-Espectrégrafo Magnético de Enge,
conjuntamente com a técnica de detecgao em emulsdes nucleares, em particular
quando é utilizado o feixe de déuterons, sio em grande parte responséaveis pela
qualidade dos dados de Sao Paulo. Estes, tratados no Laboratério de Emulsoes
Nucleares e Qutras Técnicas, tem merecido o reconhecimento da comunidade
cientifica da 4rea, tanto no seu aspecto precisao (com citagbes por extenso
dos resultados na compilagio Nuclear Data Sheets [Si90, Mu90, B191, Ba92],
que assim costuma destacar os trabalhos mais precisos e completos de cada
reagdo), quanto de insercao na tematica da area. Estes trabalhos s6 puderam
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Capitulo 1 — Introducdo 3

ser realizados porque contei com a colaboragéo de pesquisadores interessados,

originais e lutadores e com o reforgo continuo representado pelos estudantes
que se formaram junto ao Grupo de Espectroscopia Nuclear com fons Leves. A
cada um deles o merecido crédito.

A metodologia experimental utilizada é delineada no Capitulo 2. Na
resenha que apresento, dois conjuntos de trabalhos que desenvolvi ilustram a
evolucio dos estudos de espectroscopia nuclear com fons leves, na caracteri-
zagio microscépica e macroscopica da estrutura nuclear da regido de A ~ 100,
conforme pode ser acompanhado nos Capitulos 3 e 4, respectivamente. Co-
mentérios finais e perspectivas sdo apresentados no Capitulo 5.

Os trabalhos publicados relacionados a esta resenha, e encontrados em

anexo, sao:

1) Caracterizagao Microscépica

o “Level structure of ' Ru from the 1 Ru(d,p) reaction”, J. L. M. Duarte,
L. B. Horodynski-Matsushigue, T. Borello-Lewin, and O. Dietzsch, Phys.

Rev. C 38 (1988) 664-672. (Anexo 1.1)

o “Neutron-spectroscopic strength in Ru isotopes”, J. L. M. Duarte, L. B.
Horodynski-Matsushigue, and T. Borello-Lewin, Phys. Rev. C 50 (1994)
666-681. (Anexo 1.2)

o “Systematics of yrast levels in odd Ru isotopes: Do they point to coezistence
at low excitation?”, T. Borello-Lewin, J. L. M. Duarte, L. B. Horodynski-
Matsushigue, and M. D. L. Barbosa, Phys. Rev. C 57 (1998) 967-970.

(Anexo 1.3)

o “Single particle strength in ®Ru with the '“Ru(d,p) reaction”, M. D.
L. Barbosa, T. Borello-Lewin, L. B. Horodynski-Matsushigue, J. L. M.
Duarte, G. M. Ukita, and L. C. Gomes, Phys. Rev. C 58 (1998) 2689-
2702. (Anexo 1.4)
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2) Caracterizagdo Macroscépica

o “Collective aspects of %' Zr by (d,d’) scattering at 17 MeV”, L. B. Horo-
dynski-Matsushigue, T. Borello-Lewin, and O. Dietzsch, Phys. Rev. C 33
(1986) 1594-1605. (Anexo 2.1)

o “Coulomb-Nuclear Interference in Inelastic Scattering of 21 MeV Alpha-
Particles on 992Zr” L. B. Horodynski-Matsushigue, T. Borello-Lewin,
and J. L. M. Duarte, in Proceedings of the International Nuclear Physics
Conference - IUPAP (Sao Paulo, Brazil). Contributed Papers, Vol. 1

(1989) 307. (Anexo 2.2)

o “Coulomb-nuclear interference with a particles in the excitation of the 2t
states in 10010210¢py» 1, C. Gomes, L. B. Horodynski-Matsushigue, T.
Borello-Lewin, J. L. M. Duarte, J. Hirata, S. Salém Vasconcelos, and O.
Dietzsch, Phys. Rev. C 54 (1996) 2296-2303. (Anexo 2.3)

o “Inclastic deuteron scattering in the Coulomb nuclear interference region:
Procedures for estimating the precision of the extracted B(E2) and B(152)
values”, J. L. M. Duarte, G. M. Ukita, T. Borello-Lewin, L. B. Horodynski-
Matsushigue, and L. C. Gomes, Phys. Rev. C 56 (1997) 1855-1865.

(Anexo 2.4)

o 5= excitations in the 40 < Z < 50 region”, L. B. Horodynski-Matsushigue,
G. M. Ukita, T. Borello-Lewin, and J. L. M. Duarte, Phys. Rev. C 60
(1999) 047301, 1-4. (Anexo 2.5)

o “Coulomb-nuclear interference with deuterons: Isospin character of the
9+ and 37 excitations in %% Mo”, G. M. Ukita, T. Borello-Lewin, L. B.
Horodynski-Matsushigue, J. L. M. Duarte, and L. C. Gomes, Phys. Rev.
C 64 (2001) 014316, 1-10. (Anexo 2.6)
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Capitulo 2

Metodologia Experimental

O estudo experimental da estrutura de nicleos através de reagoes de
transferéncia é feito com o objetivo de detectar estados fracamente excitados,
com Otima resolucdo em energia, visando obter informagdes sobre o fraciona-
mento de configuragoes simples diluidas em estados mais complicados. Aspectos
coletivos do niicleo sdo, por outro lado, analisados por intermédio de espa-
lhamento ineldstico, incluindo o exame da Interferéncia Coulombiana-Nuclear
(ICN). Nesse caso, também é importante a, obtencdo de étima resolucdo em
energia, ndo apenas para separar picos associados a estados nucleares de ener-
gias proximas, mas também, para salientar esses picos em relacdo ao fundo
proveniente da cauda do pico eldstico. Em vista dos objetivos postos, a opc¢io
por reagdes induzidas por fons leves se fundamenta em dois aspectos: (i) as
informacdes de estrutura nuclear extraidas sio quantitativas e mais confijveis,
pois tais reacbes tém mecanismos de reagdo melhor conhecidos e (ii) a resolugao
obtida experimentalmente é melhor, em cerca de uma ordem de grandeza, do
que a tipica para reagdes com fons pesados.

A boa resolugio em energia que a metodologia empregada permite al-
cangar é essencial ao éxito do estudo. A utilizacio experiente do Espectrégrafo
Enge, do tipo polo partido, proporciona condigdes de competir com vantagem
a nivel mundial. O quadro se complementa pelas caracteristicas de energia do
feixe fornecido pelo acelerador Pelletron, de excelente perfil, e com cuidados
adicionais de focalizacdo do feixe, além da utilizacdo de alvos de qualidade.
As partfculas carregadas emergentes da reagdo, associadas a cada angulo de
espalhamento admitidas no espectrégrafo, sdo analisadas pelo campo do fm3 e

5



6 Espectroscopia Nuclear com Tons Leves

detectadas no plano focal em emulsGes nucleares ou detetores sensiveis & posigao

de barreira de superficie.

2.1 Espectréografo Magnético

O espectrigrafo magnético Enge, de polo partido, de Sao Paulo é consti-
tuido por dois dipolos e tem caracteristicas excelentes discutidas no artigo de
J. E. Spencer ¢ H. A. Enge [Sp67]. Os efeitos de borda do campo permitem
que fons associados 4 mesma razdo p/g (médulo do momento sobre a carga)
convirjam para uma mesma regido na camara de detecgdo, mesmo que os mo-
mentos nio sejam paralelos, possibilitando focalizagio bidirecional (horizontal e
vertical) e escolha, para deteccdo, da posicdo de melhor foco, levando em conta
efeitos do alargamento cinematico da reacdo em exame. E amplo o espectro
das energias, para um mesmo fon, que podem ser analisadas simultaneamente;
a limitagdo geométrica proveniente dos raios de curvatura efetivos méximo e
minimo das trajetérias corresponde & uma razao Fuq/ Emin de ~ 7,3. O valor
maximo de campo é de 17 KG e o maior angulo sélido de admitancia, que tem
sido utilizado com boa compensacgio, é de 2,68 msr.

Dispersdo, magnificacio e poder de resolucdo séo propriedades impor-
tantes dos imis analisadores e serdo quantificados para o ima de Sao Paulo
[Sp67, Cr78]. O valor da disperséo, préximo de 1,9, informa o deslocamento da
imagem em fungdo da variagio da curvatura efetiva da trajetéria do fon, devido
& variacdo do momento. Os valores para as magnificacbes vertical e horizontal
sdo 2,7 e 0,34, respectivamente, e referem-se & dimensdo da imagem em relacao
3 dimensdo do objeto. O poder de resolugdo permite distinguir, para mesma
carga, diferentes momentos correspondendo ao valor E/AE aproximadamente
2750.

A calibracio do espectrdgrafo foi obtida através de uma ampla anilise
de raios de curvatura efetivos, utilizando principalmente a reacdo %Zr(a,o’)
e o exame de estados do %Zr, nicleo detalhadamente estudado até 5,9 MeV
de excitacio [Ho87]. A investigacdo das superficies focais associadas a uma
larga gama de alargamentos cineméticos foi essencial para permitir exposigoes
seguras de placas de emulsdo nuclear, com as quais ndo é possivel o controle

F B O B B O EFE O OFE O O O O OE O OW OW OB OE W O S S S S S S S e e e e T A o O N T Y T Y T YT YTTT[T

|



v"v'-'-'vv"vvvv'vvv'v'"v'vv-"-"-'--'-'-'-"

Capitulo 2 — Metodologia Ezperimental 4

da qualidade dos dados durante a aquisi¢do, e medir espectros de altissima
qualidade com resolugdes de 0,5 — 0,6 mm (largura & meia altura).

2.2 Emulsoes Nucleares

A deteccdo através de emulsdes nucleares aproveita ao maximo as ca-
racteristicas do espectrégrafo e garante a reducio drastica do fundo associado
ao feixe de fons leves. Por outro lado, apresenta algumas desvantagens co-
mo: o ndo controle da qualidade dos dados durante a aquisigdo e a demora
na obtencio definitiva desses dados. Detetores de silicio, conhecidos como de-
tetores de “estado sélido”, tém resolucio em posicio normalmente pior, sio
fornecidos em tamanhos que nido ultrapassam uma dezena de cm, sdo sujeitos
a deterioragdo por bombardeio de néutrons e sdo extremamente dispendiosos.
Em vista destas caracteristicas, poucos laboratérios [Ro84] os utilizam atual-
mente, em trabalho rotineiro. Detetores a gas tém sido desenvolvidos em varios
laboratérios [Ma75b, St75, Op78, Ko83, He87, Cu85, Ch83, Fa85|, sendo a
leitura de posigao feita basicamente por trés métodos diferentes: fio resistivo,
linha de atraso capacitivo-indutiva e multifios posicionadores. A dificuldade na
utilizacdo de detetores a gas com ions leves vem de dois fatos: (i) sendo estas
particulas pouco ionizantes deixam pouca carga na regido do detetor de posigao,
levando a sinais baixos, facilmente confundiveis com o “background”; e (ii) os
feixes de ions leves, em particular os de déuterons e de prétons, especialmente
interessantes do ponto de vista de estudos de estrutura nuclear, vém acompa-
nhados de alta produgdo de néutrons, raios v e X, o que, associado & grande
quantidade do material presente no ima e mesmo nas paredes do detetor, leva a
um “background” importante de pulsos baixos no detetor. A imposicéo de cor-
relacdo entre os vérios pardmetros que podem ser medidos em alguns detetores
(AE, E, posigdo, angulo de entrada e até tempo de voo) tem sido essencial
[Op78, Ma75b] na utilizacio dos mesmos nestas condigdes. A complexidade en-
volvida na utilizagdo dos detetores a gés e a necessidade de resolu¢io méxima em
energia tém, na verdade, feito com que também em alguns outros laboratdérios

se voltasse a utilizar emulsdes nucleares na detecgdo de fons leves nos planos
focais de espectrégrafos [Mu88, C180, Bu87, Bu90, Wa92, Ga92, Ch92, Ro92],



8 Espectroscopia Nuclear com fons Leves

especialmente quando séo de média disperséo, como é o do tipo Enge de polo
partido da Universidade de Sao Paulo.

Emulsdes nucleares sdo essenciais quando, além da alta resolugdo, a esta-
bilidade da calibragio em posicdo é importante. A emuls3o é entdo usada como
indicador de posicio dos grupos de fons ao longo do plano focal. A camada
de emulsdo, normalmente com ~ 50 pum de espessura, é usada sobre placas de
vidro para definir sua estabilidade mecénica. E interessante lembrar que duas
placas de emulsdo, que tém sido utilizadas lado a lado, cobrem 50 cm ao longo
da superficie focal e permitem medidas de trés espectros. Sdo também uti-
lizados absorvedores, em geral de aluminio, para cobrir as emulsdes com duas
finalidades: (i) ajustar a energia do fon que chega na emulsdo para ter a me-
lhor qualidade dos tracos e (i) absorver se possivel produtos de reagoes que
nio sio de interesse. O elemento detetor em emulsoes nucleares é um pequeno
cristal de brometo de prata (grio). Nas emulsdes utilizadas, os graos tém cer-
ca de 0,25 pm de didmetro e estéo dispersgs de forma aleatéria em gelatina,
com um espacamento médio de diversas vezes o seu didmetro. Uma particula
nuclear que penetra na emulsdo atravessa vérios graos. A teoria do processo
é complexa. Os cristais de brometo de prata atingidos constituem-se em cen-
tros que sdo catalizadores da redugao de fons de prata em prata metdlica. A
imagem latente consiste de alguns até algumas centenas de &dtomos de prata,
concentrados em posices especiais do cristal denominadas posi¢Oes sensiveis.
A energia perdida pela radiagio ionizante promove, por exemplo, a passagem
de elétrons ligados a fons de bromo & banda de conducio do brometo de pra-
ta. Esses elétrons movem-se livremente até encontrarem impurezas no cristal,
sendo entdo capturados. O campo elétrico criado atrai fons de prata da vizi-
nhanca, dando origem aos aglomerados. No processo de revelagao, somente 0s
cristais atingidos transformam-se em aglomerados de prata metalico e que, no
conjunto, formam um trago de graos de prata ao longo da trajetéria da particula
[Ba73, Er79].

As emulsdes nucleares expostas, apds reveladas no Laboratério de Emul-
sdes Nucleares e Qutras Técnicas, sdo examinadas ao microscépio e o nimero de
tragos produzidos pelas particulas ionizantes é registrado em funcdo da posicao
ao longo do plano focal (espectro). A contagem dos tragos é feita com um
aumento em geral de 500 vezes, em retangulos de 0,19 x 10 mm?, em fungdo
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Capitulo 2 — Metodologia Experimental 9

da distancia medida ao longo da emulsio, em passos de 0,20 mm. Essas con-
digbes foram estabelecidas levando em conta a dimenséo do objeto para o espec-
trégrafo, normalmente 3 mm de altura e 1 mm de largura e as caracteristicas
do espectrografo, em particular as magnificacdes vertical e horizontal. Os tra-
balhos de leitura das emulsdes e digitacio destes dados sdo feitos por técnica-~
microscopista, treinada para este fim. Critérios bem definidos na, identificacdo
e contagem dos tracos, principalmente em regides com alta densidade de tragos,
desenvolvidos em S&o Paulo, incrementaram a precisio nos espectros obtidos
com as caracteristicas inerentes & deteccio em plano focal de espectrégrafo
magnético. No esfor¢o para aumentar a velocidade de obtengdo dos espectros,
dois projetos estdo sendo desenvolvidos. Um deles trata da transferéncia au-
tomética dos dados lidos ao microscépio para um microcomputador dedicado e
estd atualmente em fase de montagem da interface. O outro projeto refere-se
& prépria leitura autom4tica das emulsdes em microscépio. Pretende-se, des-
ta forma, ter inicialmente uma, leitura de todo o espectro, embora nas regides
deste com picos muito intensos ou com outras caracteristicas criticas, para a
precisdo pretendida a leitura manual (humana) ainda seja indispensével. Sio
parte deste projeto: (a) adaptar ao microscépio uma cimera digitalizadora de
imagem; (b) desenvolver o algoritmo de processamento de imagens para iden-
tificar a trajetéria tridimensional de uma particula ionizante - pelo menos dois
planos da emulsdo devem ter sua imagem tratada: o de entrada e o de saida
da particula; (c) adaptar um sistema de motores de passo, comandados por
microcomputador, para movimentar a platina do microscépio nas direcoes X e
Y (plano da platina) e o prato na diregio Z; e (d) construir uma interface de
comunicagao entre o sistema mecanico e o microcomputador.

2.3 Preparacao do Feixe e do Alvo

Para um adequado aproveitamento das potencialidades do espectrégrafo,
nao deve ser esquecida também a importancia da fabricacdo de alvos de boa
qualidade: uniformes e limpos. Evita-se a possivel deterioracdo da resolucio e
a perda de largos trechos nos espectros medidos, perdas essas provenientes de
reagoes com contaminantes, cujas condigdes de foco sio muito distantes das da
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reacao em exame. As condigOes extremamente restritivas impostas as carac-
teristicas dos alvos levaram ao desenvolvimento, com sucesso, de metodologia,
especial para fabricagido de filmes finos auto-sustentados ou ndo, a partir da
evaporacao por bombardeamento eletronico de materiais de altas temperaturas
de evaporacio a baixas pressoes [Pu91]. Foram também fabricados alvos em que
o material isotopicamente enriquecido é depositado sobre o substrato, apenas
em regiao retangular centrada, que permitem eliminar as fendas de definigao,
reduzindo o fundo nos espectros.

Outro ponto que merece destaque diz respeito & qualidade do feixe de
fons que, em especial, em estudos de espalhamentos inelésticos em angulos
dianteiros, tem papel preponderante na qualidade dos espectros. Assim, a di-
ficuldade experimental em medidas de interferéncia coulombiana-nuclear com
déuterons advém do fato do padrdo de interferéncia situar-se numa faixa an-
gular nas distribuicées angulares, em que os espectros correspondentes, obtidos
da maneira usual, sem cuidados adicionais, sdo obscurecidos pela cauda do pico
eldstico. Esses cuidados estio atualmente controlados e referem-se principal-
mente ao adequado transporte do feixe ao longo do acelerador e, em especial,
na linha do. espectrégrafo e a defini¢io das dimensdes do objeto para o ima.
Razdes entre as intensidades de corrente de fendas e de feixe de 1:30 e 1:100
sdo recomendadas, respectivamente, para as fendas de defini¢do antes do alvo
(em geral, 1,0 x 3,0 mm?) e na fenda circular de ~ 6 mm (corta-halo) situada
a-aproximadamente 1,5 m do centro da camara de espalhamento.



Capitulo 3

Aspectos Microscopicos

Os padrées das distribuicoes das intensidades espectroscépicas de par-
ticula e buraco, ao longo de cadeias de is6topos e isétonos, sdo ferramentas
potentes para evidenciar transicées de estrutura nuclear [Sa83, Bo75]. No mo-
delo de camadas esférico, a configuracio de uma particula independente ou de
um buraco independente esta concentrada em uma inica energia de excitagao,
correlagOes tendem a diluirem essa feicdo. Mudangas abruptas nas distribuicoes
espectroscépicas de particula e buraco sdo indicadores seguros de transicoes
repentinas. '

Reagbes de transferéncia de um nicleon sfo reconhecidamente impor-
tantes como pontas de prova espectroscépicas no confronto entre informacoes
experimentais e o modelamento tedrico que contenha ingredientes microscépi-
cos. Também o modelo de bésons interatuantes (bosénico), na descrigdo, por
exemplo, de nicleos de niimero de massa impar ou impar-fmpar, sdo severa-
mente testados nesse confronto.

A informagao detalhada da intensidade de part1cula e buraco de néutron
associada aos varios orbitais do modelo de camadas, medida em S3o Paulo
através de reacdes (d,p) e (d,t), em vérios isétopos de Ruténio ao redor de A ~
100, foi extraida da comparacio das distribuicdes angulares experimentais com
previsoes de cilculos DWBA, utilizando potenciais 6pticos globais, amplamente
testados. Essa informagéio revelou, entre outros aspectos, que ndo é aparente
uma sistematica de preenchimento dos orbitais de valéncia, independentemente
do nimero de néutrons, evidenciou a populacio intensa de excitagoes de ¢ =
3 (ndo de valéncia) a baixa energia nos °"1%Ry e indicou intensidades de
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particula e buraco no '%®Ru significativamente reduzidas em comparagio com
as do 1©1Ru, apontando nesse niicleo uma possivel coexisténcia a baixa energia
de excitagao.

O estudo apontou que o estado fundamental do '®Ru é populado fra-
camente em ambas as reagdes de transferéncia, em desacordo com resultado
anteriormente divulgado, e ensejou investigacdo dos nicleos de massa fmpar
da regido, evidenciando que na maioria destes existem, a energias de excitagio
muito baixas, estados %J’ associados a fatores espectroscopicos de uma particula
pequenos, que podem representar o estado mais baixo da configuracdo coexis-
tente diagnosticada.

3.1 Procedimento Experimental e Analise

Déuterons do acelerador Pelletron de Sao Paulo, com energias incidentes
de 12,0 MeV, 15,0 MeV, 15,5 MeV e 16,0 MeV foram focalizados em alvos de
Ru, uniformes e isotopicamente enriquecidos, provocando as reacoes 100Ru(d,p)
[Du88], 12Ru(d,p) [Ba98, Bo98], 'YRu(d,t) [Dud4] e 102,104R 3 (d, t) [Du94], res-
pectivamente. Os ejéteis foram analisados em momento pelo campo do es-
pectrégrafo Enge de Sdo Paulo e detectados em emulsdes nucleares (Kodak
NTA ou NTB e Fuji G6B, de 50 um de espessura). Conforme discutido de-
talhadamente no capitulo anterior, cuidados especiais na preparagao do feixe
e aquisicio de dados, revelagio e leitura das emulsGes resultaram em espec-
tros com resolucbes em energia de 6 a 8 keV nas reagoes (d;t) e de ~ 10 keV
nas reacoes (d,p), de excelente qualidade. Espectros tipicos sdo mostrados nos
artigos [Du88, Du94, Ba98, Bo98].

A normalizacdo relativa dos espectros associados a cada angulo de es-
palhamento, foi obtida através da integracéo da corrente do feixe medida em
um copo de Faraday com supressoes elétrica e geométrica. Para a normalizacao
absoluta das segdes de choque foram consideradas previsoes do modelo 6ptico
e realizadas medidas de espalhamento eldstico no mesmo alvo e sob as mesmas
condigbes. Para quantificar a incerteza na escala das secoes de choque abso-
lutas, previsdes do modelo 6ptico foram calculadas com os parametros bem
estabelecidos de trés familias de potenciais épticos: das sistematicas de Perey e
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Perey [Pe74], Lohr e Haeberli [Lo74] e Daenick [Da80]. Na seqiiéncia temporal
dos trabalhos, medidas mais detalhadas das distribuicoes eldsticas permitiram
uma reducdo da incerteza na escala associada a segéo de choque absoluta de
praticamente um fator dois, chegando a 8% no artigo mais recente [Ba98].

Reacoes (d,p) e (d,t), em que a energia do déuteron é da ordem de uma
dezena de MeV sao diretas, isto é, ocorrem em uma unica etapa, sem estados
intermediarios. Consequentemente, as se¢coes de choque experimentais fornecem
relagbes simples entre estados nucleares inicial e final. Processos diretos acon-
tecem na superficie dos nicleos e favorecem a transferéncia de pequenas quan-
tidades de energia devido ao tempo curto de reagdo, da ordem do tempo que
o projétil leva para passar pelo nicleo alvo. A anilise e a interpretacio dos
dados experimentais é essencialmente feita na aproximacao de Born com ondas
distorcidas (DWBA). Na DWBA, a premissa é que o processo mais importante,
quando um par de nicleos colidem, é o espalhamento eldstico. Os demais
processos sao tratados por teoria de perturbacio [Sa83]|. Os pares colidente
e emergente sdo representados pelas ondas distorcidas incidentes e emergentes
geradas pelos respectivos potenciais 6pticos. Nessa aproximacio, os estados do
nucleo residual sdo descritos como a superposicao dos estados do:carogo-alvo
acoplados a uma particula ( “stripping”) ou a um buraco ( “pick-up”) no orbital
(nfj) do modelo de camadas. Se o niicleo alvo é par-par, nio sio permitidas
misturas de (¢, j) na populagio de estados do niicleo residual e os formatos das
distribuigoes angulares experimentais sdo caracteristicas do momento angular
orbital transferido. .

De maneira geral, a amplitude de transicdo T para a reagio A(a,b)B é:

T=J [[x (k®)® <bB|V |aA > x* (ke f) diudiy ,  (3.1)

onde X(E, ) sdo as ondas distorcidas, 7, e 7 sdo as coordenadas relativas dos
sistemas (a, A) e (b, B), com kq € Ky, 530 0s momentos relativos, J é o jacobiano
da transformagio para as coordenadas 7, e 7%.

O elemento de matriz < bB | V | aA > contém toda a informacdo de
estrutura nuclear e as ondas distorcidas tém a forma assintética de uma onda
plana com momento k¥ mais uma onda esférica emergente, ou incidente, isto é:

e:hzkr

X (K, 7) = 7+ £(6)

(3.2)

7" i
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Quando a reagao de “stripping” estd sendo tratada,a = b+ze B = A4z
e resulta o seguinte elemento de matriz:

< JgMpsymy I Vv | JaMpsgmg > =
Zl; V/Sjt Rje(roa)(fsmpu — m | ju)(spsmpmg — my | s4my)
j

(']AjMAMB - MA I JBMB) D("'a:b) }/zm(f'ma) ’ (33)

sendo 1/S;, a amplitude espectroscépica, Rj(rz4) a funcio de onda radial da
particula transferida z para o alvo B, (€smgmg|jm) os coeficientes de Clebsch-
Gordan [Ed57], e D(ry) o produto da fungdo de onda interna do projétil com

o potencial de interacdo entre x e b.
As secbes de choque previstas na aproximacdo DWBA para a trans-

feréncia de momentos angulares associados a j e £, partindo de alvos par-par,

S80 expressas por:
e Reagédo (d,p):

Geap(8) = 1,55 Sg; a2 (6) (3.4)

onde :
aejw(é?) é a secdo de choque reduzida, calculada na aproximagio DWBA;

Sgj € 0 fator espectroscépico e tem valor méaximo 1; e
1,55 é o fator quando a fungdo de onda de Hulthén para o déuteron (com

dependéncia radial da forma (e~ — e=#")/r) é utilizada.

e Reacdo (d,t):

Oeap(f) = 3,33 C? Sy " (6) (3.5)
oo 7 (25 +1)
onde
JKJW(H) é a secdo de choque reduzida, calculada na aproximacdo DWBA;
C? Sy; é a intensidade espectroscépica e pode ter valor méximo (2j + 1);
e

3,33 é o fator quando a fungio de onda de Irwing-Gunn ¢ utilizada para
o triton e de Hulthén para o déuteron [Ba66].

l.......’...........Q..'C.CCCIQQQQQ.‘"CCQ"QQQQQ.QI



Capitulo 3 — Aspectos Microscdpicos 15

Através da comparacao entre as se¢oes de choque experimentais absolutas
e as previstas, associadas ao £ atribuido para cada transicdo, extraem-se as
intensidades espectroscopicas correspondentes.

Os potenciais de Perey e Perey [Pe74] com um termo de spin-érbita
sugerido por Lohr e Haeberli [Lo74] foram utilizados para gerar ondas distorci-
das incidentes e, nos canais emergentes de préton e de triton, foram usado os
parametros de Becchetti e Greenlees [Be69a).

A forma padrao do potencial éptico é:

Vopt = Vo + &.L Vso (3.6)
com d
Vo = Vo =V f(20) =i W f(ou) = 4Wp 7 —f(ep) (3.7)
e
2
Vso = ( h ) Vso % d%f (zso0) (3-8)

onde Voo é 0 potencial coulombiano e f(z) é a fungdo de Woods-Saxon.

Para descrever o potencial do néutron capturado ou arrancado, foram
utilizados os parametros geométricos do potencial de Becchetti e Greenlees para
o préton [Be69a], com forma de Woods-Saxon mais um termo de spin-6rbita. Os
célculos foram realizados com o programa DWUCK4 [Ku74], com a utilizagio de
pardmetros usuais para simular o alcance finito da interagio e a nio localidade
dos potenciais. Com excecdo das drbitas 1gg/2, 3p e 2f, os orbitais considerados
foram os da camada 50 — 82.

A utilizagdo de diferentes conjuntos de pardmetros épticos globais, em-
bora os célculos reproduzam os formatos das distribui¢gdes angulares para cada
¢, permitem variacbes méaximas de + 15% nas se¢des de choque previstas, re-
sultando em variagdes correspondentes das intensidades espectroscopicas.

3.2 Resultados

Os resultados serdo comentados de forma global, partindo do ¥Ru al-
cancado através da reagdo de “pick-up” [Du94]. Nesse niicleo, o estudo limitou-
se & regido até 1,4 MeV de excitagio devido & presenca nos espectros do pico
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eldstico e cauda associada. Os desvios padrdes nas energias foram tipicamente
de 1 keV, tendo sido feitas atribuigoes claras de transferéncias de £ = 0, 2, 4 e
extraidas as respectivas intensidades espectroscopicas.

O nticleo O1Ru teve suas caracteristicas de particula [Du88] e buraco
[Du94] independentes mapeadas até 3,2 MeV e 2,2 MeV, respectivamente. O
acordo entre as energias de excitagio dos dois trabalhos de S&o Paulo € exce-
lente, também em relacgo a informagcao proveniente de transigoes v. Ha também
concordéncia quanto as energias de excitagdo de [Du88| com o trabalho de Hol-
las referente 3 reacdo (d,p) [Ho77], que analisou apenas a faixa de até 1,9 MeV,
com uma resolucdo de 25 keV. Por outro lado, h4 indicagdo clara de desvios
sistematicos nas energias do estudo da reagdo (p,d) de Dickey et al. [Dig6],
recomendando a revisdo na compilagio Nuclear Data Sheets [BI91]. H4 con-
cordancia geral entre as intensidades espectroscopicas de buraco e de particula
de néutron obtida nos dois estudos de “pick-up” [Du94, Di86] e também em
ambas as reagdes (d,p) [Du88, Ho77], neste caso de forma mais restrita, quando
a comparacdo pode ser feita. Um ponto que merece destaque é a transigao
¢ = 3, correspondente a orbital ndo de valéncia, com energia de excitacao de
apenas 597 keV e intensidade espectroscépica de particula e buraco relativa-
mente intensa, revelada em ambos os trabalhos de S0 Paulo. De fato, Hollas
et al. [Ho77], no exame da reagao (d,p), preferiram a atribuicao de £ =4,
com uma qualidade pobre de ajuste quando comparada com outros ajustes de
mesmo £, enquanto que os autores do trabalho (p,d) ndo publicaram essa tran-
sico, provavelmente devido a resolucio de seus espectros. Foram detectadas
nas anslises de “stripping” e “pick-up” de Duarte et al. [Du94, Du88], também
com primazia, transigdes de orbitais ndo de valéncia associadas a £ igual a 1.

No 19Ru, a investigagio dos estados de particula e buraco independentes
estendeu-se até 3,5 MeV [Ba98] e 2,6 MeV [Du94] de excitago, respectivamente.
Berg et al. [Be82], embora tenham estudado ambas as reacoes (p,d) e (d,p)
populando o '®Ru, ndo excederam 0,9 MeV de excitagio e seus dados sdo
de estatistica pobre. Esses autores argumentam que 2 transicdo de £ = 2 de
menor energia seleciona, na reagéo de “pick-up”, 0 primeiro estado excitado %+
e, na de “stripping”, a populagdo preferencial é a do estado fundamental —g-+.
Os estudos de Sio Paulo confirmam a populagdo do estado %+ na anilise da
reacso (d,t) [Du94], mas, ao contrario do argumentado por Berg it et al. [Be82],
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apontam de forma robusta, na reacio (d,p) [Ba98]|, também a populagéo desse
mesmo estado. Essa conclusio é respaldada pela concordincia de energias,
de cerca de vinte transicOes intensas, até 2 MeV de excitagdo, para os quais
h4 correspondéncia clara com niveis detectados por estudos de v’s. Deve ser
mencionado que Niizeki et al. [Ni79], na sua andlise do %Ru a partir do
decaimento 8~ do 1%Tc, j4 tinha argumentado a favor da mesma atribuicio,
contrariando a adotada pela compilagio NDS [BI91]. Duas ou até trés transicoes
foram detectadas na reagdo (d,p), associadas & energia de 0,553 MeV. Um bom
ajuste & distribuicdo angular integrada foi obtido pela superposi¢do de £ = 0,
¢ =1 e ¢ = 2. Por outro lado, o estudo da reagdo (d,t) anterior [Du94| revelou
trés niveis nessa regido e a reandlise da distribui¢cdo angular integrada publicada
apontou contribuicdes de £ = 0, £ =1 e £ = 4 [Ba98]. O estado a 2,167 MeV
populado pela transferéncia intensa de £ = 4 na reagdo (d,t), fol muito pouco
excitado na reagdo (d,p), revelando caracteristica predominantemente de buraco
independente e parentesco com o orbital 1gg/2 do core “fechado” N = 50. Ha
acordo geral entre as intensidades espectroscépicas de particula independente
obtidas na anilise de Sdo Paulo [Ba98] e nos trabalhos de Fortune et al. [Fo71]
e Berg et al. [Be82]. A intensidade espectroscépica de £ = 3, relatada por
Fortune et al. [Fo71], na populagio do estado a 0,298 MeV, quase um fator 4
maior, torna-se compativel na reanslise supondo transi¢do associada ao orbital
2f7/2, conforme foi preferido por Barbosa et al. [Ba98]. Por outro lado, as
intensidades espectroscépicas de buraco independente extraidas por Diehl et
al. [Di70], através da reagdo (d,t), mostram concordancia geral nos valores
relativos, mas ndo nos valores absolutos, provavelmente devido. aos célculos
DWBA realizados por aqueles autores.

3.3 Discussao

3.3.1 Distribuicoes das Intensidades Espectroscépicas

En{ fod
Na cadeia de isétopos 9100101Ry, A = 101 [Du88, Du94] e A = 103
[Du94, Ba98, Bo98] tém suas distribuicdes de intensidades espectroscépicas
de particula e buraco mapeadas em detalhes semelhantes. J4 para o %Ru,

|
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apenas a distribuicio das intensidades de buraco é conhecida, até 1,4 MeV
de excitacio [Du94]. A visualizagio dessas informagGes costuma ser feita re-
presentando as respectivas intensidades espectroscépicas como funcgéo da ener-
gia de excitacio, classificadas de acordo com o £ transferido, de forma adi-
tiva e comparativa. Utiliza-se o simbolo G = Gyick + Gstrip Para as intensi-
dades espectroscépicas somadas, com Gpick = C?5(d,t) e Gstrip = C25'(d, p)
[$'(d,p) = (2§ +1)S(d, p)]. Concentrando a atengéo nos orbitais de valéncia, as
distribuicdes para os 9% Ru mostram que, para cada £ transferido, os niveis
de menor energia de excitagio sdo os mais intensamente populados. Para esses
estados, as intensidades somadas (buraco + particula) no °’Ru, sempre exce-
dem 60% do limite correspondente ao orbital do modelo de camadas, enquanto
no 1%Ru, embora o8 niveis detectados a energias mais baixas, ainda preservem
seu cardter predominantemente de quase-particula, as intensidades sao apre-
ciavelmente reduzidas. Para o ¥Ru como para os outros isétopos, a maior
intensidade espectroscépica £ = 2 de buraco esta concentrada no primeiro nivel
-g+. Transigdes similares e intensas associadas & transferéncia de ¢ = 4 corres-
pondem aos: primeiros niveis %+ nos trés isétopos, com energias de excitacao
menores de 0,4 MeV.

3.3.2 Intensidades Espectroscépicas Totais

Partindo das informagbes espectroscépicas obtidas de reagdes de “strip-
ping” e “pick-up” complementares, estados especificos do nicleo residual po-
dem ter seu carater de quase-particula definido, conforme ji foi discutido.
Entretanto, globalmente as intensidades espectroscopicas permitem outra in-
terpretagio dos dados, pois sdo associadas com ocupagdo e vacéncia dos or-
bitais do modelo de camadas no niicleo alvo. Foram entao calculadas as in-
tensidades espectroscépicas, que puderam ser associadas a cada £ transferi-
do, nas reagdes que partiram dos estados fundamentais dos niicleos 100,102R
[Du88, Du94, Ba98, Bo98]. Se fossem adicionadas as atribuicdes tentativas o
panorama pincelado ndo se modificaria. Dados de ocupagio (T Gpick = X C%S)
foram obtidos da anslise das reagdes 1°0102Ru(d,t)*!" Ru e informagdes de
vacancia (T Gamip = £ C29") de 19%192Ru(d,p)'*"'®Ru, considerando apenas
orbitais de valéncia. A soma dos valores de vacincia e de ocupagéo, para cada
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orbital, deve ser comparada com (2 + 1) ou para £ = 2, 3 soma dos limites
para 2ds/2 € 2d3js. O conjunto das informagoes extraidas mostra que as reagdes
(d,t) localizaram, nos estados fundamentais dos '®Ru e '®Ru respectivamente,
83% e 93% do nimero esperado de particulas, estas espalhadas entre os varios
orbitais, sem revelar um padrao sequencial de preenchimento. Note-se que na
reacdo 'Ru(d,t)*Ru, apenas foram analisadas energias de excitagio menores
do que 1,2 MeV, mas a perda de intensidade ndo se revelou dramdética. De
forma contrastante, a soma total (X Gpick + = Gstrip)valoncia €xaure 86% do es-
perado no “Ru, mas corresponde a apenas 62% no “Ru. H4 claramente,
associada & soma Y. Gtrip, pPara o 102Ry falta de intensidade experimentalmente
verificada, correspondendo & detecgdo de pouco mais da metade da esperada.
O quadro se completa com a também falta de intensidade revelada pela reacio
104R1(d,t)1%Ru [Du94], que deixa 37% da intensidade de valéncia nio detecta-
da, até 2,5 MeV de excitagdo. O diagnéstico experimental aponta a dificuldade
de formacio do nicleo Ru partindo dos isétopos pares vizinhos, sinal inter-

pretado como indicativo do fenémeno de coexisténcia nesse niicleo. Reforcando

o diagnéstico de coexisténcia, a comparacio de dados de transicdes v no %Ru

[Ni79, K175, Ka86] com as informagdes de “pick-up” e “stripping” de Sio Paulo

[Ba98, Bo98|, permitiu ainda distinguir nesse nicleo dois conjuntos de niveis.

Um dos conjuntos é de estados parentes do fundamental %+ e populados pe-

lo decaimento 3~ do estado fundamental g+ do %Tc e o outro é de estados

parentes do nivel “yrast” %+, populados nas transferéncias de um néutron.

3.3.3 Acompanhamento da Informagao Espectroscépica

O acompanhamento da informacio espectroscépica na cadeia 99-103Ry,
extraida em Sdo Paulo, por intermédio de reagdes de transferéncia de um
néutron, mostra globalmente que a intensidade: (i) para cada orbital de valéncia
¢ fortemente concentrada no estado excitado de menor energia, com excegio do
orbital 2ds/y e do fracionamento observado nas transigdes de £ = 0 na reagio
0Ru(d,t)%®Ru; (ii) é espalhada entre todos os orbitais de valéncia; e (iii) di-
agnostica pequena superposi¢io entre os estados fundamentais %Jr dos nicleos
18Ry e 1%5Ry e 4s de seus isétopos pares vizinhos aclopados a uma particula
ou a um buraco de néutron. Essa situagio incomum levou ao levantamento dos
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+ + s - . 2 ’
estados de “yrast” com J" = % a % e JT = % e 121 nos isétopos impares

97-105Ry e nos isétonos dos V1% Ru (sempre consultando a compilagio Nuclear
Data Sheets correspondente mais recente). Esse estudo mostrou um estado %+
“yrast” na maioria dos niicleos a energias de excitacio inferiores a 0,3 MeV, valor
esse ultrapassado somente no 977y e 19980 niicleos de caracteristicas reconheci-
damente semi-méagicas. Esse nivel “yrast” é fracamente populado em reacoes
de transferéncia de um néutron, consistentemente em todos os isé6topos de Ru
mencionados, revelando-se semelhante aos estados fundamentais dos 0%105Ru.
Outras regularidades sdo os niveis “yrast” %+ e %+ a energias quase constantes,
respectivamente 0,2 a 0,4 MeV e 0,7 a 0,9 MeV de excitagao (com excecdo do
977r e 197Sn) e evidente nos isétopos de Ru, a energia de excitaggo do estado 3,
cuja variagdo é segﬁida. pelo “companheiro” %_. Todos esses estados e também
o 3% apresentam um cardter importante de quase-particula nos Ru e, conforme
salientado pelas reagdes de transferéncia de um néutron, a intensidade do nivel
“rast” %+ esgota aproximadamente metade da fracdo esperada para o orbital
3s1/2 e é praticamente constante na regido.

Do ponto de vista tedrico, os istopos de Ru, em particular os impares,
embora tenham sido objeto de vérias interpretagoes, aparentemente conclusi-
vas, representam ainda um desafio na busca de uma descrigio consistente. A
interpretagio de Whisnant et al. [Wh86] do 9Ru utilizando o modelo particula
+ rotor simétrico, com aclopamento de Coriolis, foi capaz de reproduzir até
mesmo algumas caracteristicas aparentemente vibracionais. Em particular, ca-
racterizou um multipleto associado & excitagdo R = 2 dominante do core e 3
particula 1h11/2, em que, por exemplo, a energia de excitacao obtida do mem-
bro %— est4 em 6timo acordo com a experiéncia. Uma inspegao mais detalhada
do célculo mostra, entretanto, que para obter o ajuste, esses autores [Wh86]
tiveram que reduzir, na descrigio do core ¥Ru, a deformagao quadrupolar a
praticamente metade do valor experimental conhecido e empregar o tratamen-
to associado a um momento de inércia varidvel (VMI). Descrigoes também tipo
rotor 4+ particula nos niicleos 19%Ru por Imanishi et al. [Im73] e no '%Ru por
Rekstad [Re75] recorreram ao mesmo tipo de decréscimo na coletividade dos
cores, produzindo mesmo assim resultados pouco animadores em comparacao
com a experiéncia. Particularmente, esses modelos nao reproduziram, para os
estados de paridade positiva e negativa, a mesma escala absoluta de energia.
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Célculos do tipo phonon + quase-particula também relatados para os estados
de paridade positiva do ™' Ru, ndo conseguem explicar, por exemplo, a extensio
da faixa de energia de excitagdo dos niveis, que de acordo com o modelo vibra-
cional deveriam pertencer ao mesmo multipleto [Bh78, Va85]. Um complicador
adicional advém da possivel importancia do grau de liberdade hexadecapolar
nesses nucleos, em conexdo com o alto valor de £y, dos maiores ao longo de
toda tabela periédica, extraido no 2Ru através do espalhamento ineldstico de
prétons [Si89], na anslise da transigdo de L = 4 em uma etapa, na populagio do
estado a ~ 2,3 MeV de excitagdo. O modelo de bdsons-férmions interatuantes
(IBFM) parece mais promissor, na medida em que pode intrinsicamente descre-
ver transi¢oes entre simetrias puras e também se necessirio aumentar os tipos
de bésons considerados, incluir por exemplo bésons g. O célculo de Arias et al.
[Ar87] de IBFM2 na regido A ~ 100, bastante detalhado, considerou uma, tran-
si¢do entre as simetrias U(5) (vibracional) e O(6) (y-soft) e teve a necessidade
de incluir contribui¢des dos orbitais 2f7/ e 1hg/p no seu espago de férmions,
ndo de orbitais de valéncia, para ajustar estados de paridade negativa. A apre-
ciagdo critica das previsdes no acompanhamento da cadeia dos is6topos de Ru
néo foi entretanto possivel. Os dois estudos de IBFM relatados (Arias e Maino),

partem de cores de Ru pares descritos por pardmetros de Van Isacker e Puddu
[1s80], utilizam valores ajustados para as interagdes béson-férmion, publicando

somente fatores espectroscépicos associados a buraco e a orbitais de valéncia no

'%Ru [Ar87] e a buraco e orbitais de paridade positiva no 'Ru [Ma91], ambos

abaixo de ~ 1,1 MeV. Esses célculos, embora reproduzam caracteristicas gerais

das distribuicdes das intensidades espectroscépicas, ndo descrevem a extensio

do fracionamento, em particular para £ = 2. Para £ = 4, ambos concentram

a intensidade nos estados %;L, tendo ficado prejudicado o confronto das inten-

sidades experimentais e previstas para os estados desafiantes atingidos pela

transferéncia de £ =3 e £ = 1.

Na regido de A ~ 100, merece destaque a existéncia de um nivel %+,
a baixa energia de excitagdo na maioria dos niicleos fmpar-par, que apresen-
ta, onde medido, uma pequena superposicio com os estados fundamentais de
seus vizinhos par-par mais uma quase-particula. Esse estado peculiar %+ pode
representar a sobrevivéncia da configuracdo (2ds/2)® acoplada a %Jr, conforme

sugerido no %3Zrs3 e %Moss por Talmi [Ta93], bem como no 1%Pdsg, bem além de

|
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N = 50. O ingrediente intrigante nessa hipotese é que a maioria dos estados (5)"
ndo podem ser quantitativamente explicados pela interacao de emparelhamento,
devendo ser adicionada uma interagao efetiva empirica de longo alcance [Ta93]
e que, para j = %, o estado de momento angular J = j — 1 tem sua energia de
excitagdo diminuida. Por outro lado, acompanhando Bohr e Mottelson [Bo75],
o acoplamento da quase-particula ds /o com deformacdes estaticas ou dindmicas
de quadrupolo poderia fornecer uma interpretagio alternativa, entretanto, nao

facilmente reconhecida.

3.4 Conclusoes

Do ponto de vista experimental, os is6topos 101Ry e 103Ru tiveram suas
propriedades relacionadas 3s intensidades espectroscépicas de particula e bura-
co independentes de néutron mapeadas, com 0 mesmo nivel de detalhe. Assim
& possivel argumentar, com seguranca, que uma fragdo considerdvel dessa in-
tensidade ndo foi encontrada no '“Ru, de forma significativa principalmente
com referéncia & componente de particula. O fendmeno de coexisténcia a baixa
energia de excitagio nesse nicleo foi assim diagnosticado, apontando um con-
junto de niveis no ®Ru néo construidos sobre os estados fundamentais de seus
isétopos vizinhos. Nos trés isétopos impares investigados 99,101,103Ry;, para cada
¢ transferido, o estado detectado de energia de excitacao menor é associado a
maior fracio da intensidade espectroscépica, com excegdo de £ = 0 no #Ru.
Todos os orbitais de valéncia estao sendo preenchidos independentemente do
niéimero de néutrons e a excitacdo de / = 3 a baixa energia de excitacdo nos
101,103Ry; est4 agora bem documentada.

Faltam ainda alguns ingredientes nas interpretagdes dos is6topos de Ru,
na regido de A ~ 100. As grandes dificuldades sao esperadas provavelmente
para os 1031%Ru e sdo diagnosticadas levando em conta que os cdlculos partem
dos niicleos pares vizinhos com a adigdo de uma quase-particula e que portan-
to, em vista da coexisténcia inferida, podem explicar somente uma parte dos

espectros nos nicleos fmpares.

e e e e W K R K K R K & B B
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Capitulo 4

Aspectos Macroscopicos

As caracteristicas de excitagdo dos estados 2 sdo na literatura ampla-
mente utilizadas como indicadoras de estrutura nuclear e, em particular, as
probabilidades reduzidas de transigio elétricas, B(E2), empregadas como me-
didas da coletividade nessas transigdes [Bo75]. Em principio, B(FE2) é sensivel
somente & contribuicdo das cargas e, embora estudos experimentais e tedricos
apontem que nessas excitagoes efeitos coletivos simples dominem [Ga82, Be77,
Be8lal, a quantificagdo da contribuigido dos néutrons se faz necesséria, particu-
larmente em regides de transicao, onde estes desempenham um papel essencial
no estabelecimento das propriedades coletivas. A regido de A ~ 100 é especial-
mente adequada se o objetivo é extrair a contribuigdo relativa de néutrons e
prétons nessas excitagoes. Assim, nos is6topos de Zr, para valores entre N = 50
e N = 56 os prétons se comportam como camada fechada, registrando-se mo-
dificacdo abrupta de comportamento acima de N = 56. Cada cadeia isotépica,
nessa regido, mostra algum tipo de transigao ao redor de N = 56, sendo essa
transicdo gradualmente menos intensa & medida que Z cresce além de Z = 40.
A interpretagio passa pelos trabalhos de Federman e Pittel [Fe77, Fe79] que
apontam a importancia da interagdo p — n entre parceiros spin-érbita (sop -
“spin orbit partners”): wlgs e vigy. E, portanto, a adicao de néutrons que,
tendo ultrapassado um valor critico, polariza a distribui¢io de prétons.

O entendimento de que o espalhamento ineldstico de hddrons, no regime
em que a interagdo nuclear predomina, poderia ser utilizado para evidenciar
a contribuicdo dos néutrons, potencialmente diferente da suposta, no modelo

coletivo usual, na razdo % em relagdo & dos prétons, teve inicio com os tra-

23
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balhos de Bernstein e colaboradores [Ma75a, Be77, Be83]. O campo externo
pode ser variado com diferentes projéteis e energias e sua descricao depende da
intensidade da interacdo associada a cada tipo de nucleon [Be8la, Be81b]. A
possibilidade de considerar intensidades iguais, aponta a vantagem dos estudos
com projéteis de interagdo isoescalar, com os quais se acessa a probabilidade
reduzida de transicio isoescalar: para a primeira excitagao quadrupolar B(152).
B importante destacar ainda que, do ponto de vista experimental, sdo acessiveis,
em principio, as vérias regioes, a dominada pela excitagdo coulombiana pura,
a regido onde a interferéncia coulombiana-nuclear é maxima e também a de
predominéncia da interagdo nuclear, evitando na analise global a influéncia de
alguns erros sistemdticos.

O conjunto de trabalhos de Sdo Paulo refere-se & regiao de transicao
de A ~ 100, utilizando no exame de espalhamentos inelasticos, déuterons
e particulas alfa, projéteis de interagéo isoescalar. Medidas de interferéncia
coulombiana-nuclear com déuterons sio primazia de Sdo Paulo, devido princi-
palmente & dificuldade na tomada de dados associadas a esse feixe. A utilizacao
de potenciais épticos globais, amplamente testados, ajuda a manter parametros
livres da anslise sob controle, o que é especialmente importante na extracgao
de conclusdes comparativas no seguimento de cadeias de is6topos ou isétonos.
A anslise foi feita na aproximacio de Born com ondas distorcidas (DWBA),
utilizando na descricio do potencial de transicao o modelo do potencial éptico-
deformado (DOMP). Foram objetos de investigagao na busca do carater de
isospin, principalmente a excitagio 27 : na desafiante cadeia de isétopos de Zr,
o 97Zr [Ho89], com suas propriedades de niicleo semi-magico e seus vizinhos,
o 97Zr [Ho86] e o %2Zr [Ho89]; os isétopos #4%Mo [UkO1], isétonos do %Zr e
97y respectivamente, e na cadeia do Ru, os is6topos 100,102,104Ry1 [G096], com
um comportamento transicional mais suave, onde o 100Ry também é isétono do

96 7r

4.1 Procedimento Experimental e Anilise

Fabricados em Sio Paulo, alvos enriquecidos em %.9%\Mo foram bom-
bardeados por déuterons com energias de 13,2 MeV e de 16,0 MeV e os en-
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riquecidos em %92Zr ¢ em 100:102104Ry, 161 particulas alfa com energias entre 9
e 22 MeV. As particulas incidentes foram aceleradas pelo Pelletron, tendo sido
medidos espalhamentos eldsticos e inel4sticos. A medida do espalhamento de
déuterons de 17 MeV no 9 Zr utilizou o feixe do Van de Graaff, de trés estégios,
do Laboratério de Fisica Nuclear da Universidade de Pittsburgh. Em todos os
espalhamentos com déuterons a detecgio foi feita em emulsges nucleares (Ko-
dak NTB e Ilford G5, de 50 um de espessura), expostas na superficie focal de
um espectrografo magnético tipo Enge. As placas de emulsio foram lidas em
faixas de 200 ym em S&o Paulo. Resolucdes de ~ 8 keV e ~ 12 keV foram
obtidas nos espalhamentos %4%Mo(d,d’) nas energias incidentes de 13,2 e 16,0
MeV, respectivamente, e no espalhamento MZr(d,d’), a resolugdo experimental
foi de ~ 15 keV. Os espalhamentos ineldsticos de particulas alfa nos nicleos
%:92Zr também foram medidos no plano focal do espectrégrafo, mas a deteccio
foi feita quer com placas de emulsio nuclear, quer por intermédio de um detetor
a gés sensivel & posigdo [Ko83]. Os alvos utilizados foram de dois tipos: lineares,
essenciais nas medidas dos angulos dianteiros, e alvos auto-sustentados finos e
limpos, importantes nas medidas de espectros a angulos intermedidrios. Reso-
lugGes entre 30 e 40 keV foram obtidas nos espectros de retroespalhamento de
particulas alfa nos 100102104Ry; e que se utilizou um detetor anular, a 172,8°
no sistema de laboratério, com um angulo sélido de 40,7 msr. A qualidade dos
espectros, referentes aos varios espalhamentos, pode ser visualizada através dos
exemplos apresentados nos trabalhos: [Ho86], [Go96], [Du97] e [Uko1].

A normalizacio relativa dos espectros associados a cada adngulo de espa-
lhamento, na obtencdo de distribui¢des angulares, ou a cada energia, no levan-
tamento de funcdes de excitagdo, foi obtida a partir do ndmero de particulas
espalhadas elasticamente em detetores fixos ou através da medida da corrente
de feixe integrada durante cada €xposicdo, sempre monitorando a direcdo do
feixe. A normalizagio absoluta foi obtida com referéncia a previsdes do modelo
ptico para o espalhamento eldstico dos projéteis, considerando, as medidas
dos picos elésticos, simultaneas s tomadas de dados em monitores, ou as de
distribuices angulares eldsticas associadas ao mesmo alvo e obtidas em con-
digdes semelhantes. As incertezas nos fatores de escala absolutos puderam ser
quantificadas nos trabalhos mais recentes ao redor de 5%, levando em conta as
previsdes de célculos com vArias famflias de potenciais pticos para as se¢des de
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choque elésticas de alfa [En82, Ry87, Pa71] e déuterons [Pe76, Da80], e onde
necessdrio, melhor acesso aos angulos sblidos dos detetores, além de medidas
mais detalhadas e com melhor estatistica de distribuigoes angulares elasticas.

O procedimento adotado aplica, na anilise dos espalhamentos inelasticos,
o modelo de potencial éptico deformado (DOMP) para o potencial de transigao
nuclear. De fato, na interpretagfo microscépica, um ponto dificil na descrigao do
espalhamento inelastico esta na densidade de transi¢do a ser utilizada, que car-
rega necessariamente informagao de estrutura entre os dois estados envolvidos,
sob severa investigacio na regido de A ~ 100. Por outro lado, a dependéncia
radial na regido da cauda do potencial de transicdo, onde o espalhamento inelés-
tico de déuterons e alfas de baixa energia acontece, é, para a maioria dos fatores
de forma microscépicos calculados até agora, nao substancialmente diferente da
dos potenciais macroscopicos para excitacGes predominantemente coletivas.

Com o interesse centrado nos estados fortemente coletivos, em que pre-
domina o processo de excitacdo em uma etapa na anslise da reagdo, as dis-
tribuicdes angulares e fungdes de excitacdo experimentais foram comparadas
entdo com previsdes de calculos na aproximagio de Born com ondas distorcidas
(DWBA)V, considerando a descrigio macroscépica da excitagao no modelo do
potencial éptico deformado (DOMP) com parametros 6pticos globais. Nesse
modelo, a principal hipétese €, no processo em uma etapa responséavel pela ex-
citagio nuclear, a associagéo do potencial efetivo de interagao 3 nao esfericidade
do potencial éptico [Sa83]. Na descricio DWBA-DOMP, os mesmos parametros
do modelo éptico descrevem as ondas distorcidas incidentes e emergentes e o
potencial de transi¢do para o estado coletivo, mantendo a analise a mais con-
sistente possivel para o acompanhamento comparativo da coletividade ao longo

de cadeias de is6topos.

Os fatores de forma [Sa83], para cada L transferido, responsaveis, res-

pectivamente, pelos processos de excitagao nuclear F (r) e coulombiano F¢(r)

S20:

(4.1)

Ff'(r) = — 05,0 (U)

onde V e W sao, respectivamente, correspondentes &s componentes real e ima-~
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gindria do potencial éptico U e:

AnZ,e 5C 3ZRL 1 1
Ta— , parar > R
FE(T) — 7,,,L+1 p = 4ic (42)

0 , parar < R,

onde R, = r, A/3 é o raio da distribuicio de carga de corte abrupto.

Nos espalhamentos inelasticos estudados, as rea¢Ges procedem periferica-
mente e os resultados dos célculos nao sio afetados anulando o fator de forma
coulombiano no interior da distribuicdo de carga.

A probabilidade de transi¢io elétrica B(EL), partindo do estado funda-
mental 07, é:

B(EL) = (6¢)?

[BZRL 1} 2 r

onde §¢ é o comprimento de deformacgio de carga, definido por 6¢ = B¢ R,,
com (¢ o usual pardmetro de deformacio de carga [Ra87)].

O comprimento de deformagio isoescalar (massa) &3 ;(U) = o} (U) =
67, se relaciona com a probabilidade reduzida de transigdo isoescalar B(ISL),
considerando a defini¢do pioneira normalizada em Z [Be69b], através da ex-

pressao:

A L-172
3__Rm_} (4.4)

B(ISL) = (6}}')2[ ks

onde R,, = rm A3, é o raio caracteristico de massa.
A razdo B(EL)/B(ISL) é entao expressa por:

- W e e

O parametro Cr, = §¢ /62 contém a informagao relevante sobre a razio entre as

contribuicSes de carga (prétons) e de massa (prétons+néutrons) a excitagio.

Partindo do estado fundamental de um nicleo impar-par, em uma etapa,
um estado coletivo poderia ser alcangado por mais de um momento angular L
transferido. Quando apenas um valor de L domina, na expressao da secio de
choque fatora-se 6’} , onde:

N (2Jf +1) »
L = (2J,-+13 (2L + 1) (9z) (4.6)
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que se reduz ao usual 6V quando J; = 0. As expressies de B(EL) e B(ISL)
também sio validas com a substituicgo de §¢ por &' ¢ e 6N por §'7, respectiva-
mente.

A comparacio das distribuigoes angulares e/ou das fungdes de excitagao
experimentais, particularmente incluindo a regifio de maxima interferéncia cou-
lombiana-nuclear, com previsoes DWBA-DOMP, permite a extragdo dos para-
metros Cf, e 6Y, por conveniéncia escolhidos para descrever a excitagdo. No
parametro Cg, o fator de escala se cancela e esse também é o parametro que
contém a informagédo do carédter de isospin da excitagao com multipolaridade
L, conforme apresentado na seqiiéncia.

Se as relagoes:

BUISL) = 2 M+ M) : (@7)

B(EL) = &*|Mp[° (4.8)

sio utilizadas, consistentemente com a definicio de B(ISL) suposta, a con-
sideragdo de proporcionalidade entre as densidades de transigdo de néutrons e
prétons leva, para a razao entre os momentos multipolares das distribuigoes de

néutrons € prétons, as expressoes:

‘ Mn
Mp

M,
MP

~S

que evidenciam a relagéo de M,/M, com Cr. Note-se que Cr = 1 produz
5 normalmente denominada excitagio coletiva homogénea, em que prétons e
néutrons contribuem na razdo de seus nimeros (%).

Os cilculos DWBA-DOMP para a descrigdo dos espalhamento ineldsticos
foram realizados com o programa DWUCK4 [Ku74], utilizando os parametros
6pticos globais de Perey e Perey [Pe76], Daehnick et al. [Da80] e Child et
al. [Ch74] para déuterons, e de England et al. [En82], para particulas alfa.
Os parametros correlacionados O, e 6Y sdo extraidos da comparagao entre
previsdes e distribuigoes angulares ou fungdes de excitagdo experimentais. Como
a previsdo do modelo n3o é linear nos parametros, o procedimento minimiza,
no ajuste, 0 y?%, utilizando o método de Gauss-Marquardt. Os parametros
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ajustados correspondem ao X2, € suas incertezas estatisticas sdo expressas na
matriz de covariancias.

A inspecdo de previsoes DWBA-DOMP utilizando os parametros do po-
tencial éptico de Perey e Perey [Pe76|, calculadas para trés energias incidentes
de déuterons (10,0 MeV, 13,0 MeV e 16,0 MeV) e valores tipicos de Cy e 6%,
tomando a excitagio %*Mo(0f — 2{) como exemplo, salientam as regides de
interesse para as medidas, ilustrando a potencialidade do método [UkO1]. Pode
ser observado que um minimo de interferéncia desenvolve-se para todas as ener-
gias incidentes e oscilagdes tipicamente “difrativas”, devido & excitacdo nucle-
ar, praticamente determinam a forma da distribui¢do angular em angulos mais
trazeiros. Portanto, dados detalhados ao redor do minimo de interferéncia sao
essenciais para a extracdo de C; e a angulos maiores fornecem a normalizagio

global (637)2.

4.2 Resultados

O exame dos espectros associados ao espalhamento ?1Zr(d,d’) com déute-
rons de 17 MeV, em sete angulos de espalhamento entre 25° e 80° no laboratério,
permitiu até 4,8 MeV de excita¢do, a detecgdo de 73 niveis, varios deles nao
identificados anteriormente [Ho86]. As energias de excitagio obtidas estdo em
bom acordo com as de Blok et al. [Bl76] na andlise de (p,p’), embora parece
haver indicagdo de uma diferenca sisteméitica crescente acima de 3,5 MeV. E
interessante notar que um padrao simples de excitacio foi salientado para esse
nicleo impar-par, na medida que foi possivel associar a ~ 40 distribui¢ées angu-
lares, excitagGes puras de L = 2, 3 ou 5, embora misturas nao fossem proibidas,
concentradas em regides de energia onde o caroco %Zr exibe estados 2%, 3~
e 57. Os parametros parciais de deformacgio 37, obtidos na comparagio com
previsbes DWBA-DOMP, calculadas tomando deformacdes 8¢ = BY iguais, ja
que na condigio experimental de medida n&o havia possibilidade para o exame
da interferéncia coulombiana-nuclear, mostram bom acordo com os extraidos
no espalhamento (p,p’) [BI76] para L = 2, mas para L =3 e L =5 revelaram-
se sistematicamente menores. Se comprimentos de deformagcio 6¢ e &Y fossem
considerados iguais, essas discrepancias seriam ainda maiores. Essas diferencas,
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também observadas em outras regides, podem estar refletindo inadequagoes do
modelo de reacio considerado. Os resultados salientaram ainda a alta probabi-
lidade de excitagdo medida para o primeiro estado excitado do 9'Zr, associado
3 deformacio BY = 0,18, um fator ~ 2 acima dos valores de todos os niicleos
com A =904 2.

As distribuicées angulares experimentais associadas ao espalhamento
(a,@’), com alfas de 21,0 MeV, nos ¥Zr e ¥2Zr, na excitagio dos primeiros esta-
dos quadrupolares permitiram o exame do padrao de interferéncia coulombiana-
nuclear. A comparagio entre as distribuicGes angulares experimentais e as pre-
visbes DWBA-DOMP, revelaram, surpreendentemente na excitagao dos estados
2+ para o 9Zr a razdo usual BY /B¢ igual a 1, mas para no %2Zr, o mfnimo
profundo da distribuicso angular s6 foi reproduzido com uma razdo BY /8¢ de
~ 2. As distribui¢des angulares experimentais de excitacado dos estados 31, por
outro lado, sdo semelhantes e bem reproduzidas pelas previsoes com parametros
de deformacdo nuclear e coulombiano iguais. Medidas de Rychel et al. [Ry87],
com alfas de 35,4 MeV no %2Zr, embora nio sensiveis ao pardmetro de defor-
macio coulombiano para a excitacdo de L = 3, também revelaram estrutura
de interferéncia coulombiana-nuclear na distribuicdo de L = 2, que somente foi
ajustada com um aumento semelhante do pardmetro de deformacdo nuclear.
A anélise em termos dos comprimentos de deformagio reproduz os resultados
comentados.

Referentes ao espalhamento de particulas alfa nos 1001021MRy, a 172,8°
no laboratério, as funcdes de excitagio ineldsticas na populagdo dos estados
27, medidas em 8 passos regulares entre 9 MeV e 22 MeV [Go96], partindo da
regido bem abaixo da barreira coulombiana estenderam-se permitindo também
boa caracterizagio da regido de interferéncia. A distribuicdo angular ineldstica,
na excitacdo do primeiro estado quadrupolar no ®Ru, com particulas alfa de
22 MeV, foi medida principalmente para confirmar a contribui¢io nuclear nessa
excitagdo. Por outro lado, referentes ao espalhamentos eldsticos, as fungdes
de excitagio nos 100:102104Ry ¢ a distribuigio angular no '®Ru, experimentais,
permitiram para a andlise a escolha dos pardmetros épticos globais de England
et al. [En82], que sdo independentes da energia incidente, com uma melhor
caracterizacio do valor da difusividade real. Os ajustes das fungoes de excitacao
inel4sticas com as previsobes DWBA-DOMP caracterizaram a razao 5¢/6Y e o
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comprimento de deformagio 6V, de forma discriminativa. As atribuicdes das
incertezas foram, ainda nesse trabalho, feitas a partir de estimativas de +3¢,
variando 6% com 6¢ fixo ou 6¢ com ¥ fixo, produzindo previsdes que envolvem
os pontos experimentais, nas regides em que, respectivamente, predominam a
excitacdo nuclear ou a excitagdo coulombiana. A sensibilidade dos dados é
maior as variagdes de 8¢ do que as de 8, com incertezas de ~ 1,5% e ~ 3%,
respectivamente. As funcdes de excitagdo nos trés isétopos, quando observadas
em conjunto, mostram uma inclinagdo decrescente e um maior valor das secoes
de choque para os trés pontos experimentais de menor energia, na seqiiéncia
crescente das massas (10%192104Ry). Para cada isétopo, a variagio de 6¢, na
regido de energias menores, de fato corresponde a apenas um diferente fator de
escala na segio de choque da excitagdo coulombiana, entretanto ndo é possivel
selecionar um tnico valor de §Y se somente os pontos de alta energia fossem
medidos. Vale a pena salientar que hé uma diferenca fundamental na excitacio
de estados coletivos associados a multipolaridades L > 2, medida na situacio
de retroespalhamento explorada nesse trabalho [Go96]. Para multipolaridades
maiores, os processos de excitacdo nuclear sdo claramente dominantes e somente
§Y pode ser extraido. Na excitagio dos estados 37 nos 100:102104Ry; de fato, hé
uma queda dramética da se¢do de choque para energias incidentes inferiores
a 14 MeV e os valores de Y, extraidos na hipétese de deformagdes iguais
para carga e massa, apontam um acordo basico com os valores da literatura
[Re77, VoT76, Sp89]. A excitagio hexadecapolar no 1“Ru, a 2,367 MeV, foi
somente observada em 16,0 MeV e 17,0 MeV e o valor extraido de 6% confirma
sua extraordindria populagdo no espalhamento ineldstico, conforme relatado no
espalhamento (p,p’), também medido em Sdo Paulo [Si89)].

Nos espalhamentos inel4sticos %4%Mo(d,d’), as distribuicdes angulares
experimentais na excita¢io dos primeiros estados quadrupolares, favoreceram,
para a energia incidente de 13,2 MeV, a caracterizagdo da interferéncia cou-
lombiana-nuclear, enquanto que os dados a 16,0 MeV foram principalmente
utilizadas na verificacdo da consisténcia dos resultados de §¥ [Uk01]. Tomando
o espalhamento *Mo(d,d’)**Mo(2{) com déuterons de 13,2 MeV como exem-
plo, uma primeira etapa do exame das caracteristicas de isospin nesse nicleo

consistiu de uma anélise critica do procedimento para obter os parametros cor-
relacionados Cy e 6} e suas incertezas [Du97]. As previsdes DWBA-DOMP,
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com parametros Opticos de Perey e Perey [Pe76], foram ajustadas aos dados e a
comparagio entre as curvas experimentais de nivel de x2, no plano Cy x 6¥, com
elipses equivalentes, calculadas a partir dos parametros de Gauss-Marquardt,
circunscrevendo espectativas estatisticas de 39,3%, 68,3% e 99,7%, revelou pre-
visGes praticamente coincidentes. O teste estatistico direto, com uma simulacao
de Monte Carlo, de “novos” dados Gaussianos, também produziu resultados
equivalentes. A andlise aplicada mostrou que, dentro do modelo adotado, os
melhores ajustes produziram resultados para 62 e Cy com incertezas estatisticas
de ~ 1% e ~ 2%, respectivamente. Vale lembrar ainda que, nessa situacio ex-
perimental, no valor de Cj o erro de escala na se¢do de choque se cancela e alguns
erros de modelo sido diluidos. Como conseqiiéncia da maior confianga adquirida,
no exame dos espalliamentos %4%Mo(d,d’) a duas energias incidentes, o ajuste
das previsdes DWBA-DOMP na primeira excitacdo quadrupolar sobre os da-
dos, minimizando o x?2, foi feito por um procedimento tipo Gauss-Marquardt,
procurando simultaneamente os valores de trés pardmetros: Cs, 62Y(13,2 MeV)
e 6)(16,0 MeV). A redugio de um fator ~ 2 no minimo de x? no ajuste si-
multineo das distribuigées angulares, nas duas energias incidentes e para am-
bos os isétopos, obtido com o aumento de 2% dos raios reduzidos rg e rz7, com
relacdo aos valores originais de Perey e Perey [Pe76], na descrigao do fator de
forma, aponta para um significado fisico associado. No espalhamento inelstico,
esses nicleos parecem ser representados por um objeto um pouco maior do que
no espalhamento eldstico. As distribuigdes angulares para o Mo, em ambas as
energias, sio mais estruturadas no primeiro méximo, quando comparadas com
as do %Mo e podem estar revelando comportamentos ndo descritos no modelo
de reacdo adotado. As incertezas estatisticas nos valores obtidos nos ajustes
vinculados sdo de ~ 2% para C; e ~ 1% para 6 (13,2 MeV) e 6 (16,0 MeV),
mas nos dois tltimos pardmetros incide ainda a contribuigao das incertezas nos
fatores de escala das secdes de choque absolutas. As transicoes associadas as ex-
citagdes dos estados 37, em ambos os isétopos, sdo fortemente dominadas pela,
interagdo nuclear. A anslise vinculada das distribuigdes angulares nos %Mo,
correspondentes a déuterons de 13,2 e 16,0 MeV, puderam também ser reali-
zadas, fornecendo valores de C3 com incertezas estatisticas bem maiores de ~

6-7%.

AR R R R E R R E R EE R R EZ EEE EEEE EEEEEEEEEEEEEEEEERERE Y



"l _-—-_-.-.-.-_.-_v-'-—-"-'-'1-'-'—""-"-"'-"-"-"

Capitulo 4 — Aspectos Macroscdpicos 33

4.3 Discussao

4.3.1 O Carater de Isospin das Excitagdes 21 e 37

Na interpretacdo dos resultados do espalhamento (d,d’) no %'Zr [Ho86],
foi possivel relacionar os B obtidos em transigdes experimentais, associados
ao mesmo L e a Jy conhecidos, com os pardmetros de deformacio de possfveis
estados do caroco Zr [Fi82]. Assim, dos cinco f extraidos para os primeiros
niveis a baixa energia de excitagdo, alcangados pela transferéncia de L = 2, qua-
tro sdo compativeis com o pardmetro de deformagao do estado a 2,18 MeV no
90Zr [To73]. A excegdo é o estado a 1205 keV que revelou, surpreendentemente,
grande valor de B,, maior por um fator ~ 2. Todos os estados alcancados por
L = 2, acima de 2,5 MeV de excitacdo, revelam, por outro lado, valores de 3,
compativeis com os trés estados 2+ do %Zr nessa faixa de energia [To73]. J4
para L = 3, dos 10 estados com J conhecido, detectados na faixa de + 0,5
MeV ao redor de 2,75 MeV, energia de excitagio do 37 do %Zr, apenas cinco
revelaram (7, compativel com o desse estado do caroco, enquanto os valores
dos demais foram sensivelmente inferiores. O tinico B4 extraido é também com-
pativel com o pardmetro de deformacio do estado a 3,08 MeV do 9Zr [To73].
Os (5 obtidos para os primeiros trés estados na transferéncia de L = 5 concor-
dam com o pardmetro de deformagéo do estado 57 no %Zr [To73]. Os resultados
informam que no niicleo ?*Zr, a mistura entre graus de liberdade de particula
e coletivos do carogo ndo é suficiente para destruir a relagio com estados deste
(carogo). O estado %+ a 1205 keV de excitagio, revela-se de especial interesse,
fortemente excitado no espalhamento (d,d’), acessado por intermédio de reagdes
de transferéncia de um néutron também mostra forte parentesco com o estado
fundamental do %°Zr [B176). Partindo do estado fundamental do 91Zr, de carater
praticamente puro de particula 2ds/; [Go75], foram ent3o feitas, considerando
as informacGes espectroscépicas, estimativas da contribuicio das transicdes de
valéncia na excitagdo do estado %+, que entretanto nado conciliaram a excitacao
coletiva desse estado & do 2{ do %Zr. Complementando a discussio, as infor-
magoes de propriedades eletromagnéticas associadas ao estado %+ a 1205 keV
de excitagdo no ?'Zr [Ga69, Gi74, Me77], quando colocadas em comparagio com
0s resultados do espalhamento (d,d’) de Sdo Paulo [Ho86] apontam deformacéo



34 Espectroscopia Nuclear com Ions Leves

de carga inferior & de massa.

O exame da interferéncia coulombiana-nuclear com particulas o em Sao
Paulo [Ho89)], na excitagéo do primeiro estado quadrupolar nos isétopos vizinhos
do 9'Zr, revelou comportamento muito diferenciado. De fato, embora no 07y
a excitagio coletiva homogénea usual tenha sido observada, o %*Zr, com dois
néutrons fora da camada fechada, revelou um fator ~ 2 para a razio By /6¢,
como também foi extraido para o estado 3 5 a 1205 keV no %Zr. Rychel et al.
[Ry87] observaram, com o mesmo projétil, basicamente os mesmos comporta-
mentos utilizando particulas alfa com energia de 35,4 MeV. Essa concordancia
pode ser interpretada como indicativa de uma descri¢do adequada para o me-
canismo de excitagao.

No estudo da interferéncia coulombiana-nuclear com particulas o em
fungdes de excitagio nos 100102104Ru [Go96], o acesso as contribuicSes nucle-
ares e de carga na excitacdo dos estados 21 permitiu também, de forma clara,
determinar a normalizagdo relativa de O e 6¢. Um comportamento crescente
de 8C, como fungio de A revela-se em acordo com 0s resultados obtidos em
estudos de excitagio coulombiana [Hi98, La80, Bo79]. Com respeito aos valores
de 6%, a previsdo do modelo coletivo homogéneo € obtida para o 100Ru, mas os
valores embora monotonicamente crescentes como funcio de A, ndo seguem a
mesma razio de crescimento de 6C. Assim, no ®Ru, 6" é ~ 18% menor do
que 8€. O comportamento das razées M, /M, extraidas estabelece de forma in-
equivoca um decréscimo da importéncia dos néutrons em relacdo aos proétons,
na primeira excitagdo quadrupolar, quando um e dois pares de néutrons sao
adicionados ao ®Ru.

Na caracterizagio das primeiras excitagbes quadrupolares e octupolares
através do espalhamento (d,d’) nos micleos %%Mo [Uk01], os valores de Cz > 1
e C3 > 1 indicam contribuigdo maior dos prétons em ambas as excitacoes, nos
dois is6topos. As incertezas maiores em Cj3, em comparagdo a Co, refletem
o menor sensibilidade dos dados & razdo dos comprimentos de deformagao de
carga e massa na excitagdo octupolar. Os valores de 8 e 64 sdo, por ou-
tro lado, determinados com a mesma precisdo e produzem valores de BY que
concordam com os da literatura, extraidos em espalhamentos ineldsticos de
prétons [Lu71, Aw72] e déuterons [Wa78]. Os valores de My /M, ~ 0,9, obtidos

nas excitacdes quadrupolares, em ambos os is6topos, sao menores do que %’— =
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1,2—1, 3 e s3o outra maneira de caracterizar o papel dos néutrons relativamente
aos protons nessas excitagbes. Nesse calculos, os valores r, = 1,22 fm e Pl =
1,16 fm foram utilizados para os raios reduzidos de carga e de massa [Du97]
das respectivas distribuigdes de corte abrupto. Salienta-se que as razdes M, /M,
obtidas sdo afetadas ndo apenas pelas incertezas experimentais, mas também
pelas incertezas, dificeis de serem especificadas, associadas ao modelo de reacao,
mas pelo menos um algarismo significativo deve ser preservado. A evolucgio
crescente, praticamente paralela, de B(1S52) e B(E2) do **Mo para o %Mo
mostra novamente que as caracteristicas de isospin ndo mudam drasticamente
para os dois isétopos. A excitacdo octupolar no %Mo também é mais coletiva,
do que no *Mo.

Os valores de Cy, pouco maiores do que 1,1, sio aproximadamente os mes-
mos nos *Mo e %Mo e, consequentemente, também as razdes B(E2)/B(152)
[UkO1]. Por outro lado, conforme mostram os resultados de (0,@’) mnos
100,102,104Ry, [Go96], o comportamento de Cs, para esses isétopos, é crescente
em fungdo da massa, partindo do ™Ru, isétono do ®Mo, que se revela prati-
camente coletivo homogéneo. Para esses niicleos também uma pequena pre-
dominéncia dos prétons sobre os néutrons, como para os Mo e %Mo, é de-
tectada na primeira excitagio quadrupolar. Situag¢io marcadamente oposta é a
contribuigdo muito maior dos néutrons relativa aos prétons na. transicdo para
o estado 2{ no %Zr [Ho89], isétono do %Mo, enquanto que no ¥Zr [Ho89),
contribuicGes usuais na razio % sao apontadas.

Embora ndo se encontrem na literatura outros estudos de interferéncia
coulombiana-nuclear na regifo, medidas de espalhamentos elésticos e inelisticos
de particulas o de 35,4 MeV e ®Li de 70 MeV nos 999294967 foram analisadas
em detalhes na busca de informagdes sobre o carster de isospin das transicoes
para os estados 2] e 37 [Ho93, Lu95, Ho96]. Do ponto de vista tedrico, foram
realizados célculos microscépicos para os potenciais de transicao, obtidos com-
pondo num “folding” a densidade de transicdo entre os estados envolvidos com
a interagdo efetiva entre o projétil e cada nucleon do alvo. As anslises nos
trabalhos do grupo de Horen [Ho93, Lu95, Ho96] foram realizadas com densi-
dades de transicdo obtidas em célculos na aproximacao de fase aleatéria para
quase-particulas (QRPA - quasi-particle random phase approximation), ou com
densidades de transicdo do modelo coletivo padrdo de Bohr-Mottelson. As in-
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teracoes efetivas utilizadas foram da forma gaussiana para alfas e para o ®Li,
da forma simples de Yukawa. H& uma tendéncia geral das se¢oes de choque
previstas usando as densidades de transicho QRPA serem pequenas quando
comparadas com as experimentais, quer nos espalhamentos com particulas o,
quer com SLi. Assim, embora um bom acordo tenha sido obtido para o 27 no
907r para os outros isétopos houve a necessidade de intensificar a contribui¢do
dos néutrons. Quanto & contribuicdo dos prétons, revelou-se demasiado forte no
97y e satisfatéria nos outros isétopos, conforme apontado pelos B(E2) experi-
mentais [Ra87]. As segdes de choque tedricas para a excitacdo dos estados 3y
também ficaram de 20-50% abaixo das medidas. E bastante encorajador entre-
tanto que os valores de M, /M,, conforme comentou Horen et al. [Ho96], com
os ajustes mencionados para reproduzir os dados sejam proximos aos valores
obtidos usando as densidades de transicao do modelo padrao de Bohr-Mottelson
[Lu95] e reproduzam o comportamento evolutivo da razéo extraida utilizando o
potencial éptico deformado para o potencial de transicao, particularmente para
o primeira excitacio quadrupolar. De fato, é bem conhecido que as segdes de
choque para os espalhamentos inelésticos em questao sao determinadas princi-
palmente.pela intensidade do potencial de transicdo na regido do raio de forte
absorcdo, onde a reagio acontece, e onde a descrigio DOMP e “folding” com a
densidade de transi¢io do modelo padrdo ndo diferem substancialmente.

4.3.2 Excitacoes Duotriacontapolares

Os estudos de espalhamentos ineldsticos com déuterons e particulas «
em isétopos de Zr, Mo e Ru, realizados em Sao Paulo, revelaram nesses nicleos
excitacio de L = 5, que motivou um levantamento na literatura dessa excitacao
na regido de A ~ 100 [Ho99]. A investigacio, compreendendo niicleos par-par
de ntimero atémico entre Z = 40 — 50 mostrou, em cada cadeia de isétopos,
primeiros estados excitados 5~ com comportamento peculiar. Esses estados
aparecem nos niicleos par-par a energia de excitagao aproximadamente cons-
tante de (2,4 % 0,2) MeV e sio associados, onde estudados por espalhamentos
inelsticos, a excitagdes coletivas em uma etapa. Esse comportamento também
sobrevive em niicleos impares vizinhos, com estados membros de um multipleto
de niveis, com caracterfsticas de acoplamento fraco, como jé foi comentado no
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trabalho referente ao 9'Zr [Ho86). A soma das energias dos estados 27 e 37,
que no modelo harménico vibracional deveria ser a do centréide para o estado
correspondente de dois fénons, é sempre maior do que a dos 57 citados. As in-
formacoes experimentais acessiveis para os niveis 97, tomadas de forma global,
parecem excluir sua interpretagéo via o acoplamento das primeiras excitacoes
quadrupolar e octupolar. Por outro lado, excluem também a interpretagéo pro-
posta, em particular préximo de camadas fechadas, simplesmente envolvendo
prétons nos orbitais wlgg s e m2p1 /2 [Cab9, Bab9], embora essa componente es-
teja presente na fungio de onda desses estados. Nos nicleos *#%Mo, os niveis
de energia dos estados 57, bem como os pardmetros de deformacao extraidos
0,048 e 0,040, respectivamente, na andlise de sua excitagdo coletiva em uma
etapa por (d,d’), se ajustam as propriedades gerais diagnosticadas e apontam
para um carater duotriacontapolar dessa excitacdo [Ho99].

4.4 Conclusoes

Estudos de interferéncia coulombiana-nuclear em espalhamentos inelasti-
cos, realizados em S&o Paulo, com déuterons e particulas o nos nicleos %Mo
[Uk01], 992Zr [Ho89] e 100:102104Ry; [G096], permitiram o acompanhamento do
cardter de isospin, principalmente da primeira excitagdo quadrupolar. Para
os isGtopos #*Mo e ¥Mo [Uk01], os Cs obtidos no espalhamento (d,d’), iguais
dentro do desvio estatistico e ligeiramente maiores do que 1, caracterizaram na

comparagio dos valores de M,,/M,, associados, menores em ~ 30% dos respec-
N
7
por outro lado, revelou comportamento monotonicamente crescente para Cz, de

tivos &, aspectos nio homogéneos. A analise de (a,a’) nos 100102104Ry [Go96],
1,04 para 1,22, como funcio da massa. Esses valores mostram para o !Ru,
isétono do %Mo, apenas levissima predominéncia dos prétons na excitagio, mas
que essa predominéncia se salienta na seqiiéncia dos isétopos com um ou dois
pares de néutrons a mais, em que as razoes M, /M, calculadas sdo, respectiva-
mente, ~ 22% e ~ 30% menores do que % As informagdes extraidas para o
%0Zr [Ho89] mostram para esse nticleo comportamento coletivo homogéneo usu-
al, mas para o 92Zr [Ho89], isétono do %Mo e também em marcante contraste

com este, apontam claramente predominancia dos néutrons sobre os prétons,

|
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ultrapassando ¥, na razdo dos momentos quadrupolares de néutron e préton,
em mais do que ~ 50%.

Do ponto de vista tedrico, existem estudos microscépicos detalhados
feitos por Horen et al. [H096] no exame das excitagdes 2f e 37, nos 90:9294967;
com alfas e 8Li. As razdes M, /M, calculadas utilizando densidades transigso
QRPA precisam ser normalizadas para reproduzir as se¢ées de choque experi-
mentais. Por outro lado, os valores ajustados sdo préximos dos obtidos com as
densidades de transi¢io do modelo coletivo padrdo de Bohr-Mottelson [Lu95]
que acompanham, principalmente para a primeira excitagdo quadrupolar, a
evolugdo revelada na andlise, muito mais simples, com o potencial de transicdo
DOMP.

O trabalho extenso do grupo nos isétopos de Zr, Mo e Ru diagnosticou,
no bojo da investigacio, um padrdo peculiar da primeira excita¢do associada
a L = 5 em espalhamentos ineldsticos, que desvendou com primazia de Sao
Paulo, entre Z = 40 e Z = 50 excitagdes coletivas duotriacontapolares [Ho99].
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Capitulo 5

Comentarios Finais e Perspectivas

A procura de indicadores simples de estrutura nuclear, particularmente no
exame das motivantes regides de transicdo, é certamente uma das preocupacdes
da 4rea, com interesse renovado nos 1ltimos anos, tendo em vista o acesso
a feixes nucleares radioativos. A caracterizagio de aspectos microscépicos e
macroscépicos do comportamento nuclear, principalmente nessas regides, ao
longo de cadeias de is6topos ou isétonos, constitui-se em uma ferramenta po-
derosa de diagndstico. Ainda em nicleos de massa intermediéria, a regifo de
A ~ 70 também faz parte da arena de interesse. De fato, os is6topos de Ge e
Se apresentam uma série de fei¢des que podem ser colocadas em analogia com
caracteristicas observadas em nicleos de Zr e Ru. Em particular, os estados
04, também excepcionalmente baixos em energia nos isétopos de Ge apresentam
resposta a transferéncia de um par de néutrons [Re80] e ao espalhamento de
prétons[Ro86] semelhante ao verificado na regido de Zr. No "2Ge o estado 03
é o primeiro estado excitado, havendo indicios de transicio de forma entre o
”Ge e 0 ™Ge [Se85]. O acompanhamento da evolugio dos valores de B(E?2)
nessa regido [Ra89] também revela, como a regido A ~ 100, comportamento
que evidencia transi¢do, mais abrupta nos isétopos de Se (Z = 34) e mais suave
nos de Ge (Z = 32). Os valores de B(E2) sdo méximos em ambas as cadeias
para N = 42. Os is6topos de Zn, por outro lado, com Z = 30, mostram valores
de B(E2) praticamente constantes entre N = 32 e N = 42 [Ra89, Le98).

A regido de A ~ 100, em particular os isétopos de Ru, foram alvos de
extenso programa de investigacio em Sdo Paulo. Utilizando como projétil o
déuteron, estudos de reacbes de transferéncia de um nucleon apontaram, no
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seguimento da sistematica dos niveis “yrast”, nos Ru impares, coexisténcia a
baixa energia de excitagdo [Bo98, Ba98|. Os trabalhos em preparacdo trazem in-
formacdes experimentais complementares e enfocam as caracteristicas de buraco
(particula) do ®Ru (1Ru) partindo do ®Ru, revelando conjuntos de estados
alcancados por transferéncia de £ puro nao previstas [Ro0la, Ro0O1b, Ho01]. O
interesse se estende, considerando a importéancia da interagio p-n entre parceiros
spin-6rbita [Fe77, Fe79] na regido, & busca de informagges referentes & ocupacio
v1gy2, principalmente em is6topos de Pd, onde ndo existem relatos. Pela ex-
pectativa de existéncia de estados do #*Mo parentes do %Zr + o [Ok95, Bu93],
a investigacdo da reacdo 90Zr(GLi,d), salientando possiveis estruturas de aglo-
merado a é complementar para visualizagdo do panorama global da regido.

O acompanhamento da evolug¢do da coletividade associada aos estados
21 e 37 ao longo de cadeias de niicleos levou ao desenvolvimento de metodolo-
gia para andlise de interferéncia coulombiana-nuclear (ICN) em espalhamentos
ineldsticos com projeteis de interagao isoescalar. Essa metodologia permite ca-
racterizar a probabilidade reduzida de transicio isoescalar B(152) e também
da razdo B(E2)/B(152). A anélise das excitagdes octupolares apresenta menor
sensibilidade. E importante salientar que a coletividade é em geral acompanha-
da apenas através da probabilidade reduzida de transigdo elétrica B(EL) nio
havendo informacdes sobre B(ISL) agora acessiveis, de forma mais controla-
da, através de medidas de ICN em espalhamentos ineldsticos. Na extragao dos
parametros que caracterizam na excitagdo a razdo dos momentos multipolares
de prétons e néutrons, elementos sensiveis no teste de modelos, a vantagem
dessa metodologia é o cancelamento de alguns erros quer de origem experimen-
tal, quer de origem teérica. Na regido de A ~ 100, a metodologia foi aplicada
utilizando déuterons e particulas o em isétopos de Mo [Uk01] e Ru [Go96]. Com
o pano de fundo que diagnostica dificuldades na descrigdo tedrica dos isétopos
impares de Ru, estdo programadas medidas inéditas de ICN com déuterons nos
YRu e 191Ruy, os tinicos isétopos impares estiveis. Ainda na regido de A ~ 100,
esse método estd sendo aplicado em 04106:108,110pq 3companhando a transicdo
nesses isétopos [Ra89).

Na regido de A ~ 70, informagcdes sobre caracteristicas de isospin nas
excitacdes 27 e 3~ ndo sio encontradas na literatura. O projétil isoescalar 6Li
viabiliza o uso da técnica de ICN em espalhamentos ineldsticos nessa regido,
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pois dificuldades experimentais impedem a utilizagdo de déuterons e particulas
alfa. De fato, o acesso & maxima interferéncia coulombiana-nuclear exige com
déuterons diminuir a tensdo do terminal do Pelletron atingindo ~ 4 MV, in-
viabilizando o controle da maquina e por outro lado, feixe de particulas alfa
nio estd disponivel . Testes realizados de validagdo do método e investimentos
para propiciar melhor controle do feixe de ®Li a partir da fonte de “sputter-
ing” [Ba0l], salientaram a possibilidade de utilizagio dessa técnica com 6Li
na regido de A ~ 70. Na validacio, dados utilizando como alvo o %Ru e
trés projéteis isoescalares: déuteron [Go93], particula alfa [Go96] e ®Li [Si00],
mostraram a consisténcia da andlise. Assim, os esforcos envidados abriram
novo horizonte experimental e as primeiras medidas referentes a distribuicdes
angulares detalhadas da primeira excitacdo quadrupolar na regido de ICN com
6Li de 28 MeV nos isétopos "*">™Ge [Ba01] apontaram comportamentos con-
trastantes: enquanto nos "%"?Ge contribuicdes praticamente homogéneas de
néutrons e prétons foram detectadas, os dados do "4Ge requereram claramente
uma cotribuicdo mais intensa dos néutrons. Outro ponto que merece investi-
mento refere-se & possivel utilizacio de feixes isoescalares de 9B e 12C poten-
cializando comparacoes frutiferas.
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Level structure of '*'Ru from the '°Ru(d, p) reaction
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Energy levels of '“'Ru have been studied by the '®Ru(d,p)'"'Ru reaction at an incident deuteron
energy of 12 MeV. Outgoing particles were momentum analyzed by a magnetic spectrograph and
detected in nuclear emulsion plates, with an energy resolution of 7.5 keV. A total of 68 levels up to
3.2 MeV excitation encrgy was identified, about two-thirds of them reported for the first time. Ex-
perimental angular distributions were compared to distorted-wave Born approximation predictions
and reduced spectroscopic factors obtained. The total / =2 and 75% of ! =0, 4, and 5 spectroscopic
strengths were located. Attention is drawn to transitions to low-lying states in “'Ru (below

E . =0.75 MeV) with ] =3 and / =1 character.

1. INTRODUCTION

The region of nuclei around 4 =100, in particular, the
ruthenium isotopes, continues to attract attention,.from
both theoretical and experimental points of view, due to
conflicting aspects revealed by the data when confronted
with the simpler models, In fact, level energy systematics
and decay properties of the lighter even ruthenium iso-
topes tend to follow a vibrational description, as revealed
also by interacting boson approximation (IBA) calcula-
tions."2 However difficulties have been found in describ-
ing the neighboring odd-4 isotopes on the same footing.
In particular, it was, until recently, not possible to ac-
count for the spreading in energy of levels which, accord-
ing to the vibrational model, should belong to the same
multiplet.* ,

Recently, predictions of a symmetric prolate rotor
(with a variable moment of inertia) plus particle model,
including Coriolis coupling, allowed the identification in
PRu of several particle-core multiplets,’ with the correct
y-decay properties, due to the dominance of a particular
value of core angular momentum R and quasiparticle
parentage. In agreement with experiment, a lowering of
the low spin members of the multiplets, especially those
based on high-j-particle states, is predicted.

Very recently, Arias et al.® performed, for the Tc, Ru,
Rh, and Pd isotopes, extensive calculations within the
proton-neutron interacting boson-fermion approximation
(IBFA-2) and, where comparison was made, not only lev-
el energy systematics, but also one-particle transfer spec-
troscopic strengths and electromagnetic properties could
be satisfactorily reproduced.

From an experimental point of view, one-particle strip-
ping reactions could help to put into evidence mainly
those low spin members of the multiplets, not easily pop-
ulated by (HI, xn¥) or even (a,xn¥ ) and (*He,xny ) reac-
tions, through admixtures of the even-core ground-state
components into the wave functions of these excited
states of the odd nucleus. The nucleus ''Ru has been the
subject of y-ray studies with (a,3n) (Refs. 7 and 8),
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(*He,2n) (Ref. 8), and (a,n) (Ref, 9) reactions, and from
the decay of ''Rh™2.* On the other hand, a previous
(d,p) work'® covered an excitation energy range of only
1.9 MeV with an energy resolution of 25 keV. In the
present experiment the %Ru{d, p)"°'Ru reaction has been
studied with better resolution to provide a detailed deter-
mination of the level spectrum and spectroscopic
strengths in '"'Ru. A wider range of excitation energies

~ than in the previous (d,p) study'® has been covered,

several new energy levels have been detected, and definite
values of / have been assigned to a larger number of tran-
sitions.

1I. EXPERIMENTAL PROCEDURE

Angular distributions and absolute cross sections for
the (d,p) reaction on targets enriched to 97.2% in !“Ru
were measured with 12-MeV deuterons from the tandem
Pelletron accelerator of the University of Séio Paulo. The
scattered protons were detected with nuclear emulsion
plates (Kodak type NTB 50 zm thick) placed in the focal

" surface of an Enge split-pole magnetic spectropraph.,

Aluminum foils, thick enough to absorb heavier reaction
products, covered the emulsion. The total number of in-
cident deuterons was determined by a current integrator,
which measured the charge collected in a Faraday cup
with electron suppression. Elastically scattered deute-
rons detected at 41.5° by a surface barrier position sensi-
tive detector placed in the focal surface of the spectro-
graph provided the absolute normalization, obtained
from the deuteron elastic cross section given by an opti-
cal model prediction using the potential parameters
shown in Table I. The uncertainty in the absolute cross
section scale is estimated to be +15%, taking into ac-
count an uncertainty of £10%, due to different optical
model predictions for the elastic cross section and an un-
certainty of +10%, from the nonuniformity of the tar-
gets.

Targets were made by evaporation!! of metallic
ruthenium powder onto thin carbon backings. The thick-
nesses of the three different uniform ruthenium films used

664 ®1988 The American Physical Society
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TABLE 1. Bound-state and optical model parameters used in
DWBA. calculations. '

Deuteron*  Bound neutron Proton®
v (MeV) 97.32 o 60.87—0.32, -
ro (fm) 1.15 1.17 1.17
ag (fm) 0.81 0.75 0.75
Veo, MeV) 70 Ao, =25 62 _ .
reo m) . 075 : ‘ (1).2; B
@yo. (fm) 0.50 075 ..
W (MeV) 0 . 0'22'15’3;77
ry (fm) 0 .
ay (fm) 0 0.60
Wy (MeV) 17.28 13.34—0.25Ep
rp (fm) 1.34 13
ap (fm) 0.68 0.60 _
re (fm) 1.30 1.25._:

sFrom Refs. 15 and 16.

YFrom Ref. 17. o
<Adjusted to reproduce the neutron binding energy.

during this experiment were around 20 pg/em?,
The protons produced in the reaction were observed at
seven angles, from 10° to 68°, and the exposed plates were

resolution [full width at half maximum (FWHM)] of 7.5
KkeV was achieved. The spectrum obtained at a laborato-
ry scattering angle of 52° is shown in Fig. 1 and can be re-
garded as typical of the spectra measured at other angles.
Peaks corresponding to transitions to levels of 19lRu are

numl?ered,.the ground-state group being labeled by zero.
:Th_e inset in Fig. 1 shows the region of levels 2 and 3
scanned with higher magnification and in smaller 3teps.

- . The identification of peaks corresponding to states in

101g \ was made following the procedures described in de-
tail elsewhere.'? . ,

IO. RESULTS

The excitation energies shown in Table II are the aver-
age of the energies obtained from the sgectra, making use
of the calibration of the spectrograph.’® Deviations of in-
dividual energy determinations and the mean were in
most cases lower than 3 keV. Reported in Table II are
the levels clearly detected at at least four different angles.
Also shown in Table II are the results of Hollas et al.'°
from a study of the same reaction at 11.5 MeV with a

" resolution of 25 keV. The adopted levels of '*'Ru in the

compilation of Blachot' are also reproduced in Table IL.
A comparison of the level energies obtained in the
present work with the energies reported by Blachot'*
shows a good agreement. Differences with the measure-
ments of y-decay work'* are typically less than 2 keV.

The experimental angular distributions, for those tran-
sitions for which at least five points were measured, are
shown in Figs. 2 and 3. The error bars include contribu-
tions of statistical deviations and uncertainties due to
plate scanning, background subtraction, and relative nor-
malization. :

The angular distributions were compared' with predic-
tions of distorted-wave Born approximation (DWBA) cal-
culations, with corrections to include finite range and

=1 | 1 = T T —— ‘?
: Tam] °
; . S
(o] L)
£ : sk W5 3
5 - g @ %”: e 3
o = re o g =
=2 = S— 6.4 60 .
C>\<j 3 ! : o Llem] 4 |
s E 585 o fof . E o Z
= 2! ¥| 3
- 58 3 2 | o978 i # O
EI:J fi telefonll | 216 A4 i ; =
(ol f; e 1 |II L i
102 L i'l‘-:“‘ .'I:: !}[!"'l | Lr’ | I! | 1
N IR e LAEL 10 ’
1—_ a8 1 \-.r'
g'ﬂq 3 f.
S 10E =
ta g I YO TR W F S .I“l_ = 15 0 (T - U G-
25 20077 . B ' 10

| =DISTANCE ALONG FOCAL PLANE (cm)

FIG. 1. Proton spectrum from the '“Ru d,p)*'Ru reaction at Op="52""
beled with the numbers used in Table II. The inset shows the region o

steps.

Peaks corresponding to transitions to IRy levels are Ja-
flevels 2 and 3 scanned with higher magnification and smaller
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TABLE II. Summary of the results for '“'Ru from the '“Ru(d,p) reaction and comparison with previous experiments. Assign-
E‘E‘_E—E'En in parentheses are tentative.

Present work Hollas et al.* Nuclear data®
Level ;
number Eo. (MeV) [04(0)]5as tmb/sr) ¢ S Ege MeV) 1 j Sy  Eye.MeV) g7
0 0.000 2.7£0.2 2 3 2.10 0.000 2 3 2.09 0.000 3+
1 0.127 00710006 2 2 0.067 0.127 2 3 0.08 0.12723 3+
2 0.307 0.49+0.14 4 I 5.3 ‘ 0.30685 I+
031134 3+, 23+
3 0.326 42403 o I 0.96 0.325 o I 130 032515 i+
0.3441
4 0.421 0.19:£0.05 2 3 0.15 0.408 2 3 0.20 0.4221 3+
0.4623
5 4 5.8 0.5275 4-
5 0.533 1084006 2 3,3 072,075 0.535 2 3 7085 103 0.535 (3% 34
: 0.54508 T
6 0.597 0.59:0.05 3 4% 060,074 0.599 4 1 3.62  0.5983
0.6163 3%
, 0.6234 (E09)
7 0.622 0.2610.02 o i 0.063 0.625 o I 009 0.6235 1+
' ) 0.6438
8 0.685 0.2510.02 2 431 017,018 0.684  0+2 1, ] 003, 0.I5 0.684
9 0.718 0.065+0.010 1 4,1 0017,0018 0714
0.7200 3+
10 0.742 0.055:£0.010
11 0.823 0.53::0.03 2 33 040,043 0.827 2 §,%039 046 0.827
0.84278 2y
12 0.908 0.26:£0.02 1 3,4 0057,0060 0910
' 092872 (%, §+
0.93847 (2%
0.9586 (£
13 0.972 0.88£0.06 2 3,3 06307 0.976 2 £ 059,071 09734 (334
1.0012 4+
14 1.051 0.026+0.005 4 1 0.28
15 1.098° 0.2310.04 o I 0.028
16 1112 0.81+0.05 o 1 0.17 1.110 o I 0.19 L110 i+
' 1.2068
. 1.2190
17 1.227 0.141:0.04 0} 0.016
18 1.268 0.031+0.008 2 3,4 0019 0022
1.3215 (1 hs]
_ 1.3899
19 1.501 0.56+0.010 1.4993
. . 1.5010 L+
20 1.544 0.074:£0.026
21 1584 0.75+0.04 2 4,4 - 045050 1.588 2 $,4038046 15873 . (%)
1.6223 £
22 1.659 002210005 . : :
) 1.689 0.26+0.03 s 4 3.7 1.695 5 3 214 1.695 3=, )
24 1.714 0057+0008 o0 1 0.012
: 1.7618 :
: L7743 (Lo B
25 1.779 0.130+0.014 1 3,1 00270028
26 1813 0.101:0.02 2 . 4,7 0064, 0.068
27 1.825 0.13+0.02 2 4 3 0075 0081 1.825 2 23013016 1825 (3%, 3%
28 1.842 0.08+0.02 2 4,7 0041, 0043 1.8434
29 1.861 0.29+0.03 0o i 0.062

L

|
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bReference 13-

cMaximum cross section measured.

d[ntegrated cross section (/ =5+1=2).

-—"__ _ Mntegrated cross section (levels 56 and 57).
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TABLE II. (Continued.)
Present work Hollas et al.* Nuclear data®
Level ' .
number -Eeo (MeV) [0up()inx tmb/sr) ! ] Sy By MeV) I j Sy Bue MeV) J*
o _ , ' 1.8622 5+
30 1.878 0.44+0.03 2 3,3 0.25, 0.27 1.875 23,2038 046 1875 (1+2 54
31 1.893 0.1240.03 ' il ' 2,22
32 1.936 0.26+0.02 0 1 . 0,061
: ; 1.9615
33 1.969 0.35£0.02 2" 4,3 0.20, 0.21
34 1.997 0.21+0.02 2. 3,32 0.12, 0.13
20175 (210 )
35 2.057 0.33+0.03 o 1 _0.076
; 2.0634
36 2.087 0.05:0.0t — =
37 2.133 0.14:0.02 1 3,1 003,003
38 2.147 0.220.02 M () (3) (0.043), (0.046)
‘ , 2.1740 n+
39 2.218¢ 0.075+0.009 .
' 22229 (4 to &)
40 2.299 0.16:0.06 2 4,3 0098, 0.105
41 2.348 0.10+0.01 M (3, (1) (0.020), 0.021) 2.3459
- 23772
42 2.404° 044+004 2 3 % 020,023
43 2.443 0.22+0.02 . 2 % 0.09, 0.10
44 2459 0.05£0.01 @) (2), (3) (01042), (0.056) )
2.4732 (Z-)
45 2.493 0.14::0.03 2 5,3 00630072
46 2.544 0.12::0.03 L e .
47 2.600 0.14+0.02 3 1, 3. (012,014
48 2.624 0.12:+0.02 ;
49 2.654% 0.22+0.02 = P
50 2.694 0.08£0.01 2§, % 0038 0042
2.7979 &)
51 2.718 0.22+0.02 1 %, 1 0046,0049
52 2.752 0.09:0.01 g -
53 2.784 0.15+0.03 3 3,1 00260027
54 2.815 0.08:0.02 Lo .
55 2.844 0.14+0.02 @ (1), ($ (0.10), ©.1D 2.8236 L+
56 2.867 0.13::0.04" -
57 2.881
2.8853
58 2.901 0.06::0.01 :
59 2.018 0.15+0.04 5
60 2,931 0.14£0.02 —
61 2.977 0.08+0.02 R St
2.9842
62 3.019 0.15+0.02 ,
: 30520 (Lt 3)
63 3.065 0.16+0.02 - _
64 3.083 0.18+0.06 "
65 3.120 0.060.02 ) i
66 3.173 0.13£0.02 — S
67 3.228 0.24+0.02 o 4 0,031
=Reference 9. -?-" “Possible doublet.
Doublet.
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nonloca{iti,r effects, performed by means of the code
pwuck4. "’ The correction parameters employed were

Ry =0.62 fm, Ba=0.54 fm, B,=0.85 fm. The optical
model parameters for the entrance and exit channels were
taken from the analysis of Perey and Perey'S for deuteron
scattering, with the addition of a spin-orbit term suggest-
ed by Lohr and Haeberli'” and from the analysis of Bec-
chetti and Greenlees'® for proton scattering. The cap-
tured neutron was assumed to be bound by a real poten-
tial well of Woods-Saxon shape plus a spin-orbit term.
The calculations were performed supposing, as usual,
that the bound neutron otcupies an orbital near the Fer-
mi surface. In the case of I =1 and / =3 transfers, orbit-
als 3p and 2f, of the next major shell, were assumed. The
parameters used are presented in Table I.

Fits to the angular distributions are shown in Figs. 2

J. L. M. DUARTE et al. 38

and 3 in comparison with the data, whenever an assign-
ment of transferred angular momentum I was attempted.
The reduced spectroscopic factors Sy were extracted in
the fitting procedures according to the relationship
DW
R o i (0)
chp(0)=l.53s,jw .

The values of Sj; are related to the spectroscopic factor
by

27, +1
' S 5
Slj=‘—‘2‘,'+l SII=(ZJ+1)SU ’

where J; (=0) and J, (=j) are, respectively, the spins of
the target and final nuclei.
The values obtained for / and Sy; are shown in Table II.
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FIG. 2. Angular distributions of transitions in the '®Ru(d,p)'"'Ru reaction. The experimental points are given with error bars
corresponding to statistics and uncertainties in plate scanning, background subtraction, and relative normalization. The solid lines

are DWBA curves fitted to the experimental data.
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If different global prescriptions, for the optical model pa-
rameters, are used in entrance'®!’!? and exit'%® chan-
nels, a maximum variation of £15% in the reduced spec-
troscopic factors occurs. o
Transferred [ values were extracted without ambigui-
ties for levels below 2.0 MeV, except for levels numbered
6, 10, 19, 20, 22, and 31. The experimental angular dis-
tributions related to levels 10, 19, and 31 are similar, but
their shape is not reproduced by one-step DWBA predic-
tions, while those associated to levels 20 and 22 present
no discernible structure, An [ =4 attribution was at-
tempted for the transition to the state at 0.597 MeV (No.
6), following Hollas ez al.,'” but the quality of the fit was
poor when compared with other /=4 fits. On the other
hand, this angular distribution is better reproduced by an
[ =3 transfer, especially if, as usuval, emphasis is put on
fitting the experimental points around the first forward-

angle maximum of the cross section and its ensuing de-
crease. The criterium also took into account that, for the
{ =2 transfers in this excitation energy region, the data
corresponding to the smallest angles lie systematically
below the DWBA prediction. Figure 4 compares the
quality of the / =3 and ! =4 fits to both '®Ru(d,p)""'Ru
and 'Ru(d,t)'©'Ru reaction populating the .state at

" 0.597 MeV. The pickup results, reproduced from Ref.

21, clearly characterize the transition as / =3. The fact
that the authors of a recent (p,d) work?? do not report a
level at approximately 0.60 MeV is probably due io the
poor resolution {24 keV) of these data. In their published
spectrum the peak corresponding to the 0.623-MeV state
presents, at the right position, a shoulder of apptopriate
maghitude, if compared to the (d, ) results.!

The transition to the state detected at 0.533 MeV (No.
5) reveals a predominarit / =2 component, but there is a
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FIG. 3. 1%Ru(d,p)'*'Ru angular distributions (see caption of Fig. 2).
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FIG. 4 {(a) 'Ru(d,p)®Ru at 12 MeV, and (b

12R u(d,r}'*'Ru at 16 MeV, angular distributions corresponding
both to the same 0.597-MeV final state. The curves are DWBA
predictions for / =3 and ! =4 transfers, (b) is reproduced from
Ref. 21.

clear necessity to consider an /=5 contribution corre-
sponding to the known 4}~ level at 0.5275 MeV. The
spectroscopic factors of the states involved were extract-
ed by a least-squares fitting procedure.> The cross sec-
tion at 8= 10" for state No. 8 excludes contributions from
an ! =0 component, in disagreement with Hollas ez al.'®

Above 1.9 MeV most of the levels reported here have
been seen for the ficst time. For levels 35 to 39 the car-
bon contamination of the spectrum at 20°, where a
minimum of the cross section for an [ =0 transfer is ex-
pected, is an impairment to the distinction between / =0
and /=1 transfers. Due to the overall fit for levels 35
and 37, /=0 and I =1 atiributions, respectively, were
preferred. For level 38 the | =1 value is tentative.

The values of the reduced spectroscopic factors are in
good agreement with those published by Hollas er al., ™
whenever a comparison can be made. An exception is the
[ =35 level at E,..=1.689 MeV, where the discrepancy
amounts to a factor 1.7. Due to the low excitation proba-
bility of states reached by / =5 transfer, this discrepancy
is not incompatible with the experimental errors in the
data and the uncertainties in the DWBA predictions for
different optical potentials.

IV. DISCUSSION AND CONCLUSIONS

The distribution of the reduced spectroscopic factor Sy
associated to a given / value is presented in Fig. 5 as a

|

J.L. M. DUARTE ¢t al, 38

function of excitation energy. Only levels with a reliable
I value attribution were included. For the detected ! =2
spectroscopic strength there is a concentration of intensi-
ty corresponding to the known }* ground state (g.s.) and
a spreading among many levels. The intensity of this
strongest transition is consistent with the presence of two
2d s, neutron holes in the g.s. of "Ru. For the other
1 =2 transitions a d, , character was arbitrarily assumed.
The spectroscopic strength thus associated to the d; ,, or-
bital is heavily fragmented with components extending
up to 2.7 MeV of excitation. In the case of / =0 transi-

. [tions, there is also an experimental fragmentation, but

one level alone is responsible for 66% of the detected
spectroscopic strength. Most of the /=0 and =2
strengths were already located by Hollas et af.'® The
detected strength for / =4 transitions is almost totally
(95%) concentrated in the state at 0.307 MeV, which was
not detected by Hollas et al.,'” probably due to lack of
resolution in presence of the intense ! =0 state at 0.325
MeV. Only two levels reached by { =5 transfers were
seen, A small fragmentation for the /=5 strength is thus
observed, since the limit of detection corresponds, in this
case, approximately to §'=0.6.

-~ The present experiment locates the total / =2 and 72%
"of the I =0 strengths, relative to the sum-rule limits. In

the case of [ =4 and / =5, respectively, 70% and 79% of
the total spectroscopic strengths were detected, if re-
stricted to the shell 50-82. Transitions with /=1 and
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FIG. 5. Reduced spectroscopic factors obtained for all states
reached by the same / transfer, as a function of excitation ener-
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1 =3 character were observed, and only lower limits of
S §' were obtained. Weak I =1 transitions were located
below 2.8 MeV and are spread in a 2-MeV interval. For
the I =3 transfer, on the other hand, 83% of the detected
strength is carried by one state at 0.597 MeV. .

Arias et al.5 present a comparison of spectroscopic
strengths below 1.0 MeV for 35y, 1872 2ds 5, and
2d,,, transfers in '®Ru(d,p)'*'Ru, as predicted by their
IBFA-2 calculations, in comparison with the results of
Hollas et al.1® The very satisfactory agréement with ex-
periment would perhaps be even better if the present re-
sults were taken, since the low-lying | =4 strength is now
clearly located 0.30 MeV below the former attribution.

It is believed that the distribution of the neutron
single-particle strengths among levels in 0lR u, up to ap-
proximately 3.2 MeV of excitation, is now quite well es-
tablished. The same experimental detail is not available
for the other odd ruthenium isotopes. However, general
features emerge from previous (d,p) reaction studies on
%Ru (Refs. 10 and 24), [%Ru (Refs. 25 and 26), and '**Ru
(Refs. 25 and 27). In each isotope, the strongest 1=2
transition populates the lowest 4% state and a beavy frag-
mentation of the remaining ! =2 strength is observed.
All the referred isotopes are found to have a strong low-
lying 4 state with much weaker / =0 strength distribut-
ed among higher excited states. A very light fragmenta-
tion is observed for the [ =4 and I =5 strengths. Transi-
tions of [ =1 character were, up to now, reported only in
the present reaction and in '“Ru(d,p)'®Ru (Refs. 25 and
27), while low-lying [ =3 strengths have been observed in
101R y and '9Ru (Refs. 25 and 26), concentratéd in single
transitions, and in '©>Ru (Ref. 27), possibly split.

Negative parity states, based on the single particle or-
bital /1, /, are expected in the mass region of the Ru iso-
topes. The simpler models, however, are not able to
reproduce important experimental results. For instance,
it is not evident how to bring /=3 and 1 =1 single-
particle strengths, from the next shell down to within
hundreds of keV from the ground states. Recently,
Whisnant et al.’ coupling the quasiparticle to a sym-
metric, slightly deformed prolate rotor were able to
reproduce some vibrational-like features for PRu. In
particular, the calculations® characterized a multiplet as-
sociated to the dominant R =2 core excitation and 1%y,
quasiparticle and predicted it to be spread through an
1.2-MeV interval, in good accordance with experiment.
The lowest-lying member is the 1~ state at 1.105 MeV, in
correspondence with the experimental level at 1.29078
MeV. However, previous calculations?®? for the heavier
101,103R; jsotopes, based on the same model, did not put a
multiplet structure into evidence and present consider-
able differences in the predictions for '®Ru. These
differences may possibly be due to the consideration of an
oblate core deformation for negative parity states and the
neglect of part of the recoil term® in the calculations by
Imanishi et al.?® For '“'Ru only the results of Imanishi
et al.2® are available and no theoretical negative parity
state, besides the L~ at 0.529 MeV, is presented below

1.0 MeV.
As already pointed out, through admixtures of R =0

companents into predominantly R > O states, these could
be accessible to one-particle transfer reactions. In partic-
ular, the low-lying 1~ levels would be seen as [ =3
transfers in (d,p). In fact, in ©Ru the experimental
counterpart of the theoretical state?” at 0.191 MeV could
be the level at 0.297 MeV populated by an (I =3) transi-
tion,252¢ with a spectroscopic strength which is in agree-
ment with the prediction.?” Considering the lowest-lying
levels populated by [ =3, for the various isotopes, it is
verified that, in going from '%°Ru to !°'Ru, their energy
follows closely the increase in energy of the 4~ states
with the strongest [ =5 spectroscopic strengths. In *Ru,
this trend would point to the level at 1.29078 MeV,
identified by Whisnant et al .% as the 7~ member of the
R'~2 multiplet. For '“'Ru the suggested accordance
with the model would thus locate the 7~ member at

2
0.597 MeV. Similar considerations®® could account for

. the presence of low-lying [ =1 strength, through the con-

!:ribution of R =4 dominant core components, resulting
in the presence of J"=1""states, In fact, in the recent
calculation of Arias et al.,® besides the low-lying 1~

states, which deserved special remarks, 3~ states were

predicted, at about 1 MeV in each isotope above the

- lowest 4L~ level. In this paper® IBFA-2 calculations for
A ~100 nuclei were performed in a systematic way, con- -

sidering the transition from SU(5) to O(6) symmetries.
Arias et al.® found it necessary to include contributions
of the 2f 5 and 1k, 4, orbitals into their fermion space to
match the properties of the negative parity states for
which, unfortunately, no theoretical one-particle transfer
strengths were published. Both approaches,>S though
starting from different theoretical ingredients, are thus
equally able to predict important experimental evidences
in the Ru isotopes. In particular, negative parity states
lying relatively close in energy to the lowest 4~ levels
seem now clearly interpreted as 1, resulting essentially
from the coupling of the 2} core state (which may have
different descriptions) to an 1k, ,, quasiparticle. '
Though the picture presented seems tempting, there
are other experimental results,”*"*? some of them also re-
cent, which are in possible contradiction to the men-
tioned 1~ attributions in '°V19%1%°Ru. Kajrys and co-
workers,®3! in (a,ny) experiments populate the levels
here interpreted as 1—, at 0.598 MeV in '“’Ru and at
0.297 MeV in '®Ru, and assign to both spin and parity
3+, The corresponding level in '*'Ru was not reported
by Klamra et al.® in their (,3ny) and (3He,2ny ) .stud-
jes. In the case of '®Ru, on the other hand, the result of
Kajrys et al.*! would supersede the 1~ attribution to the
0.297-MeV level made by Klamra and Rekstad,” based

on experimental information extracted from the same re-’

action with more complete excitation function measure-
ments. It is felt that, taking into account the usual
difficulties®® in spin and parity attribution through that
kind of analysis, the measurements of Kajrys and co-
workers®! certainly do not exclude a $~ attribution, al-
though a 1~ may be more difficult to sustain. It is to be
remembered that the I =3 transfer characterized by the
present experiment would not be in disagreement with
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J7=4 for the 0.598-MeV state. Also, for '®Ru, the
analysis of all the available information led de Frenne
et al.’? to make a (37, %) assignment for the lowest-lying
level reached by /=(3) in the (d,p) reaction.”’ A 1~ at-
tribution is, in this case, improbable if a misassignment or
a doublet structure are excluded, in face of the ¥ feeding
pattern exhibited.

A theoretical counterpart for such low-energy 1~ lev-
els would be difficult to find within the framework of the
models discussed.>® The connection between the odd
and even Ru nuclei may, however, be considerably more
complicated than supposed by these models.»® In fact, in
exploring the properties of the I+ g.s. of 101Ru through

). L.M. DUARTE et al. 38

one neutron pickup reactions,*? this state was found to
be strongly related, through { =2 transfers, to levels of
the even core at excitation energies above 2.2 MeV, not
usvally considered important core states in the calcula-
tions.>6 :
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A systematic, high resolution (6-8 keV) study of (d,t) reactions on 100:103,106p . ;o reported.
Spectroscopic factors were extracted by comparison of experimental angular distributions with dis-
torted wave Born approximation predictions. All of the information for Ru and, for excitation
energies above 0.9 MeV, for " Ru is new. Most of the strength expected for the 50~82 neutron
shell was found. The strength distributions are discussed, also in comparison with the correspond-
ing stripping reactions, Special attention is focused on extremely low and relatively intense I = 3
excitations and on the [ = 4 transfer pattern observed.

PACS number(s): 25.45.Hi, 27.60.+j, 21.10.Jx

L INTRODUCTION

The precise location of single particle and hole spec-
troscopic strengths is a powerful tool in pinning down
nuclear structure properties, since the spreading pattern
thus determined is a sensitive test on detailed model pre-
dictions [1,2]. In the spherical independent particle shell
model the one particle or hole configuration is concen-
trated at a unique excitation energy. Any collective cor-
relations tend to wash this feature out, in a way which is
characteristic of the interactions considered [2,3]. Thus
any sudden structure transition should, in particular, also
be evidenced through an abrupt change in the particle
and hole strength distributions. A survey of the liter-
ature reveals, however, that in the challenging region
around the 4 = 100 nuclides [4] the information on these
strengths is far from complete [6~7]. The interest in a pre-
cise and comparative study of, in particular, the Ru iso-
topes through transfer reactions was furthermore fostered
by the discovery of an intense I = 3 transition at low exci-
tation energy in the 1%Ru(d, p)®*Ru reaction measured
by the USP Nuclear Emulsion Group [8]. The present
paper refers to results obtained at the Sao Paulo spec-
trograph facility for the 100,102,104Ry (4, ¢) 99,101,103,
actions, which located most of the hole spectroscopic
strength in the odd isotopes.

II. EXPERIMENTAL PROCEDURE

The deuteron beam of the Sdo Paulo Pelletron accel-
erator, with an incident ener of, respectively, 15.5 and
16.0 MeV, was focused on 19 Ru and 192104, enriched
bargets, after passing defining slits of 1.0 x 3.0 mm?. Ta-
ble I presents the isotopic compositions of the Ru metal
used, in powder form, for target preparation in a well
controlled electron bombardment evaporation technique
9,10]. The ejectiles of the reactions were momentum an-
fﬂyzed by the Enge split-pole spectrograph and detected
In nuclear emulsion (Kodak NTB or NTA 50 gm thick),

he carefyl determination of the focal Plane of the re-
Sbective reaction, the use of nuclear emulsions, uniform
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targets, adequate spectrograph objects, and also good
accelerator characteristics, resulted in energy resolutions
from 6 to 8 keV, almost determined by the intrinsic res-
olution of the spectrograph. The emulsion plates were
scanned, after processing, in strips of 200 um across the
plates. Typical spectra for the three reactions are pre-
sented in Fig. 1.

Relative normalization of the spectra obtained at each
angle was achieved by measuring the beam current in
an aligned Faraday cup, with electron suppression, con-
nected to a current integrator, while continuously mon-
itoring the direction of the beam. Absolute normaliza-
tion of the cross sections was referred to optical-model
predictions for the elastic scattering of deuterons on the
same target, measured under similar conditions. Three
well-established families from the systematics of Perey
and Perey (PP) [11], Lohr and Haeberli (LH) [12], and
Daehnick et al. (DCV) [13] (see Table 1) were employed
and produced cross sections which differed in at most
#11%. Due, furthermore, to target nonuniformity, plate
scanning, and statistics in the elastic scattering data, a
maximum uncertainty of 15% is estimated for the abso-
lute cross section scale,

The parameters identified as PP (with the spin orbit
term taken from LH) were finally chosen for the ab-
solute normalization of the cross sections and also to
generate the distorted incident waves, The distorted
wave Born approximation (DWBA) calculations were
performed with the code DWUCK4 (Ref. [14]), with usual
corrections to account for finite range and nonlocality ef-
fects. The outgoing triton channel was described by the
optical-model parameters of the systematics by Becchettj

TABLE . Isotopic composition of the targets,

Composition specified by fabricant (ORNL)
Target "“Ru  **Ry %R, loog, 0lpy 102R, to4p,
Ru 0.05 0.05 0.54 97.24 120 083 0.0
°%Ru 002  0.01  0.07 0.09 0.24 9935 0.22
Ru 002 002 008 0.13 027 314 96.39
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. Ru(d,t)”Ru
E,= 15.5 MeV
10° |
10'
10’ 1 ] ) LM L] L] ]
103 szlu( d,t)mRu
E,=16.0 MeV

Counts per 0.2 x 10 mm’
S

T T T T

“Ru(d,t)™Ru

E;= 16.0 MeV

14

. L - Distance along focal plane (cm)

FIG. 1.

tons

TABLE II. Optical parameters employed in the DWBA calculations.

emerging TC
100,102,104Ru(d’ t) reactions at
the angles indicated.
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Spectra of tri-

from

Col].iding Parameter Vr TR GR Vso rso aso w ™™W aw WD rD ap
nuclei set® (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm)
00Ru+d PP 96.55 115 0.81 18.12 1.34 0.68

LH 111.98 1.06 088 7.00 0.75 0.50 1012 1.43 0.78
DCV 92.81 1.17 074 6.88 1.07 0.66 1.81 1.33 0.86 10.79 1.33 0.86
2R u-+d PP 96.31 115 081 . ... o, A ol 18.24 1.34 0.68
LH 111.85 105 086 7.00 0.75 0.50 9.99 143 0.78
DoV 92.63 117 0.74 6.87 1.07 0.86 1.87 1.33 0.86 10.75 1.33 0.86
104Ru+d PP 96.19 116 081 18.24 1,34 0.68
LH 111.71 1.05 086 7.00 075 0.50 986 1.43 0.79
DoV 92.57 1.17 0.74 6.87 1.07 0.66 1.87 1.33 0.86 1075 133 0.86
ARu+n BG N 117 075 Aso = 25°
164.29 33.78
PORut BG —0i7E. 120 072 250 120 0.72 —0.33E, 140 0.88
164.18 31.84
101Rut+¢ BG —-0.17 B 120 072 250 120 0.72 —0.33 B, 1.40 0.88
164.07 29.98
103Ru4t BG —0.17E, 120 072 250 120 0.72 —0.33 E: 140 0.88 B

“PP: Reference [11)].
LH: Reference [12].

DCV:; Reference [13].

BG: Reference [15].
b Adjusted by well-matching procedure.
“Thomas factor.
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and Greenlees [15], presented in Table I, where the geo-
metrical parameters of the bound neutron potential are
also shown. Except for the 1gg/5, 3p, and 2f orbits, the
peutron single particle orbitals taken were those of the
50-82 shell.

The spectroscopic intensities C25;; were extracted by
comparing measured and calculated angular cross section
distributions through the expression

1

3.33 (2 +1) 7

opw (0) ’

where opw(0) are the cross sections predicted by the
DWBA analysis for the transfer of a neutron with or-
bital angular momentum { and total spin j from the even
Ru to the incident deuteron. The factor (3.33)~1 is due
to the overlap of the triton and deuteron wave funetions,
taken, respectively, in the Irving-Gunn and Hulthén de-
scriptions [16].

The differences in opw(f) produced by the three
deuteron optical-model sets in use are at most +15%,
while the shapes of the curves are practically not
changed.

C’,S;j =

The excitation energy scale was set by internal cali-

bration through strong transitions clearly identified with
levels reported in y-ray studies and indicated by as-
terisks in Tables III, IV, and V. The resulting calibra-
tion of the spectrograph focal plane was compatible with

the calibration in common use, taken over a greater
interval of bending radii, through the analysis of the
®Zr (a,0’) reaction up to 5.9 MeV of excitation. The
excitation energies presented in Tables III, IV, and V for
the states populated by one neutron transfer were ab-
tained as mean values of the energies calculated at each
angle with the aid of a relativistic kinematics code. The
tables present excitation energy values whenever a level
was clearly isolated at least at three angles, but to be in-
cluded in Figs. 24 an angular distribution had to consist—
of a minimum of five experimental points.

III. RESULTS
A. The **Ru(d, t)°°Ru reaction

No previous stripping or pick-up work leading to *Ru
is reported in the literature. Table IIT and Fig. 2 present
the findings of the present work, for which the excita-
tion energy region accessible to clean study is limited to
1.4 MeV by the appearance, on the focal plane, of the
elastic peak and its associated tail. The detection limit
below 1.4 MeV is ~ 9 pb/sr and abave this excitation
energy it is ~ 150 ub/sr. The level energies shown in
Table III are characterized by standard deviations which
are typically 1 keV and are never more than 2 keV. Of
the 14 levels clearly identified, nine could be associated to

TABLE III. Experimental results for *’Ru from the *’Ru(d, ) reaction in comparison with the levels adopted by Nuclear
Data Sheets. The asterisk denotes levels used in energy calibration.

Present Work . ... Nuclear data®
Level Eoxo [Fasep (8)]mmax 1 28y Eoxe JT
number (MeV) (mb/er) (MeV)
0 0.000* 4.24:0.3 2 5/2 1.8 0.00000 5/2%
1 0.090 0.077+0.013 2 (3/2) (0.037) 0.08988 3/2t
.2 0.322* 0.32+0.03 2 5/2;3/2 0.20; 0.25 0.32237 (3/2)*
3 0.340 0.19+0.02 4 T/2 1.8 0.34074 7/ 2%
4 0.442" 0.841:0.10 0 1/2 0.13 0.44271 (1/2)*
5 0.576 0.028:-0.009 , 0.57589 (5/2)*
s 0.61791 7/2+
6 0.618* 0.760.10 (] 1/2 0.18 0.61803 (1/2)*
7 0.719* 0.083:-0.008 4 9/2 0.55 0.71987 9/t
8 0.734 0.124-0.02 0.73413 (5/2%)
9 0.897" 0.11530.010 2 5/2;3/2 0.057; 0.069 0.89692 (1/2%;3/2;5/2%)
10 1.000 0.05040.017 0.99874 (1/2%;8/2;5/2%)
1.04863 (11/2)*
1 1.072 0.034-0.010 ) (11/2) (0.55) 1.06994 11/2-
12 1.093" 0.26::0.03 2 5/2; 3/2 0.24; 0.30
1.1184 (7/2%)
1.2007
1.26124 7/2%
1.27759 (7/2%;9/2%)
1.29078° /2~
1.3061 (7/2%)
1.3199 (11!2")
13 1.385 0.13::0.05 1.38316 (1/2%;3/2)
*Reference [&].
*Possible doublet.

*Levels observed in Ref. [17].
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FIG. 2. Angular distributions for the *°Ru(d, {)"’Ru re-
action in comparison with DWBA predictions. Error bars
represent uncertainties due to statistics, plate scanning, and
background (and/or contaminant) subtraction and do not in-
clude any error in the absolute cross section scale (see text).

definite ! transfers, and the corresponding O?5); values
are also presented in Table III. This table also shows,
for comparison, the levels adopted by the nuclear data
compilation [5]. Additional levels, at 1.1184 and 1.29078
MeV reported by Whisnant et al. [17], are also presented
in columns 7 and 8. Although no clear discrimination
between I = 4 and [ = 5 is allowed by the data, the level
excited at 1.072 MeV is supposed to be the known 11/2~
state. An ! = 3 transition was searched for, in particu-
Jar at 1.291 MeV, where a (*He,2ny) work [17] located a
(7/27) level, but was not observed above the detection

limit.
B. The 22Ru(d, £)*Ru reaction

In this experiment 2 detection limit of only 3 ub/sr
could be achieved in the excitation energy region below
2.2 MeV, due to a relatively clean target. Table IV shows
the present results in comparison with a (p,d) study by
Dickey et al. [18], which has a poorer energy resolution
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of only 24 keV. Also the results of the (d,p) work of
this group [8] and the adopted levels [6] are tabulated.
In Fig. 3 the experimental angular distributions are dis-
played together with DWBA. predictions.

The level energies in Table IV were determined with
standard deviations of less than 2 keV for all levels below
1.9 MeV and no more than 3 keV above this energy. The
difference between the attributed excitation energies and
the adopted ones is always smaller than 2 keV, where
jdentification with levels based on v-ray results is unam-
biguous. Also, agreement between the excitation energies
obtained in the present (d,t) aud the former (d,p) work
[8] is excellent. On the other hand, the results of the
previous (p,d) study [18] are clearly affected by a sys-
tematic discrepancy with respect to both, the (d,t) and
~-ray information. The excitation energy difference is of
the order of +(10-20) keV, starting at about 1 MeV, as
is evidenced especially through the comparative analy-
sis of the stronger transitions detected in both pick-up
studies. The worst case is the level 19 where +33 keV of
energy shift is verified. Thus, several levels presented in
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the recent nuclear data compilation [6], which are based
exclusively on information by Dickey et al. [18], should
have their excitation energies revised.

General agreement between neutron hole spectroscopic
strength extracted in the present (d,t) and in the former
(p,d) [18] works is observed. Specific comments on the
experimental results are made in the following.

Level 1 lies below the detection limit, except at the
3 angles around the maximum for { = 2 transfer, thus
the value of C25,, /2 between parenthesis is an estimate,
Peaks numbered 17, 27, 28, 29, 32, and 33 were also
ouly observed at 61ap = 10°,22°, and 28° and, since they
do not correspond to levels with known spins and pari-
ties, only excitation energies are reporfed. Peaks 2 and
2’ could not be adequately separated by the peak fit-
ting routine and the { == 4 and ! = 2 contributions were
extracted through a least-squares fit on the integrated
angular distribution, as shown in Fig. 3. Peak 5 is dom-
inated by the strong [ = 2 tramsition at 0.535 MeV and
the [ = 5 contribution was also obtained by the same fit-
ting procedure, the extracted C2S,,,,, being uncertain

FIG. 3. Angular distributions for the
192Ru(d, £)'* Ru reaction in comparison with
DWBA predictions. See caption of Fig. 2.
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to 25%.

Level 6 corresponds in energy to the [ = 3 transition
seen in (d,p) [8] and is very well characterized by the
same orbital angular momentum transfer. Dickey et al.
[18] could not resolve this state, present as a shoulder in
the published spectrum, from the neighboring | = 24+l =
0 transitions at 0.615 and 0.622 MeV, which they also
could not separate. So, the level at 0.623 MeV with JT =
5/2+,3/2*, indicated in the nuclear data tabulation (6]
as measured by Dickey et dl. [18], is already represented
by the adopted level at 0.6163 MeV, J™ = (5/2*,3/2%)
and should be excluded.

Level 9 is, in (d,t), better described as I = 1 trans-
fer (see Fig. 3) than as the I = 2 previously attributed
in (p,d) [18] and (d,p) [8]. The attributions may thus
be open to questioning. At 0.719 MeV, level 10 corre-
sponds predominantly to ! = 4 in the present work and
(p,d) [18]. A closer inspection shows, however, that the
agreement with the DWBA prediction at forward angles
is subtly worse than for other typical I =4 transfers. In
the angular distribution obtained in (p,d), this effect is
substantially enhanced and could signify an additional
! = 1 transfer being detected. In fact, the (d,p) re-
action located at 0.718 MeV an [ = 1 transfer, which
only through severe contamination at the forward an-
gles, could be associated to an l = 4 transfer. It seems
thus that two levels with different characteristics are be-
ing preferentially populated in the pick-up and stripping
reactions. Dickey et al. [18] did, in fact, not attribute any
1 = 1 transfer in their work. The inspection of the an-
gular distribution associated to the state at 0.927 MeV,
which Dickey et al. [18] report as populated by | = 2,
also shows a behavior that is not in disagreement with
an ! = 1 transfer. Thus, this state is tentatively identified
with the level at 0.907 MeV seen in the present study and
already adopted as 3/2~, 1/2~ by Nuclear Data Sheets
[6]. No trausition to the level at 1.225 MeV, reported
in the (p,d) work [18], was observed above the detection
limit. Level 17 was seen at only three angles, but the
data available, although compatible with an [ = 2 trans-
fer, exclude an I = 0 character. This level should thus
correspond to the 1.268 MeV reported by the (d, p) work,
but not to the 1.276 MeV level by Dickey et al. [18]. A
clear I = 1 transition was detected to the level 31, in
apparent disagreement with the experimental findings of
the (d,p) study [8], which reports anl =2 transfer. The
(d,p) angular distribution is, however, compatible with
an | = 1 transfer due to the absence of data at scatter-
ing angles smaller than 20°. In this case, the extracted
reduced spectroscopic factor, C*Sj;, should be 0.04 and
spin and parity of the correspondent level should be re-
vised.

C. The 1%*Ru(d, {)'°*Ru reaction

This experiment extended the excitation energy inter-
val analyzed by pick-up reactions up to 2.6 MeV. The
detection limit was 10 ub/sr, due to a relatively thin tar-
get, somewhat more contaminated duxing evaporation.
Previous pick-up studies [19,20], including a (d,¢) work

[19], did not exceed 0.9 MeV of excitation energy. Their
results are presented in Table V in comparison with the
present ones and with the adopted levels [7]. The work of
Berg et al. [20] was performed at a high dispersion spec-
trograph with 5-8 keV of resolution and studied both
the (,d) and (d,p) reactions leading to °*Ru, unfortu-
nately with very poor statistics. They ascertained that
the stripping reaction populates preferentially the ground
state, while pick-up selects the known state [7] at 2.81
keV, associated by them to their level at 5.4 keV. In the
present work the excitation energy of level 0, as obtained
from the internal calibration with the levels marked with
an asterisk, is 2 + 1 keV and thus confirms the predom-
inant excitation of the first excited level in pick-up. In-
spection of Table V reveals excellent agreement between
the level energies here obtained and all those of both pre-
vious pick-up studies.

The comparison of the extracted spectroscopic
strengths with those reported for the same reaction at 17
MeV by Diehl et al. [19] shows general agreement for the
relative values, although the absolute values of the older
work are systematically higher. The lack of finite range
and nonlocality corrections in the older DWBA. calcula-
tion can be responsible for part of the discrepancy. Diehl
et al. [19] also did not publish the geometry of the po-
tential that binds the transferred neutron, another known
source of differences in absolute values. The results of the
(p,d) work of Berg et al. [20] are, on the other hand, in
good agreement with the present ones, exception made to
the first ! = 2 and the lowest I = 4 excitations, where the
discrepancies of up to a factor of two are directly related
to the reported cross sections and cannot be attributed
to analysis. )

Figure 4 displays the angular distributions obtained
in this work and, in the following, comments on some
specific attributions are made. :

Level 5, at 0.297 MeV, is a clear [ = 3 transition. The
misattribution in the. (d,t) work of Diehl et al. [19] may
have been caused by the lack of data at forward angles,
crucial to distinguish the correct value from ! = 0. Berg
et al. [20] also attribute I = 3 to this transition. A triplet
of levels (10, 11, and 12) could be clearly resolved where
Diehl et al. [19] located an I = 1 transition, but sepa-
rated angular distributions were not obtained. Berg et
al. [20] who also analyzed integrated cross sections, de-
cided for a superposition of ! = 2 and [ = 0 transfer in
this energy region, on a rather structureless experimental
angular distribution. The present data are not sufficient
for deciding on the divergence exposed, because of con-
tamination at @ = 8°. The cross section associated to
level 15 was at crucial forward angles near the detection
limit, but if an [ = 4 transfer is supposed the C?8,; value
would be compatible with other studies.

Above level 20 all information is new and the identifi-
cation with levels adopted by the nuclear data compila-
tion [7] is tentative. Attention is drawn especially to the
observation of an intense | = 4 excitation at 2.167 MeV
and of three clean I = 1 transfers around 2.4 MeV, be-
sides the lower [ = 1 at 1.756 MeV. Another (I = 4) and
geveral | = 2 transitions are also reported for the first
time. Relatively strong excitations (peaks 30 and 31) at
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FIG. 4. Angular distributions for the
1*Ru(d, t)'**Ru reaction in comparison with
DWBA predictions. See caption of Fig. 2.

¢

1117
10 30 50

1.403 and 1.491 MeV correspond to forward peaked an-
gular distributions, but cannot be clearly identified. If
associated to ! = 2 transfer, their summed spectroscopic
strength would amount to C28y,,, ~ 0.3. Peaks 28 and
29 are also relatively intense and their angular distribu-
tions, not shown in Fig. 4 since represented by less than
five data points, show maxima at respectively 6 = 18°
and 12° and, if corresponding to ! = 2 and ! = 1, re-
spectively, would mean additional C2S}; of ~ 0.04 and
~ 0.04. ’

IV. DISCUSSION

For comparative appreciation, Fig. 5 displays, as bars,
the observed spectroscopic strengths as a function of ex-
Cifation energy for the three Ru isotopes under investi-
gation and for the several / transferred (taken where the
level spin is not known, as associated to j = 141/2). An
arrow indicates, for each nuclide, the maximum excita-
tion energy scanned. An overall similarity may be noted,
but for all I transfers the strengths tend to be located

L 1
10 30 50

.‘J 1
10 30 50

at progressively lower excitation energies as the neutron
number is increased.

Most of the detected strength is, as expected, associ-
ated to even [ values. The principal I = 0 excitations are
found below 0.8 MeV and correspond to at most three
levels. It can be stated that, since the detection limit for
I =0 is low, no important fragmentation occurs. For all
studied isotopes the by far strongest I = 2 component is
located at the first 5/2" level (note the scale factor of 1/4
for these bars). The remaining detected ! = 2 strength is
for 194193 Ru spread among several levels in a wide energy
range. In ®®Ru, on the other hand, at most five states
with I = 2 characteristics were observed. Very similar
and intense ! = 4 transfers are associated to the first
known 7/2* levels below 0.4 MeV in all three isotopes,
while the first known 9/2+ states appear with one fourth
of that strength at ~ 0.7 MeV in #%:101Ry, Several levels
which could, in principle, be excited by [ = 4 transfer are
known, from other reactions or decay, in all three isotopes
(see Tables IIT, IV, and V), but are populated below the
detection limit (in the worst case C2S5,, . = 0.4). Atten-
tion is to be called to the first observation in %*Ru of a
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FIG. 5. Spectroscopic strength distributions, organized as functions of ! transfer and excitation energy, obtained from the one
neutron pick-up reactions indicated. Note the reduction factors for the strongest ! = 2 transitions. Tentative attributions are
shown as broken bars and known spins (Refs. [5-7]) are marked. Where spins are not known, bars represent the spectroscopic
strength associated to j = I + 1/2, exception made to the level at 2.2 MeV in !Ru, excited through { = 4, which was taken

as 7/2%.

state with clear and strong ! = 4 characteristics at 2.167
MeV. In fact, this [ = 4 excitation would correspond to
C?Sg,,, = 2.7, even higher than the intensity to the first
7/2% state, if this spin value should prevail.’

With respect to the levels excited by an odd ! trans-
fer, no | = 1 was seen in ®*Ru below 1.5 MeV and all
the important strengths seen in 1°:1%3Ru lie above 1.7
MeV. Also no [ = 3 strength was located in ®Ru above
the detection lmit of C?Sy, , = 0.04, while the [ = 3
excitation seen at 0.597 MeV in °°Ru(d,p)'°'Ru was
confirmed and also I = 3 was definitely associated to the
level at 0.297 MeV in %Ru. It is extremely inferesting
to note that no other, besides these very low-lying, | = 3
excitations were detected up to, respectively, 2.2 and 2.5
MeV in 1°L103Ry, which clearly demonstrates the singu-
lar character of these levels. The [ = 3 strength was,
thus, located with higher intensity at progressively lower
energy with increasing neutron number, if the 7/2™ level
at 1.291 MeV in *°Ru (Ref. [17]) is supposed undetected
by experimental limitations. The I = 5 strength, also
located in a single level, decreases in energy in a similar
way. Forl = 5 excitations the detection limit corresponds
in the worst case, to Czs,.u n= 0.5.

It has long been established that one pucleon transfer
reactions, especially if well-known light projectiles are

employed, result in clean spectroscopic informations of
two kinds. Omn one side, a global view of the spectro-
scopic strengths is associated to occupation and vacancy
of shell-model orbitals in the ground state of the target
nucleus. Such information is systematized in Table VI
for the occupancy data extracted in this work and will
be further discussed below. On the other side, specific
states in the residual nucleus may have their quasiparti-
cle character defined, especially if results of the comple-
mentary stripping or pick-up reactions are also available.
Figure 6, later presented, will be used to point these as-
pects out. .

In Table VI the summed spectroscopic strength of exci-
tations which could be associated without doubt to each
I transfer is shown for the three target nuclei investi-
gated. The column labelled 1g presents only the strength
which can with certainty be attributed to the 1g7/» or-
bital. Thus the population of 9/2% levels, hole states in
the N = 50 core in 9%10'Ry, and of a state of unknown
spin at 1.08 MeV in 1%Ru, all with C28,,,, ~ 0.5, was
not considered in this table. The total detected | = 1
and ! = 3 strengths are shown, respectively, in columns
3 and 5, under the hypothesis that states associated to
the next major shell are excited. This assumption will be

fundamented, with basis on (d,p) results, in the further
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TABLE VI. Sums of the one neutron pick-up spectroscopic strength associated to each [ value for
100,102,104py; The last column indicates the total spectroscopic strength associated with certainty

to the 50-82 neutron shell (see text).

E cs Total
Target spectroscopic
nucleus 3s 3p 2d 2f 1g 1k strength i
109Ru 0.29 0.00 2.30 0.00 1.8 0.6 5.0
102Ru 0.49 0.10 3.38 0.09 2.3 1.2 74
104Ry 0.45 0.17 2.23 0.16 2.1 (4.8) 1.5 6.3 (8.0)

discussion. For the { = 2 transfers, when the final j is
not known, the strength for j = I + 1/2 was arbitrarily
taken. If this choice should prove incorrect for all those
levels, the summed spectroscopic strength would increase
by at most 5%, 10%, and 10% for 100:102:104Ry respec-
tively. For the !®Ru nucleus, if the I = 4 excitation at
2.167 MeV could be characterized as ap 1g7/; contribu-
tion, the values indicated in parenthesis result. The last
column of Table VI presents thus the total summed spec-

troscopic strength which is with certainty associated to
the 50-82 shell, the 3p and 2f transfers being excluded.
The present results make it clear that in the reactions
studied most of the strength was found. In fact, if the
N = 50 core could be considered closed, 100,102,104p,,
should correspond, respectively, to 6, 8, and 10 valence .
neutrons. For 1%Ru the total spectroscopic strength de-
tected would percentually be similar to those of the other
two isotopes studied, if the value in parenthesis is con-
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FIG. 8. Hole (represented as solid bars) and particle (represented as open bars) strengths as a function of excitation eaergy
and 1 transfer in °*'°"'%Ru, The particle sirength was taken from Duarte et al. (Ref. [8]) for ***Ru and Fortune et al.
(Ref. [21]) for ***Ru, up to 2.0 MeV, and for **Rau there is no experimental information. Hole strength is represented to the
zight of the excitation energy of the respective level while the particle strength is represented to the left. Note the inset for the

two first levels excited by I = 2 in **Ru.
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sidered. A global view of Table VI demonstrates that
the neutron hole strength is widely spread among all the
spherical shell-model valence orbitals. If exception is pos-
sibly made to the 1g7/; orbital in ®Ru, none other is
seen to concentrate more than about one-third of the
respective sum rule limit and no filling pattern with in-
creasing NV emerges. The missing strength of only about
3. C?8 = 1.0 in each isotope (if the value in parenthesis
is taken) is not expected to disrupt this picture.

Figure 6 displays, in addition to the present results,
also the spectroscopic strengths [taken as C2Sj; =
C?(2j +1)Sy;] for the 19%1%2Ru(d, p) reactions [8,21]. For
better comparative visualization, the same scales are em-
ployed for each ! transfer for the three isotopes. It is to be
noted that absolute values are presented for C25{;(d,p)
and C28;;(d,t) and that the maximum values on scale
are about (27 + 1)/2. Levels with known J™ of 3/2* and
9/2% are marked. Inspection of Fig. 6 demonstrates that,
as expected on simple lines, most of the levels strongly
excited in the pick-up reactions are also in the corre-
sponding stripping reactions. An exception is the known
9{ 2+ level at 0.7 MeV in 91Ru, which was not detected in
100Ru(d, p). This is not surprising for 1gy/, states, since
they should correspond to a totally occupied orbital in
the IV = 50 core. The nonobservation in **?Ru(d, p) of
the level excited at 1.1 MeV in 1%¢Ru(d, t) with a strength
similar to that of the above mentioned one in '®2Ru(d, t),
makes it a candidate for also being a 9/2% state, Even
if no (d,p) information is available for ®*Ru, by com-
parison with the other two isotopes, a similar pattern
seems to emerge. In particular, there also exists a 9/2%
level at 0.7 MeV in ®®Ru and the most important 1 = 4,
{ = 2, and I = 0 excitations have their counterparts in
101Ry;, The overall similarity prevails also with °*Ru.
Two important exceptions should, however, be focused:
As already pointed out, the ground state of 2°3Ru, prefer-
entially excited in (d, p), is not so in (d, £), where, in turn,
a predominant population of the 5/2] level at 3 keV is
observed (note the amplified energy scale in the inset of
Fig. 6) and no excitation similar to the (7/2,9/2)% state
at 2.2 MeV seems to exist at least in 1°'Ru. It is to be
regretted that the 1%2Ru(d, p) reaction by Fortune et al.
[21}, which could help to define the spin of this state, did
not cover excitation energies above 2.0 MeV.

Concerning odd ! transfers, not much experimental in-
formation is available. The strong I = 5 excitations de-
tected are associated to known 11/2~ levels and show, as
expected, increasing hole character as N is augmented.
No fragmentation was observed, although it should be
remembered that the detection limit for I = 5 is rela-
tively high. The [ = 1 strength seen in the present (d,1)
work for 191:103Ry, being perhaps undetected in **Ru by
experimental limitations, lies mostly in the higher ex-
citation energy region. Although ! = 1 excitations are
also seen in %Ru(d,p) (Ref [8]), no clearcut relation
with the (d, ) results is established and the most intense
! = 1 transfers observed in 1™Ru(d,t) lie outside the
energy interval analyzed in the corresponding (d,p) reac-
tion. As for the challenging low-lying ! = 3 levels, they
are stronger excited in (d,p) than in (d, ), especially in
the case of the 0.6 MeV state in 1%'Ru, where the fac-

tor between C2Sj; and C2Sj; (see columns 12 and 6 of
Table IV) is about seven. This information was taken as
indicative that these states are not core excitations of the
1f orbital.

Figure 7 displays the excitation energy of the levels
populated through I = 3, taken as 7/2~, and of possibly
related levels in ®*Ru (Ref. [17]) and 1%Ru (Ref. [22])
as a function of mass number, together with that of the
known 11/2~ states. A relationship ofthel=3andl=75
excitations seems clear and may be of the same origin as
that exposed for *Ru by the particle plus rotor Corio-
lis coupled calculations of Whisnant et al. {17], although
conflicting data in the literature open room for controver-
sies [8]. Figure 7 also illustrates the relative constancy
of the excitation energy of the first 7/2% levels, which
also appear to have a quite peculiar character, not being
influenced by the progressive addition of neutrons to the
N = 50 core. Also shown in the figure are the excita-
tion energies of the first 27 and 3~ states in the even
ruthenium isotopes. It is to be noted that the 3, levels,
normally referred to as octupolar vibrations associated
to a coherent superposition of particle-hole pairs in adja-
cent shells and therefore less affected by neutron filling,
go down in energy by 0.5 MeV from **Ru to '°¢Ru, even
more than the 2} states, formerly supposed as charac-
terizing increasing quadrupolar deformation.

It is, on the other hand, also amazing to recall that,
although the spectroscopic strength seen in the tramns-
fer reactions on the even target isotopes is widely spread
among the several orbital angular momenta associated to
the 50 to 82 shell, for each I value, as may be appreciated
in Fig. 6, the pick-up reactions under study clearly select,
for very preferential population, one, or at most a few,
state(s) of the final nuclei with neat quasiparticle char-
acter. This excitation pattern is not expected if the Ru
isotopes were simple rigid rotors with deformations cor-
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FIG. 7. Excitation energies of the 7/2F, 11/27, and (7/2)]
states for the odd isotopes and of the 2} and 37 levels for the
even isotopes of Ru, as a function of mass number.
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responding to the experimentally determined [23,241 Ba,
which range between 0.21 and 0.27 for *°Ru to %*Ru.
In fact, if the expansion coefficients of states in a stati-
cally deformed well onto a spherical basis, as calculated
by Chi [25], are analyzed for each transferred [ and j, it
ig verified that an important splitting should occur, es-
pecially between the several deformed states which orig-
inate from the same spherical orbital [26]. For this range
of [33, Coriolis coupling is not supposed to completely al-
ter the picture [27]. A simple statically deformed core
with a deformation parameter of about 0.2 being exper-
imentally discarded, the necessity {o resort to variable
moment of inertia (VMI) procedures in the rotor analy-
sis by Whisnant et al. [17] may reflect the need of relaxing
this condition. It is also worthwhile to note that all model
calculations [17,28] for the odd ruthenium isotopes with
rotor ingredients had, in order to obtain accord, to ad-
here to Sz values smaller, by about a factor of two, than
those experimentally determined for the even cores. An
additional complicator may arise if the recently disclosed
hexadecapolar degree of freedom [29] is to be considered.

Perhaps interacting boson-fermion model (IBFM) cal-
culations, which are able to intrinsically absorb a certain
goftness and, if needed, also collectivity associated with
multipolarities of higher order, could provide systemati-
cally more consistent results. However, the two existing
IBFM studies do not publish spectroscopic factors for the
complete chain of Ru isotopes, presenting pick-up results
only on ®Ru (Ref. [30]) and 1°2Ru (Ref. [31]), both be-
low 1.1 MeV. Furthermore, these two calculations only
present spectroscopic factors associated to valence or-
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bitals for 2°3Ru, being the information further restricted
to positive parity ones in ®Ru. Thus, the challeng-

“ing low-lying I = 3 and { = 1 states cannot have their

properties confronted with theory. As far as their pre-
dictions go, Arias ef al. [30] and Maino et al. [31] were
able to appoint the general trends for the strength dis-
tributions, respectively, for the hole states in 1°3Ru and
101Ky, but could not reproduce the spreading, especially
of the | = 2 strength. Both works concentrate impor-
tant ! = 4 strength in the first 7/27 levels, in accordance
with experiment. Besides this, in 1°3Ru, Arias et al. [30]
only foresee a second 7/2% state at 1.1 MeV to be pop-
ulated by pick-up with a relatively small spectroscopic
factor, but this state seems to correspond to a level seen
in (d,t) and (d,p) at 0.7 MeV and certainly not to the
strong I = 4 excitation, observed at 2.2 MeV. As pre-
viously argued, it is felt that the interpretation of this
excitation pattern and of the low-lying odd parity states,
in addition to the rest of the systematic experimental in-
formation put into evidence by the present work, could
represent a quite stringent test on the premises of this or
other nuclear models.
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New spectroscopic strength information extracted through '2Ru(d,p)'®Ru shows the 3/2+ ground state in
1Ry to be poorly populated in both one-neutron transfer reactions, in contrast with former claims. In com-
parison with ''Ru, particle and hole strengths are significantly reduced in '"Ru and these facts are interpreted
as signs of a poor overlap of the odd isotope with its even neighbors plus or minus one neutron. Very-low-lying
3/2" levels, associated with small one-particle spectroscopic factors, are shown to exist in most odd-neutron
nuclei in the region and may represent the lowest state of a coexisting configuration. [S0556-2813(98)06202-5]

PACS number(s): 21.10.Jx, 25.45.Hi, 27.60. +j

Within our systematic experimental research program of
the 4~ 100 nuclei [1,2] we came recently across some pecu-
liar characteristics linking the ground states of even Ru iso-
topes with states of their odd neighbors. This prompted us to
follow those characteristics along the region and this is the
theme of the present Brief Report. The S3o Paulo Nuclear
Spectroscopy Group has for more than one decade been in-
volved with experimental nuclear structure research in which
light ions (in particular deuterons, protons, and alphas for
which the interaction parameters are well established) are
employed as spectroscopic tools. Because of the good beam
characteristics of the Pelletron accelerator and of the use of
nuclear emulsions as detectors at the focal plane of an Enge
spectrograph, in addition to the especially prepared thin and
uniform targets, high quality data are usually obtained. In
fact, the recent '’Ru(d,p)!®Ru results of the Sao Paulo
Group [1] extended the spectroscopic information up to 3.8
MeV of excitation and revealed 39 levels observed for the
first time in this reaction. Figure 1 shows part of the proton

spectrum obtained at 8,,,=8°, one of the ten angles at which
the reaction was observed [1]. Above E.,.=0.9 MeV much
was gained in spectroscopic detail. In all, 79 states were
detected, their excitation energies being in excellent agree-
ment with the pertinent adopted values of the Nuclear Data
compilation [3]. In particular, y-ray results, for the 20 levels
up to 2.00 MeV of excitation, for which a clear correspon-
dence with states reached by one-neutron transfer may be
established, agree with the (d,p) energies mostly within 1
keV, as may be appreciated comparing the energies pre-
sented in Fig. 1 with the adopted ones [3]. In this context, the
value of E,;=(3.3%0.7) keV determined for the lowest en-
ergy transition [ 1] means that in the (d,p) reaction, as well
as in the formerly measured (d,z) one [2], the known 5/2*
first excited state is populated in a preferential manner. This
finding supersedes the indetermination of previous studies
[4] which could not decide if the ground state or the first
excited state was reached in (d,p). In the emulsion detection
technique no possibility of such a difference being due to an
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_ FI'G. 1. Partial spectrum (up to ~ 2.1 MeV) of protons emerging from the '“Ru(d,p) reaction at 6,,=8°. The 'Ry levels which were
Identified in the reaction are sequentially numbered. The energies (in keV) of those levels which have been associated with y-ray results are

Presented above, within square brackets.
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FIG. 2. Spectroscopic strengths, classified according to transferred 7, in '®>'%Ru [1,2,5]. The symbol G =G+ Goryp stands for the
summed spectroscopic strengths, with G = C28(d,t) and Gyip= C28'(d,p). Horizontal lines correspond to cuts at the 2.5%, 5%, 10%

and 20% values of the total expected strength, for each 1.

experimental zero or scale calibration error exists. In the
chain of odd Ru isotopes, 4 =101 [2,5] and 4 =103 [1,2] are
now known with similar spectroscopic detail. Figure 2
shows, in an additive and comparative manner, the spectro-
scopic strengths gathered through the '°*!'®Ru(d,p) and
102,104Ru(d, ¢) reactions studied by the Sao Paulo Group, as
superposed solid and open bars, respectively. The informa-
tion is classified according to transferred orbital angular mo-
mentum /, and horizontal lines serve to indicate where cuts,
at predetermined fractions of the respective (2j+ 1) limit of
the valence shell, would lie. In the case of /=2, the cuts
correspond, arbitrarily, to j=5/2, as do the strengths, if the
level spin is not known. For the other / values, for unknown
level spin, the spin of the valence shell model orbital was
taken. This procedure may superestimate the valence
strengths for /=2, 4, and 5. It is to be stressed that, as Fig.
2 shows, the detection limits of the experiments are, except
for [=5, extremely low and mostly below 1%. An interest-

ing feature put into evidence through Fig. 2 is that in both
10L103Ry, for each / transferred, the levels situated lowest in
excitation energy are the most intensely populated. For these
states the summed strengths (hole plus particle) always ex-
ceed 60% of the limit of the corresponding spherical shell
model orbital in '°'Ru, while in '®Ru, although the yrast
levels still preserve their predominantly quasiparticle charac-
ter, the strengths are appreciably reduced. A global overview
of the information shows that, for each Z, in '”’Ru the total
expected strength was almost all found, but in '“Ru up to
~ 3 MeV of excitation strength is certainly lacking. This
loss of strength necessarily indicates that it is difficult to
form the '®Ru nucleus starting from either the '“Ru or
Ry ground states. Other peculiaritics are observed for
103Ry, First, it is to be remembered that the first excited state
and not the ground state is preferentially populated through
=2 transfer, starting both from ®Ru and from 'Ru, de-
fining the lowest '®*Ru configuration to be of small similar-

-
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TABLE I. Excitation energy and spectroscopic small intensity
of the 3/2" yrast state in “4Ru isotopes.

—-—-.--—..--.-—-v-—-—--r--v""vv"'vv"-""""""'_‘

A E . (MeV) CS'(d,p) C*S(d,1)
97 0.18922 [7] low [8] =

99 0.08968 [9] = 0.037 [2]
101 0.12723 [10] 0.067 [5] 0.006 [2]
103 0 [3] low [1] low [2]
105 0[11] 0.009 [6]

ity with the ground states of the neighboring even isotopes.
Second, the state at 2.2 MeV of excitation reached by /=4
is, through its excitation characteristics, most probably asso-
ciated with the 1gy, orbital and, thus, an excitation of the
N=150 core [1]. Both the high strength and the relatively low
excitation energy of this state are rather unexpected.

The uncommon situation of a ground state being pootly
populated in one-particle transfer reactions, as was evidenced
for '®Ru, merits a closer investigation, both from experi-
mental and theoretical points of view. In fact, the next odd
isotope of the ruthenium chain, '%Ru, also displays the same
behavior in '®Ru(d,p) [6] and otherwise also very similar
spectroscopic characteristics [7]. A survey of the experimen-
tal information, for the odd ruthenium isotopes and for the
isotones of !99Ry (always taken from the most recent
Nuclear Data Sheets compilations), can be appreciated for
the known yrast states with J™=1/2" to 9/2* and J™=7/2"
and 11/2” in Figs. 3 and 4. It is seen that a yrast 3/2% is
known in most nuclei, appearing for the majority of them at
excitation energies lower than 0.3 MeV, this value being
exceeded only for *Zr and '%Sn with known semimagic
properties. Table I shows this yrast level to be consistently
weakly populated in one-neutron transfer for all cited Ru
isotopes, being thus similar to the %Ry ground states.
Not many other odd nuclei were studied with similar spec-
troscopic detail in this mass region; in particular little trans-
fer information is available for the isotones, lying 3—11 neu-
trons above the magic N=50 shell. The 3/2* yrast is,
however, known to have small spectroscopic factors also in
19Pd [11] and 'Mo [9]. Other regularities in the here high-
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lighted isotopes and isotones are disclosed through Figs. 3
and 4: the yrast 7/2% and 9/2* levels, where known, and
with the exception of *’Zr and '"’Sn lie almost constant,
respectively, 0.2~0.4 MeV and 0.7-0.9 MeV above the
ground state, while the energy of the 11/2™ level, followed,
where already detected, by a “‘companion’® 7/2” yrast, var-
ies by a factor of 9, being lowest for “>95Ry. Transfer
reactions show all these levels, as well as the 5/2;r , to have
an important quasiparticle character in Ru, in contrast to the
lowest 3/2* levels. However, it is to be stressed again that
the yrast 5/2*, 7/2*, and 11/2” have their strengths about
halved, when going from 4=101 to 4 =103. The yrast 1/2*
level lowers its energy in the Ru isotopes, between N=353
and N=61, by a factor of about 5, but never becomes a
ground state, as it is for the lighter isotones (Sr, Zr, Mo) with
N=57 and N=59. As far as studied, the yrast 1/2* exhausts
a rather constant fraction of about half of the expected 3s,,
quasiparticle strength throughout the region.

It seems clear that in the 4~100 region, in most odd
neutron nuclei, a low-lying 3/2* level exists which has,
where measured, a small overlap with the neighboring 0*
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ground states plus one quasiparticle. Gamma-ray decay prop-
erties show it to be linked to other (3/2 7, 5/2*) levels which
are poorly populated in transfer and also to the 1/2) one,
which in turn has, as already mentioned, an appreciable
single-quasiparticle character. This singular 3/2" state may
represent the survival of (2dsp)® characteristics, as inter-
preted in **Zrs; and **Mos; by Talmi [12], as far from the
N=50 shell as '%Pdsy, a fact which would be certainly
surprising. Instead, it could indicate the presence in the odd
neutron nuclei in this mass region of still more complex
configurations at very low excitation. Both situations may be
taken as characterizing a coexistence phenomenon in these
nuclei, put also into evidence through a very consistent 7y
decay pattern, which always favors the feeding of either, one
or the other, the yrast 5/2% or the yrast 3/2" states. A “‘par-

ent> configuration for these coexisting states in the odd Ru
isotopes is not easily traced in the even neighbors. The bro-
ken pair (2ds;,)?> would be obviously absent in the even
ground state, but it is also not evident in the rest of the
spectra if available experimental information is taken into
account; nor is there any other configuration which could
provide the basis for a direct interpretation of the 3/2] state
in the odd neutron nuclei.
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Single particle strengths in 'Ru with the "“?Ru(d,p) reaction
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The '“Ru(d,p)'®Ru reaction was studied at the Pelletron-Enge-spectrograph facility up to 3.5 MeV with
the nuclear emulsion technique. In all 73 levels were populated and for 64 of them angular distributions are
presented. Through the usual distorted wave Born approximation analysis, transferred 7 values and the corre-
sponding spectroscopic factors could be attributed with certainty to 31 and doubtfully to ~ 20 more excitations,
several of them new. Most of the one-particle strength is concentrated in the yrast levels, below 0.3 MeV. Only
the /=2 strength is appreciably fragmented. Even within the extended excitation energy range and with the
low detection limit of the present experiment, about half of the expected (d,p) strength remains undetected in

103Rw, in contrast to °'Ru. [80556-2813(98)00711-0]

PACS number(s): 21.10.Jx, 25.45.Hi, 27.60. +j

L INTRODUCTION

Although having been intensely investigated for at least
two decades, the chain of ruthenium isotopes, as well as
several other nuclei in the 4~ 100 mass region, still presents
challenges for both theoretical and experimental research.
The Sao Paulo Nuclear Spectroscopy Group has been in-
volved in experiments through which detailed information on
the single particle and single hole neutron strength distribu-
tions for several Ru isotopes was obtained with the use of
(d,p) [1,2] and (d,1) [3] reactions, taking advantage of the
good energy resolution and low background allowed for by
the experimental setup. The results thus obtained, which owe
their quality mostly to the nuclear emulsion technique [3]
and to the good characteristics of the beam, could definitely
assign values of transferred orbital momentum / to several
transitions in the isotopes studied and showed, in particular,
a rather intense population of low-lying 7/2~ levels in
"9M1%Ry [1,3]. Other features which pointed to singular
nuclear structure properties of the **~'®Ru isotopes also ap-
peared in systematic one-neutron pickup studies [3]: the
lowest-lying level, detected for each characteristic / of the
valence shell, always concentrates the highest spectroscopic
intensity, is populated with an appreciable fraction of the
total expected strength, and lies, for the heavier isotopes,
mostly below 0.5 MeV. All spherical valence orbitals are
thus filling, irrespective of neutron number. No filling sys-
tematic is apparent [2,3] and, for each orbital, not much frac-
tionating is observed.

Furthermore, in the '™Ru(d,)'®Ru reaction [3] an in-
tense /=4 trangition, formerly unknown, was observed at 2.2
MeV of excitation, which was tentatively assigned as trans-
ferring j=7/2 [3]. Although previous "Ru(d,p) data ex-
isted [4,5], none of those studies covered the region above 2
IIVIeV. Also, former work [4,5] did not exhaust the expected

|3'2Ru(d,p) strength, in contrast to what the Nuclear Spec-
troscopy Group found for %Ry (d,p) [1] and this could in
part be due to lack of detail and/or restricted excitation en-
°rgy range in the previous studies. The present work was
begun mostly to confirm the characteristics of the level at 2.2
MeV, but brought, besides a much greater detail for the al-
ready investigated [4,5] range of excitation energy, several

0556-2813/98/58(5)/2689(14)/$15.00 PRC 58

important new picces of spectroscopic information [2],
which challenge a theoretical interpretation,

II. EXPERIMENTAL PROCEDURE

The 15.0 MeV deuteron beam of the Sdo Paulo Pelletron
accelerator was focused on a uniform target of '“Ru (en-
riched to 99.35%), after passing defining slits of 1.0
X3.0 mm®, The target was prepared by electron bombard-
ment evaporation of metallic ruthenium powder onto a thin
carbon backing [6]. The thickness of the ruthenium film was
about 15 pg/em®. The protons produced in the reaction
were momentum analyzed by an Enge split-pole spec-
trograph and detected in nuclear emulsion. Aluminum foils,
thick enough to absorb heavier reaction products, covered
the emulsion. The protons were observed at ten angles, from
0 1,5=8° t0 @,,= 55°, and the exposed plates were scanned,
after processing, in strips of 200 um across the plates. An
energy resolution of 11 keV was achieved. The spectrum
corresponding to ®,,=45° is shown in Fig. 1 and can be
regarded as typical of the spectra measured at other angles.

Relative normalization of the spectra was obtained by
measuring with a current integrator the total charge collected
in an aligned Faraday cup with electron suppression, while
continuously monitoring the direction of the beam. Absolute
normalization of the cross sections was referred to optical
model predictions for elastic scattering of deuterons on the
same target, measured under similar conditions. Elastic spec-

1 v a "Ru(d )™ R ]
104 2 0u=45 » . 3
) E ,g 1213 312830y, 2 S ] 2
s 1 e J u Wa | 2:“ s | }Fs > " 8%
,§ ml1 | :- it _ ! ,l' “_ aral |
4 S 11 ! I “c 1
£ ) ! 1 l 1
§ 3 :
| i
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2 4 6 8 LU I ' N T
Distance along focal plane (cm)
FIG. 1. Spectrum of protons at @, =45°.
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TABLE L Optical potential for the exit and entrance channels and potential which binds the transferred neutron.
Vo Yo aq w Fw o 8y Wp rp  ap Vo Tso B T
Particle Potential (MeV) (fm) (fin) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fin)
Proton BG® 5517 117 0.75 148 132 061 3519 132 061 2480 101 075 125
Pp® 50.54 125 0.65 5400 125 047 3000 125 047 125
LH® 111.85 1.05 0.86 3996 143 078 1400 075 050 1.15
Deuteron PP® 96.54 1.15 081 7200 134 0.68 1400 0.75 050 1L.15

DA ¢ 9289 117 0.74 0.29 1.33

08 4920 133 08 1380 1.07 066 1.15

Bound neutron BG*® fited 1.17 0.75

A=25

*Reference [16].
bReference [7].
“Reference [8].
4Reference [9].

tra were obtained at six laboratory scattering angles, from
30° to 80°. Three families of optical potentials, from the
systematics of Perey and Perey (PP) [7], Lohr and Haeberli
(LH) [8], and Daehnick et al. (DCV) [9] (see Table I), pro-
duced cross sections which differed, in the mentioned range
of angles, by at most 6%. Considering furthermore the con-
tributions of the target nonuniformity, plate scanning, and
statistics in the elastic scattering data, a maximum scale un-
certainty of 8% is estimated for the absolute cross section.

III. RESULTS

The excitation energies shown in Table II are the averages
of the energies which resulted for each level in the several
spectra, employing the calibration of the spectrograph in
common use, which was obtained through the analysis [10]
of the *Zr(a,a') reaction up to 59 MeV of excitation,
covering thus a great interval of bending radii. No transitions
were considered unless a peak could be discerned at the ap-
propriate location in at least three of the spectra. For the
most intense transitions, in particular those associated with
levels below E..=1.0 MeV, the totality of the ten spectra
determined the excitation energy values of Table II. The dis-
persion of the individual values around their mean, as mea-
sured through their standard deviations, is typically 2 keV,
resulting in statistical uncertainties in the excitation energies
of <1 keV. In addition to these uncertainties a scale uncer-
tainty, to be discussed below, should be considered.

The previous stripping studies [4,5] were limited to a
couple of MeV of excitation energy. Their results are shown
in Table II in comparison with the present ones and also with
the results of the (d,f) work of the S2o Paulo Group [3] and
the adopted levels [11]. The present experiment extended the
excitation energy interval analyzed by stripping reactions up
to 3.5 MeV. The detection limit below ~1.5 MeV is less
than 10 ub/sr and somewhat higher above this energy, For-
tune ef al. [4], in their (d,p) study with deuterons of 14
MeV and an energy resolution of 12 keV, declare in most
cases total uncertainties of 5 keV in their excitation energies,
which are thus in very good agreement with the present re-
sults. The work of Berg ef al. [5] was performed at a high-
dispersion spectrograph with deuterons of 45 MeV, a resolu-
tion between 8 and 12 keV, and has stated uncertainties of
2-3 keV in the excitation energies, but did not exceed 0.9

MeV of excitation. Berg et al. [5] studied both the (p,d) and
(d,p) teactions leading to '®Ru, unfortunately with very
poor statistics. They argued that the lowest-lying /=2 trans-
fer selects in the pickup reaction the known 5/2* first excited
state [11], in agreement with the findings of the (d,£) studies
of Duarte et al. [3]. On the contrary, the stripping data were
taken by Berg et al. [5] as indicating a preferential popula-
tion of the 3/2" ground state. If, however, the level labeled 1
in present study was forced to correspond to the excitation
energy zero, an average discrepancy of (—3.3+0.2) keV
with respect to the excitation energies of the Nuclear Data
Sheets (NDS) compilation [11] resulted, for the about 20
strong transitions (up to 2 MeV) for which a clear correspon-
dence with levels reported in y ray studies [12—14] could be
established. This result points to an also preferential popula-
tion of the first excited state at 2.81 keV [11] in the stripping,
as well as in the pickup reactions, in disagreement with the
indication of Berg et al. [5], which was adopted by the com-
pilation [11]. Niizeki et al. [14] in their analysis of '®Ru,
following the study of the 8~ decay of '®Tc, had already
argued in favor of this attribution.

Taking into account, furthermore, the experimental defi-
nition of the centroids of the peaks associated with level 1, in
the present study an energy value of (3.3£0.7) keV is fi-
nally attributed to this level. Inspection of Table 1I reveals
excellent agreement between the level energies here obtained
and those measured by y decay [11]. It may thus be pre-
sumed that the excitation energy scale uncertainty associated
with the spectrograph calibration in use is rather small. We
estimate that below 2.0 MeV the scale uncertainty is
<2 keV and it should not exceed 5 keV below 5.0 MeV of
excitation energy.

It is to be noted that with respect to the recent Nuclear
Data Sheets compilation [11], in the present study many lev-
¢ls were seen which had not been formerly reported, in par-
ticular above 2.2 MeV of excitation. In fact, the present
study detected 73 levels, which are to be compared to the 24
ones (up to 2.0 MeV) and 18 ones (up to 0.77 MeV) previ-
ously known through the deuteron stripping reactions per-
formed, respectively, by Fortune ef al. [4] and Berg et al.
[5].

Figures 2-5 display the experimental angular distribu-
tions, for those transitions for which the cross section was
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FIG. 2. Angular distributions for
12Ru(d,p)'%Ru in comparison with DWBA. pre-

dictions. The uncertainty bars represent contribu-
tions of statistics, plate scanning, and background
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(and/or contaminant) subtraction and do not in-
clude any error in the absolute cross section
scale. The levels are sequentially labeled and the
corresponding energies are shown in Table II.
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measured at, at least, five angles. The uncertainty bars in-
clude contributions of statistical deviations and uncertainties
due to plate scanning, background subtraction, and relative
normalization.

The angular distributions were compared with predictions
of distorted wave Born approximation (DWBA) calculations,
with corrections to include finite range and nonlocality ef-
fects, performed by means of the code PwucK4 [15]. The
correction parameters for finite range and nonlocality em-
ployed were Rpz=0.62 fm, B,=0.54 fm, B,=085 fm,
The optical model parameters for the entrance and exit chan-
nels were taken from the analysis of Perey and Perey [7] for
deuteron scattering, with the addition of a spin-orbit term
suggested by Lohr and Haeberli [8], and from the analysis of
Becchetti and Greenlees [16] for proton scattering. The cap-
tured neutron was assumed to be bound by a real potential
well of Woods-Saxon shape plus a spin-orbit term of the
usual Thomas form. The parameters used are presented in
Table I, under the labels PP and BG. Except for the 1gg9p,
3p, and 2 orbits, the neutron single particle orbitals taken
were those of the 50-82 shell.

Least squares fits of the DWBA results to the experimen-
tal angular distributions are shown in Figs. 2—5, whenever an

|

assignment of transferred angular momentum / was at-
tempted. The reduced spectroscopic intensitics CZS;; were
extracted through the relationship

DW
; 9l (9)
Oexpl( 0)=1.55 C2S,j_2j o

The values obtained for / and CZS,’j are also shown in
Table II. If different global prescriptions for the optical
model parameters are used in the entrance [7-9] and exit
[7,16] channels, a maximum variation of *15% in the re-
duced spectroscopic factors occurs, while the shapes of the
angular distributions are practically not changed.

Where comparison is possible, general agreement is found
between the results of the present and former (d,p) works
[4,5]. Specific comments on the experimental results are
made in the following,

The region around 0.55 MeV of excitation in '®Ru is
recognized [11] as spectroscopically complex. In fact, the
Nuclear Data compilation [11] presents six levels between
535.4 and 568.17 keV, at least two of which have inconsis-
tent spin attributions in the different experiments. The peaks
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associated in the present experiment with level 11, in the literature for this region is conflicting. To begin with, the
several spectra, are at least doublets and most probably trip-  weakly excited level at 535 keV was reported only by the
lets. A tail is clearly seen in the higher-energy region, butthe  (d,p) study of Berg et al. [5], was not identified in their
peaks are, in most spectra, also broader in the lower-energy  published spectra, and is incompatible with the present find-
portion. The integrated angular distribution, which is shown  ings, The 541 keV level was separated by Fortune et al. [4]
in Fig. 2, revea{s, at the two most forward'angles, apredomi-  from their predominant /=0 excitation at 551 keV through a
nant /=0 conmbut}o]l, at 552 keV of excitation energy. The peak-shape fitting procedure. The present study rules an [
spectrum at the minimum for /=0 (©,,=18°), however,  _5 excitation with the spectroscopic intensity proposed by
showe(-l that adm1-xtu.1'es of higher l are also present, but no Fortune et al. [4] at as low an energy as 541 keV completely
o excitation enetgy attrlbl.'twl.l could b?' rnade.'A out. Of the three levels identified in this region as (1/2%) by
good_ ) th? Integr atefi angu lar distribution, sy prathh the compilation [11], the lowest one, at 548.21 keV, has had
the information contained in the spectra, was achieved . . d parity of (5/2)" in the (

through a superposition of /=1, /=0, and /=2 transfers (see foonctian atn_-lbuted spin and parity o in the (r,)
Fig. 2). It is even possible that a fourth level contributes E:l;c]lyb[:sz]dmii: I:tttg;u(:ligzr g:’;lz) g;i[;} lelljrgzge)x") dv:t(:rk
somewhat to the integrated cross section. In the former (d,f) mined for the y transition to the 297.3 keV state, which in

work [3] three peaks were seen, the lower one at 540 keV
being much weaker than the other two. Reanalysis of the  tum, as stated by the authors, decays by an (E1+M2) tran-
sition to the 5/27 level. The J™=(5/2)" value would be

published integrated angular distribution (see Fig. 6) showed

these higher-lying two peaks to possibly correspond to / consistent with the 7/27 character for the intermediate state,
=1 and /=4 components, predominating in that reaction, but J7=3/2" could possibly also accomodate the experi-
with a smaller contribution of /=0 or pethaps /=2. The /  mental information, and would then correspond to the /=1
=0 would correspond to the 554.58 keV (1/2%) level, inte-  excitation seen in (d,p) and (d,). The 548.21 keV level is
grated into these other two. If /=2 should be considered  notseenin 8~ decay. On the other hand, the adopted level at
instead, its contribution exceeds what could correspond to  554.58 keV, seen in B decay [14] and (n,¥) [17] which has
the intensity at 540 keV. The information available in the by both attributed (1/2%), is most probably to be associated
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with the predominant /=0 component located by the present
work at 552 keV and at 551 keV by Fortune ef al. [4]. The
(a@,n7y) works [13,18] defined a (9/2) level at 557.7 keV, not
seen in the other vy ray studies, and this probably corresponds
to the /=4 component seen in (d,). Finally, all y works
locate a level at ~563 keV with possibly (3/2*,5/2%) char-
acteristics, but present differing decay modes for it. This
level, if excited, should appear as integrated into the peak
labeled 11, being seen as a tail. This tail could also contain a
contribution to the 568.17 keV level seen in (n,7) and
(a,ny). This last level is now assumed to have J7
=(1/2%) [11], but had, in the older ¥ works, (3/2,5/2,7/2) "
attributed to it [13]. The /=(2) level located by Berg et al.
[5] at 562 keV, and for which no angular distribution was
shown, cannot correspond to the present result, in view of its
high spectroscopic strength.

Peak 17 was detected at eight angles, the corresponding
excitation energy of 770.9 keV presents a standard deviation
of only 1.6 keV, and the angular distribution displays a clear
I= 4 transfer pattern. On the other hand, the '%Ru(d,t) re-
action had previously populated [3] an /=2 excitation at 775
keV, which was associated with the adopted [11] 774.77 keV
(.5/2"' »3/2) excitation formerly seen in the (»,7) [17]. Con-
sidering also the energy difference of 4 keV, the complemen-

tary transfer reactions are almost certainly exciting different
states in this energy region. The angular distribution at 774
keV associated by Berg et al. [5] with a superposition of /
=0+2 could, in fact, be interpreted as due to /=4,

Peaks 21, 25, and 26 are new results of this work and lie
below the detection limit stated by Fortune ef afl. [4]. Peak
35, contaminated at intermediate angles, shows an angular
distribution which is consistent with the former /=2 attribu-
tions [3,4] and will be considered as sure in the computation
of the total strength. It is worth noting that the corresponding
level energy of 1550(10) keV, adopted by Ref. [11], is based
only on the former (d,p) work by Fortune et al. [4], being
thus in accordance with the other transfer results. New /
=2 and /=0 excitations were also seen above 2.0 MeV
(levels 50, 64, and 61).

Table II shows that the values of the reduced spectro-
scopic factors are in good agreement with those published by
Fortune et al. [4], in general even better than if those were
affected by the estimated uncertainty of 50%, declared by the
authors. An exception is the level number 6, where the dis-
crepancy, considering their tentative /=3 attribution,
amounts to a factor of 4, However, even in this case, the
spectroscopic strengths extracted in both studies turned out
compatible in reanalyzing the data of Fortune ef al. [4] under



2698 M. D. L. BARBOSA et al. PRC 38
10 L 10 T s 10 T s 10 g1 T
1=z 73 =2 ] o I=4
g0} ; 10 10"} - 10' | :
A i ' '”
q 3
2 10° 1% 10°E I o
-]
o
> P B T 9 IR TP |
10 572 40 60 %0 10 520 %0 60 %0
10 s 10 P pe
3 10" | ﬂ g - 10" 5
% i3 il f
c N 2 [ ]
) 10" | 3 10 ¢ E
-]
-l
10° Lakos 10” . 1 T
0 20 40 60 80 0 20 40 60 80
, FIG. 5. Angular  distribution  for
10 s 12Ru(d,p) "™ Ru (see Fig. 2).
) 10 L i 4
é ] f i
q 2
i 10" E
-]
-
lo" U e
0 20 40 60 80
L]
10 3 T rp“liﬁj
= 10" :.f 2
: i
q C)
il 10°F .
©
~
]0" PP P | 10” Loaboe | 2 Lo binlon o‘J TP R
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
€, (deg) 6y, (deg) 8, (deg) 8, (deg)

. . . . . - 100 1 ' 10) !
the assumption, which is here preferred, which considers this “Ru(d,) "Ru
transition associated with the 2f,, orbital, of the next shell Peaks 10+11+12
and not with the 115, one. The spectroscopic factors of Berg - 1=0-C'8 =0.006
et al. [5] are, considering their declared uncertainty of 30%, ~--;~~l§ 1-Cs=0.014
in agreement with the present ones, with an exception made Y T 124.¢5=0038
to the /=0 excitations, mainly those at 435 and 736 keV. 10} ¥
The inspection of the corresponding experimental angular :',;',:
distributions reveals a poor fit by the DWBA predictions, -g
patticularly in the region of the first valley, indicating pos- ~
sible problems of background or contaminant subtractions in 9 ]
their analysis. _5 w0l

IV. DISCUSSION
A. Comparison with results from gamma ray studies
Besides having been extensively studied by one-neutron 10
transfer reactions, '®Ru has formerly been observed in a 0

series of other reactions through the detection of y rays.
These results form the basis for most of the adopted levels
[11] shown in Table II; therefore, the information is briefly

9‘3 Ill‘(deg)

FIG. 6. Integrated angular distribution corresponding to peaks

discussed.
Of the 19 levels seen, below 1.1 MeV, in the 8~ decay of
the 5/2* ground state of '®Tc [14] to '®Ru, only the 404.4

10+ 11+ 12 of Ref. [3], detected in '™Ru(d,?), respectively, at
540, 548, and 556 keV. The extracted spectroscopic intensity for
each component is presented.
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xeV level and the 562.9 keV one, besides the ground state,
could not be discerned in the present study or in the previous

: : 102 :
(d,t) one [3]. The neutron capture reaction on "“Ru !l?j
reports 47 levels below 2.6 MeV in 1%Ru. With exceptions
made to the ground state, the difficult region around 0.55
MeV and the triplet of levels at ~0.91 MeV (seen as one in
the present work), only three further levels [at 991.6,
1174.08, and 1730.4 keV, all adopted [11] exclusively with
basis on the “Ru (n,y) results] were not detected in trans-
fer. The y decay following the neutron capture populates
preferentially the 3/2* 193Ru ground state.

In contrast to the former y ray studies, and in part due to
the possibility of a higher angular momentum transfer in this
reaction, ®Mo(a,n7y) [13,18] populates several levels in
103py, below its detection limit at 2.1 MeV, which are not
observed in one-neutron transfer. Thus, of the 45 levels at-
tributed to this reaction by the Nuclear Data compilation in
their summary [11], even excluding the complex region
around 0.55 MeV, 22 levels are not populated in any of the
transfer reactions. Several of these have tentative spin attri-
butions which make them, in principle, accessible to one-
neutron transfer. In particular, in the excitation energy region
above 0.91 MeV there are about ten levels, which have only
been seen in the most recent [18] of the two '®Mo(a,nv)
studies. Some of them, as the 911.6 and 931.3 keV levels,
could be smaller components integrated into neighboring ex-
citations, but several of them would be isolated states and
are, if existent, weakly excited in transfer.

Therefore, in contrast to what was determined under simi-
lar experimental conditions for **!%'Ru [3], several adopted
levels [11] in the low-excitation-energy region were not seen
either in (d,p) or (d,t). The most intriguing situation refers
to levels which might be associated with (3/2%,5/2"): alto-
gether 24 such levels are reported below 1.11 MeV by Ref.
[11], but only about half are observed in transfer, in spite of
the low detection limit of the present study. The situation is
different for the two lighter Ru isotopes investigated. All
eight states which in this energy region have attributed spin
parity (3/2%,5/2%) in **Ru were detected in (d,) [3], and of
the 11 levels of this type existent in *'Ru below 1.11 MeV,
only one was not seen in transfer [3]. These findings can
mean either that '®Ruy really presents a considerably more
complex structure than °19'Ru or that the y ray studies were
able to reveal more detail for this nucleus.

B. One-neutron particle strength distributions

To complement the information already presented in a
previous Brief Report [2], Fig. 7 displays additional results
obtained in '®Ru(d,p), for /=1 and /=3 transfers, which
lie outside the N=>50-82 valence space and were not for-
merly shown. Logarithmic scales are employed for the spec-
troscopic strengths, Gyp=C2S’, and the /=0, /=2, /=4,
and /=5 data are again displayed, this time showing only
those states where the / attribution is certain.

When the level spin J is not known, the valence orbital j
Wwas taken in computing the strength. For /=2, if the level
h._ad' not been attributed 3/2%, j=5/2 was arbitrarily assumed,
giving for those levels, where this assumption should prove
Incorrect, a somewhat subestimated strength. For /=1 and
I=3 transfers, in computing Gy, respectively, the 3psp,

|

SINGLE PARTICLE STRENGTHS IN '“Ry WITH THE ...

2699
10' —— 10 y——
1=0 1=1
10} 10°
Fld‘ 10'} 1
&
w'l e e — el
00 05 10 15 20 25 30 00 05 10 15 20 25 30
10' — 10’ ~————————
i=2 i=1
. 32 o
10 10}
[ lan
glo' \ 1 10"
1<)
a 3
10’} 10°} 3

00 05 1O 15 20 25 30

t=4 1=5

ﬂ-‘lo4 1 a2 10"
&)
1o’r 4 10"}

00 05 10 15 20 25 30
Excitation enesgy (MeV)

—
S,

—
=
=)

Excitation energy (MeV)

FIG. 7. One-neutron particle strength distributions for '®Ru.

and the 2 /5, orbitals were supposed. :

Most of the levels strongly excited in stripping are also
excited in pickup [3], as may be seen with the help of Table
11. In particular, both reactions populate, contrary to previous
assumptions [5], preferentially the first excited 5/2% state in
103Ry and not the ground state. The state at 2.167 MeV,
reached by an /=4 transfer, which in part motivated the
present study, was, on the other hand, shown to be very little
excited through (d,p), displaying therefore a strong hole
characteristic and pointing on simple lines to a parentage to
the 1gg;, orbital. The high value of C2§=1.6 thus deter-
mined for this state through the *Ru(d,?) results is remark-
able, since this orbital belongs to the ‘‘closed’” N=50 core.
In comparing '®Ru with '*'Ru, no such state is seen in the
lighter isotope.

In contrast to what is verified for the majority of the other
levels, most of the states associated with /=1 transitions,
being thus states outside the valence shell, which were de-
tected in '%Ru(d,) were not seen in the present study (see
Table 1). These weakly populated states are spread over a
wide excitation energy range and the associated hole
strength, given by the (d,t) results [3], is larger than the
particle one, seen in this work, considering only the sure
attributions. This fact is taken as indicative that most of the
/=1 hole spectroscopic strengths formerly detected may be
possibly associated with core excitations of the 2p orbitals
and should perhaps have their strengths revised, while the
states reached by /=1 in the present work could be the par-
ticle ones, pertaining to the 3p orbitals of the next shell.
Only the lower-lying state of the two reached by /=35 in the
(d,p) reaction was also characterized in (d,z), as seen
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TABLE IIL. Strength distribution for '%!%’Ru.

ISOtOpC Orbital by Gsrlip > Gpick 2 Gstrip+ p Gpick 2_[ +1

381p 148 029 1.77 2

2dspt2dy, 595 2.30 8.25 10

100Ry 1gmn 5.6 1.8 74 8
1711 9.5 0.6 10.1 12

Total 22.5 5.0 27.5 32

351 1.06  0.49 1.55 2

2dspt2dy, 419 336 7.55 10

102Ry 1g:n 2.8 2.3 5.1 8
1hy1n 4.6 12 58 12

Total 12.6 14 20.0 32

through Table IL, but it has to be remembered that the detec-
tion limit for /=35 is higher than for the lower / values, in
both reactions.

Figure 7 demonstrates that, for both /=0 and /=2 trans-
fers, the values for the spectroscopic factors determined in
the present experiment vary over two orders of magnitude.
Only the /=2 strength is appreciably fractionated. If uncer-
tain [=(2) attributions were considered, somewhat more
strength could be added. However, besides the levels at 1554
keV, already commented on, and the one at 2118 keV, each
of the other ones would correspond to values of S
=0.05. Several levels were excited through /=0, but with
about an order of magnitude smaller spectroscopic factors
than the yrast one. The doubtful /=(0) strength is very
small. Tn addition to the very-low-lying /=3 excitation, there
could be some more [=(3) strength in the energy range
around 1.5 MeV, but corresponding each to an order of mag-
nitude smaller value of €28’ than that relatively strong tran-
sition. Three certain /=4 excitations, which are probably
associated with the 1g7, orbital, are seen below 1 MeV of
excitation. Only three other of the states detected could be
[=(4), all weaker than the certain ones. The detection limit
for | =4 transfer in the present study is estimated to lie below
C2§'=0.1 and to be about C*$’=0.2, for /=5. Only one
more state, at 1370 keV, could doubtfully be /=(5), it then
being weaker by almost an order of magnitude than the
strongest excitation.

C. Total spectroscopic strengths

Another way of employing the data for spectroscopic pur-
poses is to extract information on shell model vacaney in the
ground state of the even Ru nucleus from which the reaction
starts. Table 111 shows the summed spectroscopic strengths
which could be associated, without doubt, with each / trans-
ferred in reactions which start from the ground states of the
nuclei 19192Ry. As discussed in Sec. IV B, adding the
strength corresponding to transitions with doubtful / attribu-
tion would not alter significantly the picture. Occupancy data
(3G u=3C?S) extracted from the analysis of
100.102Ry(d,£)**19'Ru reactions by Duarte et al. [3] and va-
cancy information (2 G yp=2C?S") from 10Ru(d,p)"*'Ru
[1] are employed to complement the results of the present
work. According to the previous discussion, the contribution
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of the /=4 transition to the state at 2.167 MeV for
102Ry(d,p) was not considered in the vacancy value com-
puted for 1g, and, similarly in the occupancy, the strength
to the known '©'Ru 9/2% level at 0.719 MeV [3] was not
included. Vacancy plus occupancy for each orbital is shown
in column 4, and should be compared with the limit (2
+1) or, for /=2, to the sum of the limits for 2dsp and
2dyy,. Therefore, in '’Ru, experimentaly only 78%, 76%,
64%, and 48% of the expected total strength associated with
the 50-82 shell was detected, respectively, for I=0, /=2, [
=4, and [=5. Lines 6 and 12 of Table III inform the
summed strength detected in (d,p) and (d,t) and the total
experimental strength associated with the shell model orbit-
als of the N=50-82 shell. For this shell an upper limit of 32
for the total strength is expected, while =Gy should, for
100,102Ry,  correspond, respectively, to 6.0 and 8.0 at maxi-
mum, under the assumption of a N=50 closed core. It may
be appreciated that both (d,#) reactions located at least 83%
of the expected neutron particles in the '©1%Ru ground
states, although spread among all available orbitals and with
no apparent systematics in the filling pattern. Since the
100pw(d,£)*Ru reaction was only able to study the region
below Eqo=1.2 MeV, due to its relatively low Q value and
the consequent contamination with inelastic scattering [3], a
loss of ~17% in strength is of no concern. In contrast, even
with this possible loss, in '®Ru, the total sum %(Gpic
+ G rip)vatence €xhausts 86% of the expectation, while, in
102py, only 62% of the total expected strength was seen.
This is due to the very low value of Gy, for '“Ru, cor-
responding to a little more than half of the expectation. The
already commented characteristics of our experimental
method rule out the possibility of an appreciable part of
(d,p) strengths being simply lost below 3.5 MeV. It is to be
stressed that the '®*Ru(d,) reaction [3] which also leads to
1Ry, previously studied, leaves 37% of the valence
strength outside the first 2.5 MeV of excitation (considering
the /=4 excitation at 2.2 MeV associated with the 1gop
orbital, as seems now probable). This lack of intensity is
taken as evidence that it is difficult to form the odd neutron
103y nucleus starting from the ground states of the neigh-
boring even-even isotopes.

D. Systematics of the spectroscopic information

As already put forward in previous publications of the
Nuclear Spectroscopy Group [2,3], one-neutron transfer te-
actions which lead to the odd Ru isotopes show several pe-
culiar chartacteristics: the strength is, for each of the valence
shell orbitals, heavily concentrated in the lowest state, excep-
tion being made to the 2d3p,; the stren h is widely spread
among all valence orbitals; and for '®®Ru the 3/2" ground
states have small overlap with the ground states of their
neighboring even-even isotopes [2]. Besides, similar 32"
levels exist in other Ru nuclei and in their isotones [2]. In
spite of several available theoretical interpretations which at
first sight seem conclusive, the chain of Ru isotopes has for a
long time defied a consistent description. In fact, on closer
inspection, it is verified that Whisnant et al. [19] had to take
the collectivity of the even **Ru core as almost half of what
is experimentally verified, besides employing the variable
moment of inertia (VMI) approach in their apparently very
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complete interpretation of *’Ru within a particle-symmetric-
rotor model with Coriolis coupling. Within a similar model,
Imanishi et al. [20] for '"''%Ry and Rekstad [21] for ®Ru
had also to resort to such decreased collectivity of the cores,
producing furthermore for the isotope here studied consider-
ably discrepant results. A further difficulty verified in the
cited model predictions is that they are unable to put nega-
tive and positive parity states on the same absolute energy
scale. Interacting boson-fermion model (IBMF) calculations
that consider neutron and proton degrees separately seem to
do better [22,23], but a definite evaluation of their success
must wait for more systematic interpretations.

From an experimental point of view, it is interesting to
compare levels with similar characteristics in this mass re-
gion. Such systematics has been presented in a previous
Brief Report [2]. Here, Fig. 8 completes the analysis show-
ing some of the there highlighted levels of the odd Ru iso-
topes on the same absolute energy scale as the ground states
and the lowest quadrupolar excitations of their even-even
cores, taking into account the experimental mass excesses.

The mass “patabola’ shows '“Ru to be the tightest
bound odd isotope and, in general, displays the regularity of
the evolution. In particular, the 11/2; level (and the 72y
accompanying [2] one) grossly follows the average values of
the neighboring cores, but clearly comes down in energy,
even on an absolute scale. In contrast, the 3/27 and 7/2*
yrast levels follow in detail the behavior of the mean ener-
gies of the ground states of the neighboring even isotopes.
On this absolute energy scale the yrast 5/2* levels lic very
close to the 3/2" ones: at most 0.19 MeV below (°’Ru) and
at most 0.03 MeV above ('**Ru).

The 3/2 state merited special attention in the previous
publication [2]. It has a small overlap with the ground states
of its even-even neighbors and is either the proper ground
state or lies very low in energy in the odd neutron nuclei in
this mass region [2]. The addition of neutron pairs little af-
fects the 3/2]" state, as Fig. 8 indicates. The same is true for
proton pairs [2] unless very close to the %Zr or Sn cores,
which have been since long detached for their semimagic
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character. On the other hand, the evolutionary behaviors of
the excitation energies of the 1/2) and 11/2; levels in the
isotones [2] clearly demonstrate that structure changes occur
as protons are added beyond Z= 138, even if the neutron num-
ber is maintained the same.
A survey of the Nuclear Data compilations shows that for

odd neutron nuclei in the 4~80 region a low-lying 7/2*
level (which is the ground state of some nuclei, in particular
%IKr, 7Se, and possibly *3Sr) is observed, it also being
weakly populated in one-neutron transfer reactions. This
state, sometimes called an anomalous coupling state, was by
some authors taken as resulting from a (1go,)° configura-
tion. In analogy, a (2dsp)® coupling to 3/2* could be in-
voked for the yrast state of this spin and parity in the 4

~ 100 mass region and explain its small population in one-
neutron transfer. The puzzling ingredient in such assump-
tions is that most (/)" states may not be quantitatively ex-
plained by the usually taken pairing interaction energy. An
important long-range interaction must be added to an empiri-
cal effective interaction [24] and, in fact for j=5/2, the state
with a resulting spin of J=j—1 is sufficiently lowered. As
stated by Bohr and Mottelson [25], an alternative interpreta-
tion could be given in terms of a coupling to quadrupole

deformations, either dynamical or statical, For this interpre-

tation drawbacks also exist, as far as the 3/2; levels follow
the trend of the 0 states and not of the 2] ones and the y

decay pattern in the odd nuclei is not typical of collective

excitations. The 3/2; level is, in particular in '©Ru, linked

mostly to other (3/27,5/2%) states which are also weakly

excited in transfer, such as the 5/2; level at 136.079 keV, the

3/2, one at 346.38 keV, and the 562.87 keV (5/2%,32%)

one [11]. Those levels are, incidentally, the most populated

ones, besides the ground state, in the 8~ decay to '®Ruy

[14), starting from the 5/2* ground state of *®*Tc (which, for

Z=43, is not a valence shell single proton state). In general,

two sets of levels, intraconnected by preferential y decay,
may be discerned in '®Ru, the first one being related to the

3/2 and the 5/2; levels, while the second one connects with
the 5/2* first excited state. Most levels also strongly popu-

lated in the one-neutron transfer reactions, as the 7/2] at
213.56 keV, the (7/27) at 297.1 keV, and the 406.08 keV
(5/27,3/2) belong to the second set, while the 1/2]" state at

174.26 keV, although strongly excited in (d,p), is clearly
more akin to the first set, whose levels are, in general,
weakly seen in the transfer studies, It is significant that the
5/2; and 3/2; states which pertain to the here so-called first
set of levels could not be explained by the particle-rotor in-
terpretation of '%Ruy [21],

V. CONCLUSIONS

This section summarizes the principal conclusions which
were drawn in this study and also refers to several results
from previous works of the Nuclear Spectroscopy Group on
99-103Ru. 1t was shown that in 'Ru(d,p), the "®Ru ground
state is weakly or not populated and, therefore, has a small
similarity with 'Ru in its ground state coupled to a single
neutron. The complementary '®Ru(d,¢) reaction had al-
ready shown that, in an analogous manner, little overlap ex-
ists between the ground state of this odd isotope and that of
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184Ry and a neutron hole. If data collected through gamma
ray studies are also taken into account, it scems that in 1063Ry
two sets of levels may be distinguished: one with states akin
to the 3/2* ground state and populated in 8~ decay from the
5/2* ground state of 103T¢: and the other akin to the first
excited 5/27 level and populated in one-neutron transfer.
The 1/2; level is an exception to this statement. In all, 73
levels were populated below 3.5 MeV in 192Ru(d,p) and for
64 of them an angular distribution was presented. For 31
states a transferred / value could be attributed with certainty
and, for some 20 others, either a doubtful value or limits
were imposed. Several / identifications are new in the litera-
ture, it being remarkable that at least five of them are sure
attributions above 2 MeV. The /=4 excitation at 2167 keV
was associated with the 1g,, orbital, It was shown that most
of the strength is concentrated in few states, only the /=2
strength being appreciably fragmented. At this level of ex-
perimental detail, it is possible to argue that, up to the ex-
perimental limit in excitation energy, a considerable fraction
of spectroscopic strength is lacking, in a similar but even
more impressive way than was determined for 10Ru(d, 1),
All these observations may point to coexistence phenomena
at low excitation in '®Ru, so that one set of levels is not
built on the ground states of the even neighbors. On the other
hand, for each transferred / value, it is always the state de-
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tected at lowest energy which concentrates the largest frac-
tion of the spectroscopic strength, in a manner which also
characterizes the lighter odd Ru isotopes. The behavior of
these yrast levels can be followed along the isotopic chain
and presents several systematic features. The now well-
documented strong and low-lying /=3 excitation fits into the
overall picture established through the study of the other odd
Ru nuclei. Finally, it may be said that °%1%3Ry are now
experimentally well known.

From a theoretical point of view, on the other hand, there
seem to be still some ingredients lacking in the available
theoretical interpretations of the 4~ 100 region. In particu-
lar, it is clear that only a part of the spectrum of the odd
nuclei will be explained, if calculations which start from the
neighboring even nuclei adding one single quasiparticle are
performed. The greatest difficulties are probably to be ex-
pected for 1%1%Ru.
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The *'Zr(d,d')"'Zs* reaction has been investigated at 17 MeV incident energy. Up to 4.8 MeV ex-
citation, 73 levels, some of them new, were identified. Angular distributions associated to ~40 lev-
els were attributed to pure L =2, 3, or 5 excitations, concentrated in energy regions where the ©Zr
core exhibits 2%, 3~, and 5 states. The partial deformation parameters 5; obtained show agree-
ment with those from low energy proton scattering for L =2, but there is a systematic difference for
L =3 and L =5, which is discussed. Attention is drawn to the high excitation probability of the
first excited state of *Zr, as measured by the B;~0.18 value obtained, a factor of ~2 above all other

values for nuclei yvith A =90+2.

L INTRODUCTION

The nuclei with mass number around 4 =90 have been
subject to considerable interest, both from theoretical!~7
and experimental®~2% points of view, since the neutron
shell closure at N =350 seems to be accompanied by semi-
closures at Z=38 and Z =40, as is evidenced by the
high-lying first excited states in ®®Sr and %Zr. Such
features should make it possible to understand those nu-
clei and their neighbors on relatively simple terms.

Inelastic scattering studies have in the past been used to
put into evidence collective aspects of even-even nuclei,
but experiments on odd- 4 nuclei have been relatively less
frequent. The number of basis states necessary for a good
description of an odd nucleus in terms of its even neigh-
bors is a measure of the interweaving of particle and col-
lective degrees of freedom. Microscopic calculations for
inelastic scattering'”?"?8 indicate that valence transitions
contribute relatively little to the measured cross section,

‘especially for low multipole excitations, particularly in the

A =90 region. Inelastic scattering could then be used to
also put into evidence collective aspects of the wave func-
tions for odd-A nuclei. As long as simple patterns
emerge, this type of experiment could then help to unravel
the structure of odd-4 nuclei. Following this line of
ideas, the nucleus®Zr, which is just one neutron above a
closed shell, was chosen as an interesting study case, the
more so since other inelastic scattering data,””~3 in par-
ticular from a precise (p,p’) study,® exist for this target.

HO. EXPERIMENTAL PROCEDURE

A self-supporting target of 540 ug/cm?® enriched to
89% in *'Zr was bombarded by 17 MeV deuterons from
the three-stage Van de Graaff accelerator of the Universi-
ty of Pittsburgh. The scattered deuterons were detected at
Seven angles from 6,,=25° to 80° with nuclear emulsion
Plates (Kodak-type NTB, 50 um thick) placed in the focal
Surface of an Enge split-pole magnetic spectrograph,
D“-“PE the experiment elastically scattered deuterons were
Continuously monitored by two Nal scintillators fixed
SYmmetrically at 6),,=38.7° relative to the incident beam.
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The emulsion plates were scanned at the University of Siio
Paulo in steps of 0.2 mm along the plate. An energy reso-
lution (FWHM) of ~ 15 keV was obtained for all spectra.
A typical spectrum, obtained at a laboratory scattering
angle of 35°, is shown in Fig. 1. Deuteron groups corre-
sponding to transitions to °'Zr levels are indicated by the
calculated excitation energies of °'Zr states expressed in
keV and, when corresponding to transitions to levels of
contaminant isotopes, by the name of the isotope. Peaks
of larger widths labeled by t are associated to triton
groups from the (d,t) reaction on *'Zr and correspond to
levels above 5 MeV excitation energy in . The peak
labeled p at the left-hand side of Fig. 1 corresponds to the
proton group from the 'Zr(d,p)”Zr(g.s.) reaction, A
description of the procedures used for the identification of
peaks corresponding to states in *'Zr has been given in de-
tail elsewhere. 3437
The excitation energies presented in Table I represent
the average of the excitation energies calculated at each
angle, making use of the calibration of the spectograph
and taking the energy of the state at (1204.8+0.4) keV, as
measured by gamma decay,*® as a reference. The rms de-
viation of the energy measurements at six angles was in
most cases less than 2 keV. Indicated in Table I by
parentheses are those levels, with only tentative assign-
ments, that presented a rms deviation of the energy mea-
surements of more than 3 keV, but always smaller than 6
keV. The absolute excitation energy scale is estimated to
be uncertain by +0.15%, corresponding to an absolute
uncertainty of less than +7 keV in the tabulated excita-
tion energies.
Relative normalization of the (d,d’) cross sections was
obtained from the number of elastically scattered deute-

" rons detected by the monitors during each exposure. The

absolute normalization was obtained from the deuteron
elastic cross section given by the optical model prediction
using the potential parameters given in Table II. The use
of five different sets of optical model parameters (see the
next section) resulted in differences <8% in the absolute
normalization. The absolute cross section is estimated to
be uncertain by at most 25%, due essentially to uncertain-
ties in beam alignment and definition of the solid angles

1594 ©1986 The American Physical Society



3 COLLECTIVE ASPECTS OF *'Zr BY (d,d') SCATTERING . . . 1595

o g d Tz
S ==
Qo .
c T 8
x .2 P ? iz ;g $fa Bn
E 10 i ) ‘fl'-&‘ 'p -' »

oMl L A
2 . ""’wf!'ﬁ'
Z = — W
o
Q
(] R A T T T | | .

35 ) 30 ) e i 200 . 15 ‘40

' DISTANCE ALDNG FOCAL PLANE {(cm)

FIG. 1. Deuteron spectrum from the *Zr(d,d’)"'Zc* reaction at 9=35". Peaks corresponding to tiansitions to *'Zr states are la-
beled by the excitation energies of the states expressed in keV. The peaks due to the presence of contaminant zirconium isotopes in
the target are identified by the name of the isotope. The peaks labeled by t or by p are associated to triton or proton groups from the

reactions (d,t) or (d,p) on the */Zr target.

of the monitors. ' z
The experimental angular distributions of 42 levels are
shown in Figs. 2 and 3. The etror bars show the com-
bined effect of statistical deviations and uncertainties due
to plate scanning, background subtraction, and relative
normalization. :

III. DWBA ANALYSIS

The angular distributions were compared with predic-
tions of distorted-wave Born approximation (DWBA) cal-
culations, performed by means of the code DWUCK,>® with
a macroscopic collective form factor using complex cou-
pling, Coulomb excitation was considered in the usual
way>® and a nonlocality correction parameter f=0.54 fm
was employed. The optical model parameters were taken
from the systematics of Childs, Dachnick, and Spisak®
for 17 MeV deuterons and are shown in Table IL. For the
optical parameters of the exit channel the same energy
dependence suggested by Perey and Perey*' was supposed.
Calculations employing the optical parameters of Perey
and Perey* predicted angular distributions practically
coincident with the former in the angular range of interest
to this experiment. <

The fits to the angular distributions are shown in Figs.
2 and 3 in comparison with the data, whenever an assign-
ment of L was attempted. In the fitting procedure the
aim was to match the average behavior of the experimen-
tal angular distribution. Partial deformabilities By were
extracted in the fitting procedure. If only one L value is
important in each transition, the relation between experi-
mental and predicted cross sections is written as _

oP(8)=PFor " (6) —
with B}, related to the usual deformation parameter BL by
Br= {__(_ZjL"‘_l)_____ UZBL ’ |
(2ji+102L+1)

where j; and j; are the spins of the initial and final states.
In the present analysis equal deformation parameters

for the real and imaginary part of the potential were as- .

sumed. Calculations with equal deformation length
8,=8; (6=PR) were also done and would lead to values
of the deformation parameters which are between 5% to
7% larger. '

The values of L and the squares of the partial deforma-
bilities B}, are listed in Table I. The errors associated to
the values of B, also listed in Table I, do not include un-
certainties in the absolute cross sections or DWBA. for-
malism.

IV. RESULTS

In Table I, the present results are compared with those
of other experiments performed with good energy resolu-
tion. 53 It is worth noting that, for most of the levels
above ~3 MeV excitation energy, the information
presented by the Nuclear Data compilation™ is heavildy
based on the experiments performed by Blok et .al.
Within the attributed errors, there is very good agreement
between the reported values and the present results for

. level energies, although there seems to be an indication for
an increasing systematic difference above 3.5 MeV of ex- .

citation.

The nucleus *!Zr has been studied by inelastic scattering
of various projectiles by several authors.?~** Only the
detailed results of Blok et al.® for °'Zr(p,p’) are presented
in Table I since poor resolution affected most other work.
Where comparison is possible with those older measure-
ments there is general agreement. A, previous inelastic
deuteron scattering experiment,” performed at 15 MeV
incident energy, did only obtain data at two scattering an-
gles, with an energy resolution of 40 keV. All levels above
4.5 MeV excitation have not been reported before in in-
elastic scattering studies. As may be appreciated, by in-
spection of Table I, only some weak trangitions reported

o s oam e . e aER ma e . aEa. oo . am. AN an A o 4 & A A 4
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TABLE L Summary of the results for *'Zr(d,d")*'Zr* inelastic scattering and comparison with other experiments. Assignments
given in parentheses are tentative.

Present experiment

Blok et al.*

|

S174(d,d") 1 %Zt(p,p")  Nuclear data®
do ¢
Eo [d_n' LQ G(L)  Eqe Eq:
(keV) (mb/sr) L BZx10? Bu Wa)  (keV) L BZX10?  (keV) iF
1205 0.35+0.11 2 0.2140.03 0.18 2 1205 @ 12048 17
1466 0.21+0.05 2 0.130.02 0.081 45 1468 2 0.09 14663 3t
1884 0.53:+0.07 2 0.27+0.02 0.101 70 1884 2 0.30 18821 L%
2043 0.22:4+0.03 2 0.1330.02 0.099 69 2041 20422 3t
2134 0.4510.06 2 0.23£0.01 0.083 48 2131 2 0.22 21313 (§)*
2172 0.63:0.08 3 0.750.06 0.162 24 2170 3 115 21700 ()
2189 5 0082 21899
(2203) 2201 2200.7 ()
2261 2261 5 0.051 22597  (H)-
2290  0.016+0.004 5  0050£0.014 0045 2289 5 0.105 22876 (§)-
2322¢  0.022£0.007 5  00724£0.023 0,063 2322 5 0165 23200 (4~
2358 0.1240.03 @) 0.12+0.04 0.16* 23 2358 3 0.18° 23558 +7,%°
2368  0.040£0.014 (4  0.08810.021 2369  (3+5) 23669 ()
2397 007410010  (3) 0.11::0.02 0.068 43 2397 .3 0.22 23949  (§)-
2537  0060+0.011  (2)  0.04310.008 ~ 0.046* L5 2534 @) 0045 2534 334
2559  0.023+0.006 ‘ 2557 25560 L*
2581  0.098+0.010 3 0137£0.014  0.098° 90 2578 3 0.20 2577.5
2643 0.08110.009 3 0.166+0.016  0.105 104 2641 3 0.15 26410 ()
2696 0.21+0.02 3 0.29+0.04 0.142 19 2695 3 0.44 26940 (17
2766  0.016£0.005 (5  0.048+0.014  0.048* 5 2766 5 0.09 2764.8
27177 0038+0.006  (3)  0.045+0.013 ~ 0069 43 217 3 0082 27750 ()
2813 0.29+0.04 3 0.37+0.03 0.139* 18 2813 3 0.55 28109 §7,3°
2831 0.17+0.03 3 02310.03  (0.1555  (22) 2832 3 0.32 28260
2857  0.027+0.010 (40  0055+0.016  0.046 3 2859 4 0077 28568  ()*
2870 0.041+0.007 (2}  003210.007  0.049" 17 2874 - 2874 34t
2905
292 0.012+0.007F 2915 29141 ()t
2931 0.15+0.02 2 0.100£0.008 2931 2932
3011 0.018+0.004 3 0025:0.005  (0.036) (12) 3008 0040 30091 £,
3035 0.204:0.02 3 0.27:+0.04 0.106° 11 3032 0.39 3033
3053 3053
3086°  0.029+0.004 (3)  0.037£0.006 3082 4 0.072 30851 3+,4%
3 0.16+0.02 2 0.100£0.008  0.055 2.1 3108 2 0.11 31081 3,3t
3143 31466 (4L7%)
3170 31670  (3%)
3238 0.047+0.008  (2)  0.034+0.005 3235 o) 0.047
3262 262§
3283 3283
3291 004140012 (2  0.031£0.006  0.048" L6 329 3290 4
33137 0.018£0.008  (2)  0.014+0.005 3309 3309

-——-——-—-—-v-—-—--—-'-'--'-'-"-"-""""-""--'l

|
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TABLEL (io:ﬁnued ).
Present experiment Blok et al.®
91Zx(d,d") 1Zz(p,p’) Nuclear data®
Foe 2. - | GU)  Eu E..
(keV) (mb/sr) L BZx10° Br W)  (keV) L BEX10* (keV) JF
3322 0.011+0.006 3317 3317
3335 3334 1+
3356 3356
3375 3375
3410 3410
3452 3 3455 8
| 466 ues 313"
3476° 0.15+0.03 ). 0.13x0.03 . 3474 3476
3489 0.035+0.024° 3489 3489
: 3553 3554 (2
3570 3576 (3
3597 3597 73
3635 3635 ERa L
3653  0.022+0.004 (5  0.069+0.015 3648 (5) 3648
3660 3666
3687  0.059:0.007 2 004040005  0.055" 2.1 3683 3681 3*.3*
3709  0.098+0.010 2 007240.011  0.046 1.5 3704 2 3704 13t
3725 3725
3753  0.019+0.004 ()  0017+0.003  (0.036* ©9 3749 3748 RN
3777  0011%0.003  (2)  0.010+0.003 3775 3774
3822 0.021:+0.005 (2) -0.019+0.006. . 0.027 0.5 3817 3818 1*,%%)
3829 329 (39
3852 0.0420.009 (2  0036+0.008  0.042" 1.3 3847 3848 A
; 3384 3883 C
3899 0.076+0.013 @)  0065:0.013 =~ 00498 | 17 3893 3897 e
3911  0.020+0.011F 3903 3905 5.8
3922 3924 ER
3952 3944 3944
3965 3959 3958 AN
3986 0.013:0.003 3980 382 %37
4010 0.021:+0.005° 4003 aw04 147
4027 4024
4043 4035 4036 (3*,3%
4075 4065 4067 3,5
4116 4111 4111 35t
4151 4145 ae5 (330
4162) 4161 4163
(4174
4194 4187 4195
4230 4230
4245 4245
4265 4263 (3,57)

4273
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‘Maximum cross section measured,

4%0Zr contaminant contribution subtracted.
“Possible doublet.

fCross section at 25°.

by Blok ez al.® were not observed in the present work.
There is overall agreement between the L values ex-
tracted in the present experiment and in the work of Blok
et al,® however, especially in the excitation region above
2.85 MeV, some more L attributions are presented. The
level at 2043 keV, for which no L value is cited by Blok et
al,? is reached by an L =2 transition in agreement with
other experiments,’33 although Awaya et al.>* suggested
L =3. It was not possible to obtain angular distributions
associated to the two weak L =S5 transitions located by
the (p,p’) work® at 2189 and 2261 keV. In fact, the
known *Zr(2+) contaminant transition explains all the
cross sections observed in the present experiment at 2,19
MeV. The level at 2368 keV has a tentative attribution of
J¥=(3"), based on a Hauser-Feshbach analysis of a
(e,ny) experiment by Glenn et al.*2 Blok et al.,® although
not presenting the corresponding fit, cite L ==(3--5) for
this transition. In the present work Z =(4) was preferred,
since the (e,ny) data seem in fact to permit the assign-
ment of a different value of j7. The L =2 attribution for
the level at 2931 keV is in agreement with a tentative at-

|
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TABLE L (Continued).
Present experiment ‘Blok et al.*
"1Zr(d,d') ”Ze(p,p') ~ Nuclear data®
Ew {% : GIL)  Eu Eae |
max
(keV) (mb/sr) L BZXx10? B (W)  (keV) L BEX10? (keV) iF
(4287 Qn 92712 3t
(4300) 4291 4293 153
4323 4322 3"
© 4340 4335 4335
4357 4353 3*,5*
4376 4379 A
403  0039£0.006 (3  0.0760.011 4395 4398
(4413) 415 37,47
4440 4433 44337
4450 4450
(4464) 4459 4459
4501 4511 G130
4535 4535 $44¢
4549
4593 4582
(4651) 4656 317
4690 4679 37
4715) 4700
4790  0.016£0.003  (3)  0.036£0.006 4780
:Rcference 8. *Values calculated supposing jf=3".
Reference 38, bReference 51.

'Values calculated supposing jf=+_.
iChoice based on sheil model arguments.
*Values calculated supposing ff=3".

tribution of Du Bard and Sheline.® The angular distribu-
tion associated to the level at 3086 keV, after the subtrac-
tion of the contamination due to the 4% level of ®Zr,
seems to be better described by an L =3 than by the L =4
transition indicated by Blok et al.® The tentative L =3 at-

TABLE II. Optical model parameters for deuterons of 17

MeV on *Zr.
Optical model parameiers®
r. (fm) 1.25
V (MeV) 101.6
rg (fm) 1.1
ap (fm) 0.82
© Wp (MeV) 15.9
rp (fm) 1.29
ap (fm) 0.75
Vso (MeV) 5.63
rso (fm) 0.98
agp (fm) 1.00
*Reference 40.
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tribution is, however, in disagreement with the 5 ,3

spin and parity valiies cited by the Nuclear Data compila-
tion, based on the analysis of (d,p) data. The level at 3238
keV is excited by an L =(2) transition in both the present
(d,d’) and in the (p,p’) (Ref. 8) experiments, and was also
seen by Metzger® in his (y,7") work. A level was
presented by the former Nuclear Data compilation®® at
3235 keV, with j™=+ ,> associated to it through a

1599

distinctive /,=1 tranlsition seen in (p,d) and (d,t) experi-
ments. Curiously no state is shown by the mt;re recent
compilation®® near this ex?tation energy.

A comparison of the B extracted in the present experi-
ment, by (d,d'), and by Blok ef al,® by meap:f? of meli:t?c
scattering of 20 MeV protons, reveals that, while there is
agreement between the B7, the values of B2 and B?

" present a systematic discrepancy. It is interesting to note

1 1 1 1 = 1
1205
—2 i
“ 11
¢
, ‘ =$r
i 14
1466 |VOF
2 1 [
= 4T
; £
% P
C 1884 -
-—le2 -
1&4 ‘F
—— B
| -
733 2043 I
~ -—Ll22
A
——rt E
O E
™~ "
b 2184 E 1 |
E @] R —Ls2 C 1 F
L E 3
oL 4T 1E
‘: _' - . e n
- 2%97 -
L =2 | % 3
A 19k 1}
a [
0 4 [ 14
; 110 1F
2 . I
V d 20 1 % 367
- —a2 ]
L o —les E —i=2
o LY = 3 B
1622' S _:ﬁ_-— =
o 1 F s
- - o ]

=TT

srisha o

233
—L=3

263
—L=3

30M ]
~L=3 .

sasz
—Ls2 ]

HE

T T T TIIie 1 T 7ves

| P! [N S | 1
20 40 60 80 @ 20

e
20 40 60 B0

FIG. 2. Angular distributions of transitions in the #'Zr(d,d’)*'Zr* reaction. The experimental points are given with error bars cor-
r_wp‘onding to the combined effect of statistical deviations and uncertainties due to plate scanning, background subtraction, and rela-
tive normalization. The solid lines represent DWBA fits to the experimental angular distributions. '
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that also the 57 value for the 1 ¥ state at 1205 keV, is in
agreement with the value which can be extracted from the
analysis of the (p,p’) cross sections measured by Blok et
al® using the recommended optical parameters, although
not presented by the authorss The ratios
B2(p,p’)/Bd,d') associated to L =3 and L =S5 are con-
sistently larger than 1. The mean values obtained for
these ratios for L=3(5), considering the 6(3) strongest
transitions, are, respectively, 1.46(2.1) with spreads of less
than 10%. If a prescription of equal deformation lengths
had been used in data analysis of both experiments the
discrepancies would have been slightly larger. A similar
effect is observed if 8, obtained by <20 MeV proton in-
elastic scattering'® are compared with 15 MeV deuteron'?
8y, for the first 3~ and 5~ levels of Zr.% It is felt that
no reasonable change in optical model parameters could,
within the reaction model adopted, reduce these
discrepancies while simultaneously maintaining the accor-
dance for L =2 results. In fact, less than 8% and 6% of
variation was obtained for the ratios o3y, /oPW,, and
max /0Py, it the analysis of 17 MeV deuteron scatter-
ing if different sets of optical model parameters were
used. In the case of 20.4 MeV proton scattering, the vari-
ations of the ratios were, respectively, 11% and 7%, al-
though the absolute values for each L transfer for protons
and deuterons could be modified by up to 30%. These
additional DWBA calculations were performed for deute-
Ton scattering with three other global prescriptions*!#5,46
and with parameters*! adjusted to reproduce elastic
scattering at the same energy by odd nuclei of the same
mass region and by °'Zr at a lower energy.’® One of the
global potentials employed** for deuteron scattering used
folding model ideas to confine the parameters within the
Tange expected from nucleon scattering and allowed for a
shell structure term near magic neutron numbers. For
proton scattering, besides with the same parameter set
used in data reduction by Blok et al,® DWBA calculations
Were also done with the two global prescriptions*! in com.-

|

mon use in that energy region. An energy dependence of
the By or 5, values extracted in the usual way by low-
energy inelastic proton scatterinﬁ, gomted out by previous
work in 4=40, %% 490,118 and 4208 (Ref, 48)
regions, could be reflecting similar difficulties, probably
due to inadequacies of the reaction model. In this sense it
seems significant that Blok et al. normalized the sum of
B values for every L value obtained at 14 MeV incident
energy to the sum of those of their 20 MeV (p,p’) experi-
ment." On the other hand there is no support in the
literature to any hypothesis linking the differences to nu-

clear structure effects. Even in the case of excitation of
2i states in single-closed-shell nuclei, where the effects
produced by the different response of protons and neu-

trons to the various projectiles should be enhanced,***° it

. amounts to at maximum ~25% on the extracted §;

values**! and in the case of single-closed-nentron-shell
nuclei would produce the smallest 8, values for low-
energy proton scattering.

V. DISCUSSION

A. Distribution of B/ and comparison with 8,
of passible core states

Figure 4 shows the values of 8 extracted for all the
states reached by the same L transfer, as a function of ex-
citation energy, The L=2 intensity is spread among
several levels up to ~4 MeV of excitation. It is interest-
ing, however, to note that most of the intensity is concen-
trated in five strongly excited levels between 1.2 and 2.1
MeV, which, incidentally, have attributed spin values in
agreement with the values predicted by the coupling of a
dsy, particle with a 2% state of the core. On the other
hand, the L =3 intensity, although spread among several
levels, is concentrated between 2.2 and 3.1 MeV of excita-
tion, the highest intensity being associated to the known
5 state at 2172 keV. Only two states, between 2.3 and
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2.9 MeV, were tentatively associated to an L =4 transfer.
The detected L =5 intensity is distributed among four
states, three of them located in a range of +0.3. MeV
around 2.5 MeV of excitation.

According to rules of angular momentum and parity
conservation many known levels®® of *'Zr could in princi-
ple be reached by more than one L value. It is interesting,
however, to note that the experimental angular distribu-
tions associated to almost all positive parity levels are
similar, irrespective of their spin values, and that at least
one of these levels, the + " state at 1205 keV, can be
reached only by an L =2 transfer. On the other hand, the
shapes of the angular distributions associated to some
negative parity levels reveal different dominant L values.
In particular, as can be seen in Figs. 2 and 3, the known
AL™ Jevels at 2172 and 2322 keV are reached by, respec-
tively, L =3 and L =5 transfer. In general, as may be ap-~
preciated in the mentioned figures, the essential features
of most experimental angular distributions are reproduced
by the DWBA. predictions for single L transfer in one
step excitation of collective states, indicating a selectivity
of the transitions. - .

In the case of 'Zr, particle-transfer experlmeﬁts-iﬁdi— :

cate that the ground state is predominantly formed by a
2ds,, particle coupled to the core in its ground
state 3811 As long as the contribution of the valence tran-
sition can be neglected, which seems to be the case for
Jow-multipole excitations,'”?"?® the B, extracted should
reflect the constitution in terms of the various core states
involved. The extent to which polarization phenomena
are important could be evaluated by the character of the
917y ground state and by the excitation pattern of 27r,
which has two particles outside the *°Zr core."” i

The values of B;, as deduced from the experimental B7
and j; (Ref. 38) values are also presented in Table L
Where more than one j; value is cited by the compilation,
an option, based on arguments found in the literature, was
made whenever possible. In particular, since the (d,p) re-
sults by Rathmell et al.5> were subjected to poor energy
definition, due to their 160 keV resolution, it was assumed
that the 2870 keV, 3291 keV, 3687 keV, and 3852 keV
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levels, also seen in the (d,p) experiment by Blok et al.? as
rathcrssitong =2 ex%igfﬁons, are, rea?ectively, the 2853
keV (37), 3270 keV (37), 3661 keV (3 ), and 3824 keV
(3 ) levels reported by the polarization work, This
correspondence would resolve the inconsistency noted®®
for the spin attribution of the adopted level at 2856.8 keV.
In the same sense it is probable that the 3444 keV (%+)
level of Rathmell et al.*? is equivalent to the 3476 keV and
not to the 3410 keV adopted level. On shell model argu-
ments, the 3709 keV level observed in (p,d) experiments
was supposed to have j,=(3)% and the 3822 keV and
3899 keV levels, observed in (d,p) experiments, were sup-
posed to have j,=(3)*. The 2696 keV level is cited by
the Nuclear Data compilation as (3 ), based on a two-
point Hauser-Feshbach analysis of Glenn et al#* The
same level has been observed as an /,,=(3) transfer by

~ Blok et al.® in their (d,p) work and as L =3 in inelastic

scattering. Considering this evidence, the ()~ attribu-
tion® was preferred.

Figure 5 is a comparison of the 8, obtained for all
states to which a jr value could be associated and which
were excited by the same L transfer in the present experi-
ment, with the deformation parameter of possible core
states, as reported in the study of %°Zr(d,d’)*°Zr*, with
deuterons of 15 MeV, by Todd-Baker et al.'*> The data
are presenied as a function of excitation energy and, to
guide the eye, bands were drawn, each one centered at the
B, value and the experimental excitation energy of the
possible parent state. These bands were extended arbi-
trarily by +0.5 MeV and their widths reflect an assumed
uncertainty of +15% in the deformation parameter. The
B extracted for the five levels at low excitation emergy
reached by L =2 transfer are compatible or larger than
the deformation parameter of the state at 2.18 MeV in
90Zr.12 In particular, the B, associated to the %""state at
1205 keV is larger than the other by a factor of 2. All the
L =2 states above 2.5 MeV of excitation are weakly popu~
lated when compared with the five states at low excitation
energy and the extracted B, are compatible with those of
the other three states associated to L=2 in **Zr in this

atr @2 o
- e e
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*
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7 Ll
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i ] Il ' L 1 '
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FIG. 5. Deformation parameters B, obtained for all the
states attributed to the same L transferred as a function of exci-
tation energy and comparison with the deformation parameters
of possible *°Zr core states (Ref. 12). Fach band is centered at
the By, value and excitation energy of the parent state.
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energy range.’> On the other hand, although ten states
with known jy were excited by L=3 in an energy range
of about +0.5 MeV around 2.75 MeV, for only five of
them the 3 values extracted are compatible with the de-
formation parameter of the 37 state of ¥Zr.!2 For the
other states the extracted B; values are smaller than this
value. Above the mentioned energy range, the next state,
tentatively associated to L =3, was observed at an excita-
tion energy ~0.7 MeV lower than the 3~ state detected at
5.12 MeV (Ref. 53) in %Zr. - The only B, value extracted
in the present work, associated to the state at 2857 keV, is
also compatible with the deformation parameter of the
state at 3.08 MeV of *°Zr."? Note that the Bs obtained for
the first three states excited by L =35 transfer in *'Zr agree
with the deformation parameter of the 5 state at 2.32
MeV of %°Zr.'2 The next state reached by L =35 transfer,
at 3653 keV, in the present experiment, which has no at-
tributed spin value, was detected in the same energy re-
gion as the second 5~ state of *°Zr. 2

In situations where the ¢oupling of an odd particle to
an even core is considerable, the intermingling of particle
and core degrees of freedom could result in extremely
complex spectra.®* Inspection of Fig. 5 reveals that in the
case of *'Zr this intermingling is not sufficient to com-
pletely destroy the relation to the core states.

B. Comparison with electromagnetic information

It has been usuval in the literature to intercompare de-
formation parameters By (or deformation lengths, 5; ) ex-
tracted by different inelastic scattering experiments, also
with information obtained from electromagnetic transi-
tion rates. Systematic discrepancies could, in principle,
give information about differences in the neutron and pro-
ton components of nuclear states. In the usual homogene-
ous collective model it is assumed that neutrons and pro-
tons move in phase with the same amplitude, leading to
{BR)y,4=(BR) (where h represents generically any
hadron), as long as the reaction mechanisms are adequate-
ly described. On the other hand, in the extreme shell
model, single-closed-shell nuclei would exhibit much re-
duced oscillations of that kind of nucleons which consti-
tute the closed shell. Core polarization effects would act
in a way tending to restore the homogencous collective
model result.*? :

Also listed in Table I are the reduced transition proba-
bilities given in Weisskopf units, G(L), which naively
represent a measure of the number of particles involved in
the transition, as deduced from the B and Jr values, by
use of the relation:

ey IL+3ZP [ra zL(21:+l)ﬁ,z
dar r @i+t

where, following the recommendation of Owen and
Satchler,s equivalent radii r,, of 1.22, 1.27, 1.31, and
L35 fm were used for L =2, 3, 4, and 5, respectively, and
Yem Was taken as 1.2 fm.

_The comparison of the G(L) obtained in this manner
With the corresponding G(EL) values extracted for the
previously assumed core states by Singhal et al,'6 in a
study of *Zr(e,e'), shows the same general agreement al-
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ready pointed out by Fig. 5. In fact, the values cited by
the authors'® are, respectively, (5.50+0.48), (0.56+0.15),
and (1.6810.29) s.p.u. for the 2+ levels at 2.18, 3.31, and
3.84 MeV, (25.2+2.9) s.p.u. for the 3™ level at 2.75 MeV,
(3.32+£0.90) s.p.u. for the 4% level at 3.08 MeV, and
(8.3740.47) s.p.u. for the 2.32 MeV 5~ level in %Zr,
Every G(L} of the odd nucleus is smaller or of the order
of the corresponding value in , except for the
G(2)=22 W.u. for the transition to the L7 level at 1205
keV in *'Zr, which is about a factor of 4 larger than that
of any L =2 transition in *°Zr.

Direct comparison of the results obtained in the present
experiment with information from electromagnetic probes
is hampered by the scarcity of data for odd nuclei in gen-
eral and for *'Zr in particular. In fact, there are in the
literature just one directly determined B(EL ) value®® and
two sets®”3® of lifetime measurements, which unfortunate-
ly are not accompanied by detailed information on the
multipolarities of the transitions. Table III lists, for fur-
ther consideration, the referred measurements and other
spectroscopic information available for those *'Zr states
below 3 MeV excitation energy which are appreciably
populated in the present experiment and are, on the other
hand, observed by one-neutron transfer reactions. Where
the information can be confronted the two lifetime mea-
surements are in general agreement and smaller or of the
order of the value that would be obtained taking into ac-
count the G(L) results of Table I, possibly indicating ad-
mixtures of lower multipolarity. The B(E?2) value for ex-
citation of the 3  level at 1205 keV corresponds to
(11£5) W.u, to be confronted with the G(2)=(22+3)
W.u. obtained in the present work. This transition admits
no admixture of lower multipolarity and the
G(E2)=(54+19) W.u. which corresponds to the Doppler
shift attenuation method (DSAM) lifetime of Gill, Gill,
and Jones®’ is discrepant with both G values referred to
above. However, a recent redetermination®® of the life-
time of this level by DSAM leads to 7=(0.910.1) ps,
which transforms to G(E2)=(15+2) W.u. Although no
clear-cut conclusion can be drawn from the presently
available information, there is thus indication that the
G(E2) value is lower than the G(2) value extracted by in-
elastic scattering for the transition to the 1205 keV level.

C. Comparison with other spectroscopic information

As can be seen in Table ITI, the states - at 1205 keV,
27 at 2043 keV, and 1L at 2172 keV, although present-
ing high cross sections in (d,d"), leading to 8, values at
least of the same order as those of the assumed core states,
are associated to appreciable single particle behaviors.
The values of Spanicie and Sy in Table I represent for
each state the averaie of the results of three (d,p) and two
(p,d) measurements,” %! respectively. The S values of
all the other states which are strongly excited by inelastic
scattering reveal small parentage with states of single par-
ticle or single hole character. On the other hand, seVerq‘!
states with appreciable S values, such as the second +
and " levels at 2201 keV and 2557 keV, respectively, are
barely seen in any inelastic scattering experiments,

Estimates were made for the contribution which could
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TABLE ITL Spectroscopic factors, Sparges ad Spots, and deformation parameters B;, for states of
917z below 3 MeV excitation energy, detected in the present experiment and intensely populated by one-
neutron transfer reactions. Also presented are the available B(EL ) and mean lifes r.

" e Ty 3 T
B(ELW
Eee Ji—~Jr T : '
keV)  jf° Spacticte”  Shore’ B (efm2F) (ps) (ps)
o 3 0.95 035 = -
1205 L1F 082  OD1 U088 90440 025 +0.09 32 . 5.0
466 it 0.03 0002  0.81 028 +0.16 051 =0.16
1884 +F 0.09 0,101 011 0,02
2043 27 0.64 002 0099 <0.030 0.016 +0.002
234 27 007 ~ T 0.083 017  +0.02
1712 47 0.33 0,162 _ >8
2322 47 0.06 " TTU063
2358 (L) 0.09 0.16
213 () 006 © 0139, 0.023 +0.004
*Reference 38. 1k - = B

YMean values of S(d,p) from Refs. 8, 52, and 60.

“Mean values of S(p,d}/(2j,+1) from Refs. 8 and 61.

dReference 56. =
“Reference 57.
fReference 58.

be expected from the valence tramsitions associated to
* these known single-particle components in the wave func-
tions of the lowest lying positive parity levels, along the
lines of Reehal and Sorensen.®? As already mentioned,
pickup data on *'Zr reveal an almcst pure *Zx(0{ )@ 2d ,
character for the ground state.!"3 Considering the avail-
able spectroscopic information, the first +¥ and 37
states were supposed to consist of a superposition of only
two components: a
ly coupled to a 2ds,, particle and a **Zr core in its ground
state with the odd particle, respectively, in a 3s,,, or
2d3; orbital. The amplitudes of these last components
were taken as the square root of the Sp.qiqe presented in
Table I and the single particle transition probabilities
were estimated as, respectively,5 24 ¢*fm* and 6.8 e%fm*,
If the core excitation is given by the measured!$

90Zr core excited to its 2i state weak: ~

B(E2)y,_,,+=6T3 e*fm* for **Zr, a minimum_polariza~ °

tion charge of 2.3e would be necessary to explain the
G(2) obtained for those transitions in this experiment.
This value is well outside what is normally supposed to be
reasonable for a neutron in this mass region, even with a
restricted shell model basis."** If the B(2) value ob-
tained from inelastic deuteron scattering!? on *%Zr is to be
used, the polarization charge would be still increased. It
seems, therefore, that explicit consideration of the valence

transition without ad hoc enhancement would not reduce

the B, of the 1205 keV level to a value similar to that of
the assumed core state. =t -
Table IV lists for stable nuclei of 4 =(90+2), the de-
formation parameters, By and By, associated to the 2f
levels (or, for odd 4 nuclei, mean values, corresponding to
the low-lying levels reached by - L =2 transfer) as seen in

inelastic scattering of hadrons and by electromagnetic ex-
citation. The inspection of Table IV reveals that, for all
the stable nuclei of the region, the B, and f,,, values
differ usually by less than 25% and are at least ~30%
smaller than the 8,~0.18 obtained for the transition to
the 5" state at 1205 keV in *Zr. In particular, the 3, as-
sociated to the 2" state of *Zr is 0.11, which geems to in-
dicate that polarization phenomena are not sufficient to
explain the value observed for *'Zr. On the other hand,
there exists the possibility of two-step transfer processes

TABLE IV. Deformation parameters B, and Bi.p, for the
stable nuclei in the interval of 4 =(90+2), obtained, respective-
ly, by inelastic scattering and Coulomb excitation experiments.
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Nucleus B Boc™®
833y 0.12° 0.122¢
#y 0.046° 0.068°
Nz 0.073 0.094f
sizr 0.098¢

27, 0.11t 0.105"
2Mo 0.080" 0.114%

’For the odd A4 nuclei the average deformation parameter
(X8)'7 for the low-lying states is presented. ’
*Obtained from published B{E2) values.

‘Reference 63.

9Reference 64.

“Reference 65, two states considered.

Reference 44. .

8Five states considered.

bReference 66.
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[eg, "Zr(d-t-d')'Zc* and *'Zr(p-d-p’'P'Zr* processes]
¢that profit the high spectroscopic factors of the ground
and +* states of *Zr, being responsible” for the appar-
ent difficulties. Unfortunately the available CCBA codes®®
are not able, up to now, to handle the manifold possibili-
ties opened up by the 3 ground state spin.

VI. SUMMARY AND CONCLUSIONS

In the present study for the first time levels of ?'Zr
have been identified, up to an excitation energy of 4.8
MeV, and L values attributed in inelastic scattering of
deuterons. The only other inelastic scattering experiment
of comparable quality was performed with 20 MeV pro-
tons and observed levels up to ~4.5 MeV. The overall
agreement is excellent, both experiments fundamentally
excite the same levels and lead to compatible values for
B;. However, although there exists agreement of relative
values, the 83 and 85 exhibit a systematic difference, when
extracted by (d,d’) and low energy (p,p’), which cannot be
explained within the usual macroscopic DWBA analysis
by uncertainties in the adopted optical model parameters.
Similar effects were noted in other mass regions.

Inelastic scattering experiments on *'Zr reveal a clear L
selectivity of the transitions, which in conjunction with
the extracted B; values points to a direct relation of the
states excited in the odd nucleus with the core states ob-
served in the same excitation energy regions. If the inter-
mingling of core and particle degrees of freedom had been
severe no such selectivity would be expected. In this sense
it is felt that inelastic scattering is putting into evidence
collective aspects of the wave functions of the states excit-
ed. On the other hand, although a very simple configura-
tion has been determined for the ground state, no such
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simplicity persists for the excited states and certainly
there is no experimental basis for straight weak coupling
arguments. In particular, some of the 8, values associated
to the first positive parity levels, which furthermore are
populated with high spectroscopic factors in single parti-
cle transfer, are higher than that of the corresponding
core state.

The information on electromagnetic excitation of the
levels of ?'Zr is up to now scanty and accompanied by
considerable uncertainties. The lifetime studies report no
reliable multipolarity determination, so that a conclusive
comparison with the results of the present work is not
possible. There is indication, however, that the 1205 keV
level is less strongly excited by electromagnetic means
than by inelastic scattering of deuterons and protons.
This could point to a real difference in the response of the
neutron and proton components in the excitation of this
state or to some inadequacies of the reaction mechanism
assumed. The necessity to include in the analysis excita-
tion of this level by two or more steps, via transfer reac-
tions, making use of the high single particle amplitudes of
the initial and final states, is suggested.
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COULOMB-NUCLEAR INTERFERENCE IN INELASTIC SCATTERING OF 21 MeV ALPHA-PARTICLES
ON 90.927p .

L.B. Horodynski—Matsusbigue, T. Borello-Lewin, and J.L.M. Duarte
Instituto de Fisica, Universidade de Sdo Paulo
C.P.20516, Sio Paulo, Brasil

Angular distributions for scat-
tering of 21.0 MeV alphas by 9092z, 70927 ¢ (&, o0')
were measured at the S. Paulo split- Ex=21.0 MeV
pole spectrograph as part of a sur- L (? LB I e
vey of collective properties in the 9 Tj
Zr-Mo-Ru region. In order to 6ptim— K
ize experimental conditions, retan-
gular spot targets, essential for
forward-angle measurements, and
self-supporting thin evaporated tar-
gets?, with improved Zr to C and 0O
rates, important for intermediate
angle spectra, were fabricated and
employed. Detection in the focal
surface proceeded either by nuclear

emulsions og by position-sensitive

Y2zr (37 °
5} 2,335 My °—
Pu/Per1.0

o
2r028 ©
0.935 MeV
Pu/Be=20 ©

do/dQ (mb/sr)

®

%%Ze 128
2.186 MoV

*zr (37)
2.748 MoV

gas detector®., Special attention was 2= Pu/Per10 - 2 Pu/Bpe 1.0
given to relative and absolute nor- L i b i i Loy g 5 oy |
malization of data. The angular dis- 20° 40° 60° 80° 20° 40° 60° ag°
tributions, corresponding to the ex- Ocp (deg) '

citation of the 3°, states, are: si-
milar for both isotopes and well re-
produced by collective model DWBA Experimental angular  distributions

predictions® with equal nuclear and and DWBA predictions. Optical model
Coulomb parameters.However, the pro- parameters are from Ref. 4.

found minimum observed for the exci-

tation of the 22 state of qu, in

contrast to what is observed for the corresponding state of *°Zr, could only
be reproduced if the nuclear deformation parameter is enhanced by a factor of
2 with respect to the Coulomb parameter. Measurements® at the incident energy
of 35.4 Mev, although not sensitive to the Coulomb deformation parameters for
L=3 excitations, also observed coulomb-nuclear interference structures in the
L=2 angular distributions. which could only be fitted by a similar enhancement

description of the reaction mechanism, although it is difficult to understand
on nuclear structure arguments, how the addition of 2 neutrons to the closed
shell 9Zr nucleus may be responsible for the remarkable enhancement observed,

(1) L.B. Horodynski-Matsushigue et al., Ci. Cult., 33 (1981) 311.
(2) K. Koide et al., Nucl. Instr. Meth., 215 (1983) 177.
(3) P.D. Kunz, code DWUCK4 (unpublished).
The optical model parameters are from Refs. 4 or 5.
(4) D. Rychel et al., Z. Phys. A326 (1987) 455.
(5) J.B.A. England et al., Nucl. Phys. A388 (1982) 573.
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Coulomb-nuclear interference with a particles in the excitation of the 2 states in 100,102,104,

L. C. Gomes, L. B. Horodynski-Matsushiguc, T. Borello-Lewin, J. L. M. Duarte, J. H. Hirata, S. Salém-Vasconcelos,
and O. Dietzsch
Instituto de Fisica, Universidade de Sap Paulo, Caixa Postal 66318, 05389-970 Saa Paulo, SP, Brazil
(Received 13 May 1996) ‘

Coulomb-nuclear interference data for incident energies between 9 and 17 Mev were obtained in the form
of elastic and inelastic (to the 2" states) excitation functions of backscattered (#=172.8°) alpha particles on
100.102,104R 1, The analysis was done in a distorted-waye Born approximation within a deformed optical model
approach. B(E2) values, obtained from the charge deformation lengths 6% extracted from the low energy data,
are compatible for the three isotopes within ~ 2o with published values, The nuclear quadrupolar deformation
lengths ¥, obtained from the analysis of the interference region of the excitation functions, and also of one
angular distribution at 22 MeV measured for "%“Ru are generally lower than the corresponding charge defor-
mation lengths, the difference increasing with increasing A of the isotope, 8" being 18% lower than &€ for
"%Ru (2}'). Nuclear deformation lengths associated with the 3| states of 10010209 % and with the 45 state
of '™Ru at 2.367 MeV were also obtained as a by-product of the present work. [$0556-2813(96)03111-1]

PACS number(s): 25.55.Ci, 21.10.Re, 21.10.Ky, 27.60.+ J

L INTRODUCTION of interest will be avoided. This line of research has never-
theless up to now not been sufficiently explored.
Characteristics associated with the first 21 state in even- The chain of Ru isotopes, besides showing a slow and

even nuclei, such as excitation energies and B(E2) values, interesting transitional behavior, is extremely suited for g
have been extensively used as indicators of nuclear structure  study of the type just brought forward, since the pertinent
properties [1]. In more recent years, information concerning  B(E2) values have been precisely determined in at Jeast a
the relative contribution of neutrons and protons to the 27 couple of works [8-10], allowing a nice consistency check
excitations has also been considered as relevant tests of  of the results. The present analysis is concemed, in particu-
nuclear models. Although experimental and theoretical stud-  lar, with the excitation of the 2 states of 100,102,104p
ies [2—4] point to the dominance of simple collective effects through inelastic alpha scattering. The excitation of the same
on most of these quadrupolar excitations, resulting in relative configurations using deuterons, also an isoscalar probe, as
contributions of neutrons and protons of about N/Z, it is projectiles is the theme of a forthcoming paper [11].

clear that a better pinning down of the uncertainties associ-

ated both with the experimental information and with the II. EXPERIMENTAL PROCEDURE

method of analysis can reveal explicit differences of theoreti- ) _
cal interest. Measurements of elastic and inelastic Scattering of alpha

The electromagnetic interaction is without doubt the best  particles, which were extracted from the Sdo Paulo Pelletron

Way to isolate the charge contribution to the excitation of  accelerator, were performed on 100:1021%Ryenriched targets,

nuclear states and, in fact, precise clectromagnetic transition ~ at incident energies between 9 and 22 MeV. The targets,
rates have been deduced from electron scattering, y-decay,  With thicknesses between Sug/em? and 30ug/em?, were
and Coulomb excitation studies. On the other hand, the un-  prepared by electron bombardment evaporation of Ru metal,
derstanding that inelastic hadron scattering in the regime of  in powder form [12,13], on ~20 #g/em? carbon backings.
predominance of the nuclear interaction can be used to evi-  The isotopic enrichments of the A4=100, 4=102,
dence also the neutron contribution, potentially different and A=104 targets are, respectively, (97.2+ 0.1)%,
from the proton one, was basically started with the works of ~ (99.35+ 0.03)%, and (96.390.05)%. Surface barrier detec-
Bermstein and co-workers [5,3,6]. Aiming at the extraction of  tors with accurately known defining slits were used to ob-
the relative contribution of neutrons and protons to the exci- serve the scattered alpha particles. The simultaneous moni-
tation of a particular collective configuration, attention must ~ toring of the elastic peaks with two detectors, mounted
be paid to the interaction strength of the particular probe symmeltrically at 6,,=30°, served normalization purposes.
considered with each kind of nucleon [4,7]. Since the factor ~ The backscattered alpha particles were measured at 172,80
of 3 usually employed to characterize the relative interaction laboratory scattering angle by an annular detector subtending
Strength between unlike and like nucleon pairs is not pre-  a solid angle of 40.7 msr. The overall energy resolution was
cisely established, it is advantageous to utilize, for now,  between 30 and 40 keV. A typical backscattering spectrum
Probes with isoscalar character. In addition, from an experi-  of 17 MeV alpha particles is shown in Fig. 1, for each iso-
mental point of view, if it is feasible to cover, with an isos-  tope. Peaks associated with the elastic and the inelastic scat-
calar probe, both the region of pure Coulomb excitation and tering to states with known spin and parity are indicated. The
the region where the Coulomb-nuclear interference is maxi. energies of the 2" levels (in MeV) under study are also
um and, possibly, the region of predominance of the given (within parentheses) in the figure, The good peak-to-
huclear interaction, systematic errors that creep into the ratio  valley ratio is due to special care with focusing and slit edge

0556-2813/96/54(5)/2296(8)/$10.00 54 2296 © 1996 The American Physical Society
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FIG. 1. Spectra of 17 MeV alpha particles backscattered by
100,102,104py;  measured at 6,,,=172.8° Indicated, for each isotope,
are spin and parity of known levels and the excitation energies (in
MeV) of the 2| states under study.

polishing. The experimental excitation functions, presented
in Figs. 2 (elastic) and 3 (inelastic to the 2y states), are
measured in regular steps from 9 MeV to 17 MeV, thus
covering the interference region starting from well below the
Coulomb barrier. Figures 4(a) and 4(b) show, respectively,
the angular distributions taken at 22 MeV of the elastic and
inelastic (to the 2 state) alpha scattering on '®Ru. The
curves presented in Figs. 2—4 are the adopted fits, as dis-
cussed in Sec. ITIl. The error bars, where not explicitly
shown, are smaller than, or of the order of, the size of the
points in the figures and include the combined effect of sta-

2297

107 "“Ru(o,a)
10" 5 E
10° = "Ru(ot,0)
o :
v
10
10°
10"
8 10 12 14 16 13
E_s (MeV)
FIG. 2. Experimental elastic excitation functions at

6= 172.8°, for 100:1021%Ry and optical model predictions, with
the parameters of Table I. Experimental uncertainties are smaller or
of the order of the size of the points.

tistical uncertainties, background subtraction, and relative
normalization.

The absolute experimental cross sections were obtained
referring the elastic peaks in the monitor measurements to
optical model elastic cross section predictions, which can, at
6= 30° and for incident energies between 9 and 14 MeV,
be considered equal to the Rutherford cross sections, In the
region between 15 and 17 MeV the optical model predictions
at this scattering angle are smaller than the Rutherford cross
sections by at most 2.5%. At the incident energy where the
angular distributions were measured (22 MeV), the differ-
ence with respect to the Rutherford cross section at
B1p=30° is (10 1)%, the uncertainty of 1% reflecting vari-
ance in predictions of different optical model parameter sets
[14-16]. A maximum scale uncertainty of 4% is estimated
for the absolute cross section, considering furthermore the
careful assessment of the solid angles of the detectors and of
the scattering angles, and would be reflected by a corre-
sponding systematic error of about 2% in the experimental
information of interest (deformation lengths), since the same
experimental setup was used in the study of the three iso-

topes.

1. ANALYSIS
A. Quadrupoelar excitations

The inelastic angular distributions and excitation func-
tions were compared with predictions of distorted-wave Born
approximation (DWBA) calculations, performed in the de-
formed optical-model potential (DOMP) description, em-
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FIG. 3. DWBA-DOMP fits to experimental inelastic (2] state)
excitation functions at 6,,,=172.8°, for 190:102104py, Indicated are
the corresponding 8/ 8" and &~ parameters of the fits. Experimen-
tal uncertainties are smaller or of the order of the size of the points.

ploying a collective form factor with complex coupling, by
means of the code DWUCK4 [17]. The form factors for Cou-
lomb (F5) and nuclear (F3) excitation of the collective qua-
drupolar transitions by alpha particles are, thus, taken as

8e 1 6Ze’ 1
FS(r)= T[B(E2)T]'/2;3' = 5CRoc—5—r§

for r= R0c= rocA R
and

dw(r)
dar

dV(r
Fé’(r)=—6;Y(U)d—£)—i5§V(U)
where Z, A4 are the atomic and mass numbers of the target,
R is the sharp cutoff charge radius, ¥ and W are the real
and imaginary depths of the optical potential U, and &€ and
=8y= 47 are, respectively, the charge and potential de-
formation lengths, to be extracted through the analysis.
Coulomb excitation was, therefore, treated in the usual
way [18] and the spherical Coulomb potential, relative to
which the deformation is considered, was taken as that of an
uniform charge distribution without diffuseness and radius
Ryc. The Coulomb form factor was taken as zero inside the
sharp cutoff charge radius and, since this one is well inside
the strong absorption radius, the resulting approximation has
No appreciable effect on the calculated cross sections. The
potential deformation length & was, as usually done in
DOMP analyses, assumed equal to the nuclear or mass de-
formation length, In the fitting procedure the aim was to
match the predictions of the DOMP calculations to the aver-
age behavior of the experimental angular distribution and
EXcitation fanctions, extracting the reduced electric transition
DProbabilities B(E2) (for convenience parametrized through
") and nuclear deformation lengths &". If data of suffi-
ciently low energies are available, B(E2) values are ex-
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"Ru(es,e)Ru |

olog,
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100

FIG. 4. Experimental, elastic and inelastic, scattering angular
distributions taken at E;;=22 MeV, in comparison with optical
model and DWBA-DOMP predictions for '®Ru. Error bars are
shown whenever they exceed the size of the points.

tracted neatly, in a Coulomb excitation process. On the other
hand, the value of " always depends to some degree on the
B(E2) considered, due to the long-ranged character of the
Coulomb interaction. In the present analysis a reduced
charge radius of 5= 1.22 fm was used for the sharp cutoff
spherical charge distribution, in accordance with electron in-
elastic scattering and muonic atom data, as catalogued by
Elton [19], Barrett and Jackson [20], and de Vries et al. [21],
when reduced to sharp-edge distributions.

The use of global potentials, prefixing the same family of
parameters for the distorted waves, diminishes one of the
sources of uncertainties in the method of analysis, in particu-
lar if chains of nuclei are considered. In the present work the
optical model parameters (see Table I) were taken from the
systematics of England er al. [14] and a nonloecality correc-
tion parameter 8=0.20 fm was employed. For alpha par-
ticles, the systematics due to England ez al. [14], obtained at
25 MeV, is the only global optical model parametrization,
reported in the literature in the mass and energy regions of
interest. Other sets of optical parameters available are spe-
cific to few nuclei and energies [15,16,22,23]. Optical model
calculations have shown that almost all sets reproduce the
trend of the data of the present study, in particular the elastic
(see Fig. 5) and inelastic scattering of 22 MeV alphas on
'%%Ru, although not always the details of the oscillations. An
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TABLE I Optical model parameters® for alpha particles on
100,102,104py ysed in the present analysis. Here rp=1.670 fm,
aW=0280 fm, Yoc™ 1.22 fm, and a0=0515 fm.

14 o /4
A (MeV) (fm) (MeV)
100 93.5 1.554 12.3
102 91.3 1.555 11.7
104 89.1 1.557 11.0

2y accordance with the global optical parameters prescription of
England et al. [14].

exception is the parametrization of Wit er al. [23], which
uses geometrical parameters sensibly different from the other
four sets and superestimates the data of the angular distribu-
tion in practically the whole angular range measured. It is to
be noted that this general agreement is verified even being
the five optical model sets under consideration obtained
through the fitting of elastic alpha particle scattering data on
8y to Mo, in the incident energy range 18-35 MeV.
Global optical model parametrizations for protons and deu-
terons [24] have shown that the geometrical parameters, €s-
pecially the ones associated with the real part, can be kept
practically constant for moderate variations of the incident
energy, the energy dependence appearing as rather small and
systematic modifications of the intensities of the real and
imaginary potentials, For alpha particles, this dependence
corresponds, according to Fliesbach [25] in the range of en-
ergies of the present experiment, to an increase of depth for
the real potential well of only +0.1% per MeV. In the
present work, an option of not including any incident energy
dependence of the parameters, in the global optical model
systematic of England et al. [14], was made. It was further-
more verified that the value of the real diffusivity,
a,=0.500 fm, resulting from the global prescription, is not
well established in the original work of England et al. [14].
Therefore, the value a,=0.515 fm, which is a compromise
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FIG. 5. Comparison of experimental clastic scattering angular
distributions of 22 MeV alphas on '®Ru, with five optical model
predictions, where (a), (b), (), (d), and (e) correspond to Refs. [15],
[16], [14], [22], and [23], respectively.
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FIG. 6. Influence of +3¢ variations on, respectively, &Y with
fixed € [part (a)] and 6 with fixed 8" [part (b)] on DWBA-
DOMP fits to the inelastic excitation function for '%*Ru. Error bars
are shown whenever they exceed the size of the points.

among the values 0.510, 0.515, and 0.520 fm required for
A=100, 102, and 104 to best reproduce the experimental
slopes, was adopted for the whole analysis. If the a, value
had been taken differently for each isotope, the fits to the
elastic excitation functions presented in Fig. 2 for '%!*Ru
would have been of the same quality as that for '“Ru. How-
ever, as already stated, sticking, as far as possible, to prefixed
and constant parameters in the comparative DOMP analyses
assures a clearer understanding of the structure information
to be extracted for the chain of isotopes under study.

The fits to the experimental inelastic excitation functions
for backscattered alpha particles exciting the 2f state, in
100,102,104y, are shown in Fig. 3 and the values of the cor-
responding correlated parameters of the fit, the ratio 5/5"
and the potential deformation length &V, are also indicated. It
is to be stressed that the simple homogeneous collective
model predicts 8/ 8= 1.0 [1]. Taking '®Ru as an example,
Fig. 6 demonstrates the sensitivity of the experimental infor-
mation to parameter changes in the fit. For this purpose, each
of the two quantities of physical interest, 8" and &€, was
allowed to vary by *3¢(o being the estimated standard
deviation), while the other was maintained at its value of best
fit. Part (a) of Fig. 6, thus, shows the effect of a 9% varia-
tion in &Y, with fixed 8. Part (b), on the other hand, illus-
trates how the +4.5% change of &%, with fixed 8", affects
the whole excitation function. In fact, the uncertainties were
attributed to the deformation lengths, for each isotope,
through comparisons similar to Fig. 6, by parameter varia-

o e 6 & & B & & & & & B A B e B e s & e et e a8ttt e € 8 8 e 8 8 ¢
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TABLE II Nuclear 8" and charge € quadrupolar deformation
lengths obtained in the present work for '%¢1021%py The deduced
ratios M, /M, (quadrupolar neutron to proton moments) and values
of N/Z are also shown.
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“Ru(ore) Ru (2*) 1

8 & M, N
A (fm) (fm) M, z
100° 1.12(5)
100° 1.11(3) 1.154(17) 1.19 127
102" 1.12(3) 1.277017) 1.03 1.32
104° 1.20(4) 1.464(23) 0.94 1.36
2Angular distribution result.

bExcitation function results.

tions sufficient to produce an envelope to the experimental
points, then associated with a ~ 99.7% confidence interval.
The results for & and 6 extracted and their estimated un-
certainties are presented in columns 2 and 3 of Table II.

Figure 7 stresses the physical reasons for the greater sen-
sitivity of the data to € and for the impossibility of obtain-
ing unique values of &Y, if 6€ is unknown. Part (a) of this
figure displays separately the contributions of Coulomb ex-
citation and nuclear excitation and it is seen that, as is well
known, in the incident energy range of only tens of MeV on
medium-weight nuclei, the Coulomb contribution can never
be ignored. Clearly, Coulomb excitation is largely predomi-
nant for the four lowest energy data. Figure 7(b) shows that,
as a consequence, even wildly different predictions, if ad-
justed to those points, produce, as they should, an almost
constant value of 6 (to better than 1%). No unique 8" may,
on the other hand, be selected if only the higher energy
points were available, as stressed by Fig. 7(c), where predic-
tions, with the same 6/ 8" ratio as used in Fig. 7(b), can be
adjusted to those points, however, resulting in different &V
values. Thus, if data below 15 MeV were not available or if
the B(£2) value (proportional to the square of 5) was un-
known, the impossibility of obtaining unique values of both
parameters is pointed out by Fig. 7.

An inspection of Fig. 3, which displays on the same scale
the experimental inelastic excitation functions for the three
Ru isotopes studied, shows a decreasing slope and a higher
value for the cross sections for the three lower energy points,
in the sequence of increasing masses ('°%1921%Ry) The
former aspect is predominantly a consequence of the deter-
minant influence of the small decrease of the reaction |Q|
values on the Coulomb excitation. For each isotope the
changing of &€, in the region of the lowest energies, would
correspond only to a different scale factor for the Coulomb
excitation cross section,

To confirm the nuclear contributions to the 2 excitation
extracted from the analysis of the experimental excitation
functions, an inelastic alpha particle angular distribution was
Measured at the higher incident energy of 22 MeV, exclu-
sively for '%Ru, These data are presented in Fig. 8 in com-
parison  with the DOMP results corresponding  to

3 = 1.04, as obtained from the excitation function analy-
SIs. Also shown are the predictions for 6</8" values of 0.63
and 1:41 and the corresponding 8V, The experimental angu-
lar distribution is discriminative against low values of

!
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FIG. 7. DWBA-DOMP predicted excitation functions for
'%Ru. Part (a) displays separately the contributions of Coulomb
and nuclear excitations to the best it DOMP prediction. Parts (b)
and (c) display threc DOMP predictions with the same 5€/8" ratios,
as indicated, adjusted exclusively to the low (b) and high (c) energy
data.

8%/ 8" even if data points around the interference minimum
are lacking and, in fact, only the formerly established
8%/8V=1.04 also corresponds to a value of &V compatible
with the excitation function information.

It is thus clear that the simultaneous extraction of 6" and
B(E2) requires detailed inelastic scattering data which char-
acterize not only strictly the nuclear-Coulomb interference
region but also, especially, the region of almost pure Cou-
lomb excitation, '

B. Excitations of higher multipolarities

As may be noted in the 17.0 MeV spectrum presented in
Fig. 1, besides the known 2| states, some other levels with
known spins and parities were also excited in the present
work in the three isotopes studied. There is, however, a fun-
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FIG. 8. Experimental inelastic angular distribution for the 2
state of '%Ru in comparison with DWBA-DOMP predictions, cor-
responding to the 8°/8" and 8" parameters indicated.

damental difference with respect to the excitation mechanism
when multipolarities of order L>>2 are observed in the back-
scattering situation here employed: For the higher multipo-
larities the nuclear excitation processes are absolutely domi-
nant, so that only 6" may be extracted.

Figure 9 illustrates this fact for the 3, states of
100,102,104py and it may be observed that the dramatic drop of
the cross sections which characterizes the offset of the
nuclear interaction at incident energies below 14 MeV did
not allow data acquisition at the lower end of the energy
range examined, even for the intense octupolar excitations.
Nevertheless, the mass deformation lengths extracted for the
3™ states, under the reasonable [ 18] assumption that protons
and neutrons contribute equally, resulting in 6¢/8"=1.00,
may be of spectroscopic intevest and are given in Table II, in
comparison with published values. It is to be noted that the
presently obtained information is an absolute determination
and part of a systematic study of the three isotopes. Other
hadron inelastic scattering studies excited the 3, levels with
(d,d"), at 12 MeV in '%%'%Ru [26] and with (a,a’) at 104
MeV in ‘®Ru [27]. Although no uncertainties are quoted,
the (d,d’) work estimates *15% on the absolute cross sec-
tions, while the value for '%Ru results as a by-product of a
(a,4n) study, from a fairly preliminary data set obtained
with 100 keV resolution. Apparently no care was taken to
account for Coulomb excitation in both works, which would
modify the result at 12 MeV incident deuteron energy some-
what, but would hardly affect the 104 MeV alpha result. The
experimental information of Refs. [26] and [27] is taken to
also inform basically on 6 and is thus presented in Table
III. The other related physical quantities available in the lit-
erature are €, the charge deformation lengths for the 3
states, which may be deduced [28] from the published [8]
B(E3) values. It is seen that basic agreement exists, but that,
possibly, the present results point to a revision of the adopted
[29-31] spectroscopic information.

The hexadecapolar excitation in '%Ru at 2.367 MeV was
only observed at 160 MeV and 17.0 MeV and the
8Y=0.038(8) fm extracted confirms its extraordinary popu-
lation in inelastic scattering [32].
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FIG. 9. DWBA-DOMP fits to experimental inelastic (3; state)
excitation functions at fj,=172.8°, for 01210Ry Indicated are
the corresponding &Y parameters of the fit. In part (a) the separated
nuclear contribution to the excitation of the 3| state in '®Ru is
shown as a dotted line.

IV. RESULTS AND DISCUSSION

Although some new information was also obtained for
higher multipolarities (see Table ITT and Sec. 1T B), the prin-
cipal aim of the present work was the assessment of nuclear
and charge contributions to the excitation of the 2 states in
100,102,104R ; which shall merit a thorougher discussion in the
sequence.

A critical inspection of Fig. 3 and Table II shows that,
according to the arguments developed in the previous sec-
tion, the comparison of the experimental cross sections with



R e . e i e, e """"","""!"'W

2302

TABLE IIL. Nuclear octupolar deformation lengths &V for
100102104y in comparison with charge deformation lengths &<,
calculated ? from B(E3)T values.

& (fm) & (fm) Y (fm) 8¢ (fin)
A Present work : ¢ d
100 0.76(2) 0.62 0.62(5); [0.82(8)]
102 0.77(4) 0.77  0.75(6); [0.81(12)]
104 0.61(7) 0.71 0.70(2); [0.83(5)]

"5¢=(4n/3Ze)[B(E3)1 14 (1/rgcd™?), roc=1.22 fm.
bReference [27]

‘Reference [26].

dReference [8]. The values in brackets are calculated considering
the experimentally observed transitions and upper limits of all pos-
sible y rays deexciting the 3~ levels, as cited by the authors.

DOMP predictions determines the quadrupolar deformation
lengths 8V and 8 for '°01921%%Ry with good precision. It is
further to be stressed that through the interference region
analyzed, a clear constraint is set between the relative nor-
malization scales of & and &€.

Table IV, besides the results of the present experiment for
8¢, also shows the 6 values calculated in the usual way [33]
from the B(E2) measured in pure Coulomb excitation ex-
periments by Hirata ef al. [9], Landsberger et al. [8], and
Bockish et al. [10], and their respective errors. An increasing
trend of &%, as a function of mass number A, emerges in
those Coulomb excitation studies [8,9], but there seems to be
already among them some systematic differences. The &€
values of the present work follow the same trend and, al-
though still ~2% lower than the results of Hirata ef al. [9],
differ from those by less than two standard deviations. The
general agreement thus obtained can be understood as a con-
sistency check on the adequacy of the analysis, allowing
therefore a claim for good accuracy for the present results.

Table II, which is a summary of the results of this experi-
ment, besides 8 and &Y, also presents in the last two col-
umns the ratio of the quadrupolar neutron to proton moments
(M,/M,), as obtained through the simple relation [34]
M, IM,=A8%25~1, in comparison with the homoge-
neous collective model expectation N/Z. The homogeneous
collective model expectation [ 1] is almost true for 'Ry, but

TABLE 1V. Charge quadrupolar deformation length values 5€
extracted in the present work for '%1921%Ry, in comparison with
values calculated * from the B(E2)7 results of pure Coulomb exci-
tation measurements.

8¢ (fm)
4 Present work b £ d
100 1.154(17) 1.180(4) 1.182(7)
102 1.277(17) 1.309(4) 1.336(6) 1.312(5)
104 1.464(23) 1.492(6) 1.515(6)

O =(43Ze)[B(E2) 1] X (1irocd ™), rog=1.02 fm.
Reference [9).

:Reference [8].

Reference [10].

L. C. GOMES et al. 54

the experimental 6" do not follow the same rate of increase
as that of 6 as a function of 4, 5" being smaller than 5€ by
about 18% for '"Ru, which is well outside experimental
errors. Therefore, the ratios M, /M »» in which the relative
differences of the deformation lengths are still heavily
weighted by the 4/Z factor, clearly show an increasing pre-
dominance of the protons in the 2, excitations for
102,204
The &Y values are to be compared to nuclear deformation
lengths obtained from other hadron inelastic scattering stud-
ies which weigh neutrons and protons equally. The only two
inelastic scattering results, with isoscalarly interacting
probes, presented in the recent Nuclear Data Sheets compi-
lations [29-31], correspond to the 12 MeV deuteron inelastic
scattering experiment on '®>'%Ru by Rekstad and Tjom [26]
and to the measurements by de Voigt et al. [27] of 104 MeV
inelastic alpha scattering to the 2, state of '%Ru. Rekstad
and Tjom [26], using DWBA-DOMP calculations with lo-
cally adjusted optical model parameters to analyze experi-
mental angular distributions, measured at angles greater than
40° and 45°, respectively, obtained the values of 1.23 fm and
1.34 fm for the 6" associated to the 2} states of the 102 and
104 isotopes. These values can, however, not be put in direct
comparison with the results of the present work since, al-
though important at the deuteron energy employed in the
study of Rekstad and Tjom [26], no proper description of
Coulomb excitation was by them included. The analysis of
alpha scattering to the 2 state of 'Ry by de Voigt et al,
[27] was based on cross sections measured at only three scat-
tering angles and resulted in an isoscalar inelastic transition
strength B(/S2), which, reduced to a mass deformation pa-
rameter, corresponds to 8¥=(1.13+0.12) fm. Although not
referred by Nuclear Data Sheets, there exists also the study
of Clement et al. [35] of 23 MeV inelastic deuteron scatter-
ing on '™Ru. Those authors performed a coupled channel
calculation and explicitly stress that, in their analysis, the
transition to the 2 state is dominated by the one-step am-
plitude and that an equal mass and charge deformation con-
straint does not allow a proper adjustment to the data. The
value M, /M,=1.19(7) reported by Clement ef ai. [35], al-
though smaller than N/Z, is, however, substantially higher
than that obtained in the present study. Nevertheless, even if
the absolute values of &Y or, with a still smaller chance,
M, /M, should be affected by some not foreseen systematic
errors, the evolutionary behavior as a function of A4 of
M, /M, disclosed in the present work (see Table IT) should
be preserved, since data taking and analysis were performed
in a consistent way for the three isotopes. This behavior
clearly establishes a decreasing relative influence of the neu-
trons on the first quadrupolar transition, as one and two pairs
of neutrons are added to '%Ru, a fact which is not easy to
interpret in the light of current models.
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Taking **Mo(d,d")*Mo(2}) at 13.2 MeV incident energy as an example, a discussion is made about the
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influence of known experimental uncertainties in the primary data on the precision of the B (E2) and B(152)
values, extracted in Coulomb-nuclear interference (CNI) measurements in a correlated way. The reflexes of
Judicious variations of three optical model parameters (around the global prescription) on the extiacted values
are also examined. The good quality of the data obtained with the S. Paulo Pelletron-Enge-Spectrograph
facility is shown to allow for a 2—3 % statistical uncertainty level for these quantities, within a distorted-wave
Bomn approximation-deformed optical model approach. The accuracy of relative values of the ratio

B(E2)/B(152), which may be linked to the ratio of
similar order. [S0556-2813(97)048 10-3]

proton to neutron quadrupole moments, is argued to be of

PACS number(s): 21.10.Re, 24.10.Ht, 25.45.De, 27.60.+j

I. INTRODUCTION

The literature shows scarce information on isoscalar re-
duced transition probabilities B(ISL), in contrast to the cor-
responding quantities B(EL) associated to the charge. Dif-
ferences, in particular for 2;’ states of even nuclei, between
B(E2) and the B(JS2) values would reflect unhomogeneous
contributions of protons and neutrons to these excitations,
which have been extensively used as indicators of nuclei
structure properties [1]. Although experimental and theoret-
ical studies [2,3] point to a dominance of simple homoge-
neous collective effects on most of these quadrupolar excita-
tions, resulting in relative contributions of protons and
neutrons of about Z/N, it is clear that a better pinning down
of the uncertainties associated, both to the experimental in-
formation and to the method of analysis, can reveal explicit
differences, of theoretical interest. In particular, it is ex-
pected that near single closed shells, protons and neutrons
should contribute differently to the 21+ excitation, in spite of
core polarization effects [3].

Coulomb-nuclear interference (CNI) in inelastic scatter-
ing, with projectiles of isoscalar character, has long been

0own as an excellent instrument for the simultaneous mea-
Surement of B(EL) and B(ISL), since a relative normaliza-
tion of the results is intrinsically given. Medium energy deu-
terons are convenient projectiles for the investigation of the
2} states through CNI studies. In fact, global optical poten-
tials, important ingredients for the macroscopic analysis of
inelastic Scattering, besides well tested on elastic scattering,
were, for deuterons, also extensively applied to several kinds
of distorted-wave BEorn approximation (DWBA) analyses,
thereby allowing regions of validity to be established, thus
Teducing the number of free parameters. In general, the in-
ten_se collective first quadrupolar excitations are well de-
scribed by the simple deformed optical model (DOMP) in-
terpretation [4), This method, if applied in the CNI region,
allows the simultaneous extraction of the potential deforma-
tion length 67 and the charge deformation length 6. As
usval in DOMP analyses, & is assumed equal to the

0556-2813/97/56(a)/1855(11)/$10.00 56

nuclear or mass deformation length, which, in turn, special-
izing for quadrupolar excitations, with isoscalarly interacting
projectiles is related to the isoscalar reduced transition prob-
ability B(152) by

3ZR,)?
19(132)=(5’5)2[——47r } ,

with &= P, as supposed.
An analogous relation [5] transforms -

3ZeR,]?
B(EZ)T=(5C)2[wJ :

where R,=r,4"® and R.=rA'"" are, respectively, the
characteristic radii of the mass and the charge distributions
of the nucleus. Taking into account this direct quadratic re-
lationship between the reduced transition probabilities and
the deformation lengths, which are extracted in the DOMP
analyses, the latter ones may be used equivalently in the
physical discussion, as will be done in the present paper.
Our group which investigates nuclear structure properties
with light ions at the University of Sdo Paulo Pelletron Labo-
ratory was, to our knowledge, the first to use CNI measure-
ments with deuterons. The mass region between 4 =90 and
A=104 has received our particular attention and disclosed
interesting effects [6—8]. In general, differences between
mass and charge deformations amount to about 10 to 20%,
indicating the necessity of a rather detailed knowledge of the
uncertainties which affect these physical informations. There
are at least two sources of uncertainties in the extraction of
the deformation lengths, if the macroscopic DWBA analysis
is taken as sufficiently well founded. One is directly associ-
ated to the experimental errors, characteristic of the data tak-
ing procedure. The other reflects the uncertainties in the sey-
eral parameters needed for the theoretical description of the
process. Detailed data of the **Mo(d,d")**Mo(2;") reaction

1855 © 1997 The American Physical Society
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recently obtained [8] at 13.2 MeV incident energy are here
taken as example in discussing the methods applied in the
effort of obtaining reliable uncertainties for the deformation
lengths. On this issue, the present work focuses attention on
the reflexes of the experimental statistical errors on the &5
and &€ values, which are extracted in the CNI studies in a
correlated way. These are investigated comparing the out-
come of a Monte Carlo simulation around the data points of
the experimental angular distribution, in accordance with
their standard deviations, with the application of statistical
recipes [9], up to now not in common use in nuclear physics
analyses. It is to be stressed that in the effort of quantifying
uncertainties for the results of experimental nuclear structure
studies, it is mandatory, in first place, to be able to represent
correctly the influence of the inherent statistical uncertain-
ties, which are always present in the data, since these are, in
principle, unambiguously attributed (obtaining thus uncer-
tainties of type A). The recipes should be applicable also to
other experimental situations in nuclear physics where two
or more correlated parameters are of importance.

A second step towards a-complete quantifications of the
uncertainties of the B(E2) and B(IS2) would be to obtain
trustworthy values for the uncertainties of type B, in particu-
lar for the several systematic errors due to the incomplete
description of the intervening reaction mechanism. This is
outside the scope of the present work. Only the effects of
small variations of three optical model parameters, taken as
the most relevant for the analysis of medium energy deuteron
inelastic scattering, on the DWBA-DOMP outcomes were
also taken under consideration. The objective is, up to now,
to inspect especially chains of isotopes and isotones near
closed shells and in known transitional regions of nuclear
structure in a comparative way. In particular, %Mo is to be
compared to **Mo and both to 927r and °9Zr, respectively,
in a research program which is still in progress.

1. EXPERIMENTAL PROCEDURE

The experimental setup and precautions in the data-taking
process will be presented here in some detail for the example
chosen, **Mo(d,d")**Mo(2;), since they are typical for the
procedures developed for the CNI studies with deuterons.

The deuteron beam of the S@o Paulo Pelletron accelerator,
with an incident energy of 13.2 MeV, was focused on a
%Mo enriched target, after passing defining slits of 1.0
% 2.0 mm?, which guarantee an adequate object for the Enge
split-pole spectrograph. Through patient focusing, ratios be-
tween current on the object defining slits and beam on target
of about 1:30 could be achieved and maintained. On a circu-
lar slit of ~6 mm diameter, situated about half a meter be-
fore the defining slits, a ratio of about 1:100 with respect to
the beam was pursued, in further guarantee of an adequate
profile of the beam. The very uniform target, enriched to
(93.9+0.1)% and with a thickness of 32 pglem?, was pre-
pared [10] by electron bombardment evaporation of Mo
metal, in powder form, on ~ 10 pg/em® carbon backings.

The ejectiles of the reaction were momentum analyzed by
the spectrograph and detected at the focal plane in nuclear
emulsion (Ilford G.5, 50 zem thick). The use of nuclear emul-
sion reduces dramatically the background associated with
deuteron beams, since these detectors do not respond to the

abundant y and x rays provenient mostly from (n,7) reac-
tions in the spectrograph iron core, after deuteron breakup.
The emulsion plates were scanned, after processing, in strips
of 200 um across the plates.

Figure 1 displays the relevant portion of three spectra
(0= 14°, 18°, and 58°), showing the peak associated with
the 2] excitation of %Mo, at 871.1 keV [11]. Two of the
spectra are typical for data taken at forward scattering angles,
the good energy resolution of ~8keV full width at half
maximum (FWHM), being essential for evidencing the peak
with respect to the background, which is due basically to the
elastic tail. This background drops rapidly with increasing
angle and, at 6,,,=58°, the small peak associated to the

95Mo(d,d")*Mo($*) excitation is clearly observed at the
correct energy [12], in the proportion expected from the pres-
ence of %Mo in the target material. The horizontal opening
angle of the spectrograph was maintained fixed, correspond-
ing to A fjp=*1.9°.

Relative normalization of the spectra was achieved by
measuring the beam current in an aligned Faraday cup, with
electron suppression, connected to a calibrated current inte-
grator, while continuously monitoring the direction of the
beam. Absolute normalization of the cross section was re-
ferred to optical-model predictions for the elastic scattering
of deuterons on the same target, measured under similar con-
ditions. Figure 2 shows the elastic scattering data in compari-
son with optical model calculations performed with the pa-
rameters of the global prescription of Perey and Perey [13]
presented in Table I and also with the prescribed parameters
but with the radii rz and r; increased by 2% (see further
discussion). An error of +5% is estimated on the absolute
cross section determinations.

The experimental angular distribution of the inelastic
scattering to the 2; state is presented in Fig. 3, in compari-
son with DWBA-DOMP predictions (averaged over spec-
trograph opening angle). The error bars, where not explicitly
shown, are smaller than, or of the order of, the size of the
points in the figure and include the combined effect of sta-
tistics, plate scanning, and background (and/or contaminant)
subtraction, but do not include any error in the absolute cross
section scale. Scanning of the emulsion plates under an op-
tical microscope by several calibrated “readers’” demon-
strated a very good reproductibility (£2%) for the number
of tracks in each peak. Each spectrum was “‘read’’ by at least
two persons, resulting in low scanning uncertainties.

In perspective, to obtain data with the quality necessary
for the proposed CNI studies, for medium mass nuclei,
where the interference minimum for deuterons of about 10
MeV appears at relatively forward angles, it is important to
apply detection techniques with nuclear emulsions, in asso-
ciation with the excellent beam profile and energy character-
istics provided by a Tandem-spectrograph facility.

111, ANALYSIS

The DWBA-DOMP angular distributions shown in Fig. 3
were calculated by means of the code DWUCK4 [ 14] with the
macroscopic collective form factors [4], responsible, respec-
tively, for the Coulomb and nuclear quadrupolar excitation
processes:
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i (0.9477) | Also shown in Fig. 3 are the separated contributions of
Coulomb [due to F5(r)] and nuclear [due to F3(r)] exci-
tations to the 0 — 2 transition in *Mo. Coulomb excita-

'l M WS ST

10.0 9.0 8.0 7.0
Distance along Focal Plane (cm)

FIG. 1. Portions of the spectra of *Mo(d,d"), taken at 8,
=14°, 18°, and 58°, Indicated in parenthesis are the energies (in
!'\‘IeV) of the 2 state in Mo [11] and of the contaminant 3* state

in %Mo [12). Observe the very compressed log scale for the y
coordinate,

|

tion was treated in the usual way [4] and the spherical Cou-
lomb potential, relative to which the deformation is
considered, was taken as that of an uniform charge distribu-
tion without diffuseness and radius R,. The Coulomb form
factor was taken as zero inside the sharp cutoff charge radius

TABLE I. Global optical model parameters for elastic deuteron
scattering prescribed by Perey and Perey [13]. In the analysis a
Coulomb reduced radius of ,=1.22 fim was utilized and rg and r,
were increased by 2.0%, with respect to the prescription.

V 1] ap WD Yy a;
(MeV) (fm) (fm) (MeV) (fm) (fm)

96.6 1.15 0.81 17.6 1.34 0.68
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FIG. 3. Experimental inelastic scattering angular distribution
used to exemplify the CNI method with deuterons. The solid curve
is the best fit of the DWBA-DOMP predictions to the data, while
the dotted and dashed ones show the contribution of, respectively,
Coulomb and nuclear excitation separately. The parameters of the
fit are the potential deformation length &'S, and the ratio C
= 5%/ 65, where &€ is the charge deformation length. Error bars
represent uncertainties due to statistics, plate scanning, and back-
ground subtraction and do not include the error in the absolute cross
section scale.

and, since this one is well inside the strong absorption radius,
the resulting approximation has no appreciable effect on the
calculated cross sections. The global parameters which de-
fine the optical potential were taken from the well-known
systematics of Perey and Perey [13], with a slight modifica-
tion in the reduced radii to be discussed below.

It is seen that, in particular, the clearly defined interfer-
ence minimum at 6),,~ 18° scales the relative contribution of
the two excitation processes and that the absolute cross sec-
tion values at 6),,=45° are mainly determined by the nuclear
excitation. The correlated parameters directly extracted, in a
x2-minimum fit of the prediction to the data, are 6" and the
ratio C=8%/8™, being predominantly influenced, respec-
tively, by the larger angle results and by the pattern of the
interference region.

Deuterons are loosely bound projectiles and, as such, sub-
ject to absorptive reactions at the very tail of the nuclear
potential. This effect is represented in the optical model in-
terpretation through the important role that the imaginary
term of the potential plays in determining the pattern of the
predicted angular distribution. There are, furthermore, theo-
retical expectations for possibly different W, values, even
for neighboring nuclei, due to different open reaction chan-
nels. The imaginary potential is, therefore, an expected
source of uncertainty on the predictions of the model. The
reflexes on the extracted deformation lengths of judicious
variations of the depth and of the range of the imaginary
potential around the globally predicted values [13], besides
also of small modifications of the real radius parameter, will
be investigated. The main piece of research to be presented

in this section is, however, the effect of the known statistical
uncertainties of the data on the quantities of physical interest,

A, Reliability of the extracted deformation lengths
as a function of some relevant model parameters

In the macroscopic analysis of collective excitations
through inclastic scattering, the opti¢al model parameters
have a twofold influence on the results; they determine the
distorted waves in the entrance and exit channels of the re-
action and also the interaction potential in the form factor.
To allow for significant comparisons of the spectroscopic
information to be extracted through the DWBA-DOMP
analysis, in particular if chains of nuclei are to be compared,
it seems best to stick, as far as possible, to well-known and
approximately constant optical parameter values. This sec-
tion is devoted to search for the necessity of relaxing this
condition, especially for the imaginary term, as dictated by
the experimental results. We, therefore, decided to investi-
gate first the reflexes of small modifications of the W, and
rr, and also of the rg, parameters (with respect to the global
prescription of Perey and Perey [13]) on the theoretical pre-
dictions and, in consequence, on the deformation lengths.
For now, no other theoretical limitations are considered, so
the ensuing discussion is not meant to quantify, in the
present stage of the investigation, systematic errors due to a
possibly faulty interpretation of the reaction mechanism.

Figure 4 shows, in a comparative way, the effect of modi-
fications in each of the three optical model parameters,
which were considered as most relevant, on the quality of the
DWBA-DOMP fits to the data of Fig. 3. The vertical axes
display Xfm, the smallest values of x? obtained in adjusting,
each time—that is, for each of the several changing values of
W, rr, of rg—the values of & and of the ratio C for best
fit. The range of variations of Wp, r;, and rg was chosen
such as to provide an increase of a factor ~4 m XZin- The
plots in the left column of the figure display ,\/ml,1 as a func-
tion of, respectively, the depth of the imaginary surface po-
tential W, [Fig. 4(a)], the reduced radius r; of the imaginary
potential [Fig. 4(b)], and the reduced radius of the real po-
tential 7 [Fig. 4(c)], maintaining in each case all other op-
tical model parameters fixed at their values of the global
Perey and Perey [13] prescription. Arrows indicate the global
prescription values of Wp, ry, and rp in the figures. The
plots in the right column [Fig. 4(d) 4(e), and 4(f)] represent
the corresponding results of Xmm (attention is called to the
expanded vertical scale) for the situation where all param-
eters, except #; and #g, are taken (and fixed if not under
study) at their prescribed values, the radii parameters being
increased by 2.0%, due to considerations to be presented in
what follows. So, Fig. 4(a) displays the values of 2., ina
range of up to three times the value of X2 =117 obtained at
Wp=17.2 MeV. It is seen that W,=17.6 MeV (see ar-
row) of the Perey and Perey prescription [13] is included in
the ““bottom’’ of the curve. Figures 4(b) and 4(c) indicate, on
the other hand, that the respective minima of Xfm oceur, for
both radii, at values which are about 2% higher than the
prescription [13]. Figure 4(c) furthennore tells us that an
important reduction is achieved in X2, especially through
the modification of the real reduced radius rz . It may, thus,
be noted that, contrary to expectations, the imaginary term
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Wp of the global parameters of Perey and Perey [13] repro-
duces the data rather well. On the contrary, the 2% increase
in rp is essential to adjust the relative phase of the prediction
to the data, since the real radius has, as is well known, a
predominant influence on the width of the diffractive oscil-
lations of the angular distribution. This effect is responsible
for the reduction of a factor ~2 in X2 shown in Fig, 4(c).
In fact, direct inspection of the experimental results under
consideration and also of those for the same reaction at 16.0
MeV deuteron energy and for the other isotope **Mo (at both
energies) [ 15] had already shown the inelastic diffractive os-
cillations to correspond to an apparently larger object than
appropriate for the representation of the elastic results. This
may denote some particu larity of the reaction mechanism for
the weakly bound deuteron (since it was not observed with

a’s) which is beyond the DWBA-DOMP representation, but
is stable with respect to deuteron energy and nuclear mass in
the investigated region. Therefore, in the analysis of these
CNI studies with deuterons on Mo, an option was made to
modify both, the real and imaginary radii, by an increase of
2.0% with respect to the global prescription [13], in view
also of maintaining their relative value. All other optical pa-
rameters, also W, were kept as globally prescribed, in ac-
cordance with the philosophy of aiming at an as uniform
description of the intervening reaction mechanism for the
whole mass region, as the data will allow for. ‘
Figure 5 resumes, on one plot, the physical information
associated to the right column of Figs. 4(d)—4(f). The three
trajectories there displayed correspond, each, to the sequence
of pairs (8'%,C), determined by the best-fitting procedure
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FIG. 5. Sequences of (6'5,C) pairs obtained in the minimizing
procedures represented in Figs. 4(d), (e), and (f), for each of the
three selected optical model parameters (Wp, r;, and rp). The
point of intercept correspond to the values of §'° and C taken to be
the results of the present analysis (see text).

already described, with the several values of, respectively,
Wy, rr, and rg. The particular points plotted in this figure
are the result, as they are in Fig. 4, of Monte Carlo chosen
values of the optical parameters around their globally pre-
scribed [13] values. An inspection of Fig. 5 tells immediately
the regions of variability of 5 and C=8°/58" associated
with indeterminations in the here highlighted optical model
parameters. It is seen that the radii and ¥ have orthogonal
effects on the physical results: the last one corresponds to a
rather sharp value of C and a relatively large interval for 8'S,
while the contrary is verified for variation in the radii. The
point of intercept in the figure is the value obtained for ,
and C with all the optical parameters of the DWBA analyses
taken at their globally prescribed [13] values, except for the
mentioned 2.0% increase in 7; and rp . A similar figure con-
structed for the results displayed in the left part of Figs.
4(a)—4(c) contains no additional information of physical in-
terest, except that the trajectory in the (6™,C) plane for
varying Wp, has a still smaller slope, the point of intercept
corresponding to 6”5=0.78 fm and C=1.15.

The behavior of the trajectories in the (§'5,C) plane is in
accordance with the a priori known effects of the optical
parameters on DWBA-DOMP predictions. In fact, Wp is
known to affect the ‘“peak’” to “‘valley’’ ratio of the diffrac-
tive oscillations, higher values of W), filling in the valleys
progressively and washing the peaks out, resulting in higher
515 values, while the interference minimum remains about
the same for constant C. On the other hand, the radii, par-
ticularly the real one, modify the proper diffraction pattern
with respect to the angular scale, affecting especially the
value of C. It is seen, through Figs. 4 and 5, that the enor-
mous increase of a factor of 4 in the ,\/,znin values corresponds,
in total, to a variability interval of no more than *10% in
the relevant physical quantities & and C. Tt seems, thus,
qualitatively justified that significant physical information

can be extracted, even if the optical model parameters are put
under restricted doubt.

The Monte Carlo choosing applied here to three of the
optical parameters is part of a study, which is still under way,
to associate a total model uncertainty to the deformation
lengths, and will be the subject of a forthcoming publication
[16]. In fact, it is our intention, in the long run, to be able to
extract a kind of error belt around the theoretical predictions,
reflecting the analysis of the several theoretical shortcom-
ings, with a hopefully increasing degree of completeness.

B. Uncertainties of the deformation lengths
due to experimental errors

This section is devoted to discussing the influence of the
experimental errors on the derived quantities of physical in-
terest and their uncertainties. A systematic error on the ab-
solute cross section scale, estimated to be less than 5%, af-
fects exclusively &5 and not the ratio C and will not be
considered in this section. The statistical errors, on the other
hand, affect both parameters of interest. The error bars
shown in Fig. 3 are representative of standard deviations on
the data points. In the extraction of confidence intervals for
the fitted parameters, the nuclear physics literature frequently
registers the application of two misused recipes: the simple
addition of 1 to the value X,zm, with all, but the one param-
eter under consideration, fixed at the values of the best fit or,
wotse, the increase of 10% to xfm, both thought as defining
the confidence interval of each parameter, for 68.3% of ex-
pectation. The first recipe is adequate only if a single free
parameter is considered [9], while the second one is at best
an approximation to the first, when about ten data points are
available and agreement with the theoretical prediction is
statistically perfect.

The statistically recommended procedure depends on the
number of free parameters. Furthermore, if the parameters
are correlated and/or if the model predictions are not linear in
the parameters, as is the case for 8 and C, special care
must be taken if any numerical manipulation involving both
is to be done and the stability of the results is to be investi-
gated. In particular, if 8 is to be determined, the correlation
has to be explicitly taken into account. For this purpose,
general techniques have been brought forward by Cline and
co-workers [17], in the extraction of electromagnetic matrix
clements in multiple Coulomb excitation of nuclei, and by
Lampton, Margon, and Bowyer [18], in a more detailed
form, within their astrophysical research projects, the last
being systematized only recently, among other issues, by
Press et al. [9], in a successful book. The recommended pro-
cedure is to define the hypervolumes in the space of the
interesting parameters which contain the expected amounts
of events. The contours of these volumes are obtained by
specifying predetermined values for Ax?* to be added to
X’ all the parameters being allowed to vary freely. The
values of Ax” depend on the statistical confidence level (for
instance 68.3%, 99.7%, etc.) and on the number of param-
eters. For two parameters, which is the case of the present
example, the contour lines are not exactly elliptical curves in
the plane (6°,C), since the model is not linear in both pa-
rameters. Another critical point is that Xfm=5 1.5, for the 17
experimental points of the example, leads to Xeg=343,

e L T e S UL W W W S S W W W W W W O



e R A A B B R B B B B B B B A & A A B & B & |

56 INELASTIC DEUTERON SCATTERING IN THE... 1861

clearly indicating differences between data and model pre-
diction in excess of the statistical expectation for normalty
distributed data, although these values of X,Zed may be con-
sidered typical for DWBA-DOMP fits with global param-
eters. These facts point to the convenience of a thorougher
investigation of the statistical procedures.

Entering in detail, when two parameters are considered,
the Lampton, Margon, and Bowyer recipe, as cited by Press
et al. [9], specifies that the regions which should contain
68.3 and 99.7% of the statistically expected events for nor-
mal data and perfect fit are bounded by the approximately
elliptical contour lines obtained considering A X2 of 2.3 and
11.8, respectively. In Fig. 6(a) these contour lines, obtained
for the example under discussion, are represented by the two
outermost solid curves. Focusing on the 68.3% region, it
follows that the projections of this contour on each axis cor-
responds to approximately two times 1.50 [18] of the respec-
tive parameter. That is, if both parameters are looked upon
jointly, the projection of the 68.3% region exceeds necessar-
ily the value of 20. If, on the other hand, the information
needed refers to the uncertainty in one parameter of the fit,
whatsoever the value of the other (which is thereby relaxed),
slices of widths ~2¢ are defined in the plane (6%,C) cor-
responding to the projection of the contour line of X,Zmn‘"l
(represented in the figure by the inner solid almost elliptical
curve). The referred slices are limited in Fig. 6(a) through
small-dotted vertical and horizontal lines.

A frequently employed x? minimizing procedure is the
Gauss-Marquardt method, due to its rapid convergence prop-
erties. This method was, in fact, applied to obtain anin and
the uncertainties of the parameters in the form of a covari-
ance matrix, which contains all the relevant information, as
long as the linear approximation is adequate. In this case,
exact ellipses of constant y? are defined around X2, which
are function solely of the values of the standard deviations of
the parameters and their correlation. These are shown as dot-
ted curves in Fig. 6(a) and, for the relatively well-behaved
case taken as example, they are seen to be very similar to the
contour lines with the same Ay? values. Within the linear
approximation, it may be shown [18] that the projections of
the two inner ellipses on each parameter axis correspond
exactly to twice 1.5150 and 1.000a, tespectively.

Now, as already stated, perfect fit of the CNI data is not
expected nor obtained with DWBA-DOMP and global opti-
cal parameters, However, if the aim is on comparative stud-
ies of collective propertties of nuclei, as will be further justi-
fied in the discussion, it is this kind of global analysis which
is deemed as the most appropriate fit to CNI data. Further-
more, the most interesting parameter for these studies, C, is
derived almost exclusively from the forward angle data
points and may, in other situations, have an expressive non-
linear effect on the fit, It is, therefore, important to bear in
mind that the linearization procedure employed in the Gauss-
Marquardt approach may under circumstances not be the
best method to trust. The Lampton, Margon, and Bowyer
procedure [18], which is not restricted to linear dependence
on the parameters, is clearly to be preferred. The general
techniques discussed so far do, however, not address the is-
sue for model and data in poor statistical accord. In order to
verify the validity, of these techniques [9,17,18] for the CNI
data under study, a direct statistical test was decided upon,
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FIG. 6. (a) Best fit values of 85 and C for the experimental
results presented in Fig. 3, with confidence region contours and
ellipses: the solid curves are the constant y2 contour lines [9], while
the dotted ones correspond to equivalent ellipses calculated from
the Gauss-Marquardt paramcters, both corresponding to statistical
expectations of, respectively, 39.3% ( xfm+ 1), 68.3% ( xfnin+2.3),
and 99.7% (xZ;,+11.8) of the events. (b) Monte Carlo simulated
results with 1002 trials on 17 fictitious ‘‘data’® points, produced
starting from the 17 actual experimental points. For each simulated
*““angular distribution’” the minimum y2 was found and the corre-
sponding values of &S and C are represented as crosses in the
(6%,C) plane. Small-dotted vertical and horizontal lines in both (2)
and (b) limit the slices which correspond, respectively, to 2¢ of &5
and C.

through Monte Carlo simulations of ‘‘new’’ data. This sta-
tistical procedure is mathematically known to provide
equivalent results, for Gaussian data distributions and perfect
model fit. It is not a priori evident, on the other hand, if this
property is maintained for the case under study, in particular,
if any idiosyncrasy should be present in the experimental
points. Figure 6(b) is the representation of the 1002 results
obtained by Monte Carlo simulations of, each time, a ‘““new
angular distribution’’ containing 17 fictitious ‘‘data’” points,
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TABLE II. Results of the statistical analysis of DWBA-DOMP fits to the angular distribution of
%Mo(d,d") presented in Fig. 3. The sccond and third columns contain numerical information associated with

Fig. 6(a) and the last two columns with Fig. 6(b).

Experimental best fit

Monte Carlo simulation®

Parameters of Gauss-Marquardt Contour line
physical interest method method ™ s

5'5 (fm) 0.7947(64) 0.7947(66) 0.7942 0.0069
C 1.127 (20) 1.127 (21) 1.129 0.022

5¢ (fm) 0.896 (10) 0.896 (11) 0.896 0.011
r —0.899 —0.904 —0910

P(4)) 64.9% 66.7% 68.7%

P(4,) 93.1% 95.1% 95.5%

P(45) 99.6% 99.7% 99.9%

4 mean value; s: standard deviation.

produced starting from the actual 17 experimental points,
and choosing in accordance with Gaussian distributions de-
fined by the experimental standard deviation of each point.
For each simulated ‘‘angular distribution™ the X Was
found and the corresponding values of 85 and C are repre-
sented as crosses in Fig. 6(b). It may be qualitatively appre-
ciated that the crosses are distributed in the manner expected
in behalf of the ellipses of Fig. 6(a), that is, almost all are
contained within the outer ellipse, while about 2/3 are inside
the middle one. Figure 6(b) also helps in making the mean-
ing of the 20 slices clear. Take, for instance, the horizontal
slice which defines the 2¢ interval for the C parameter.
Comparing Fig. 6(a) with 6(b), it is seen that, since no re-
striction is made to 8’5 crosses outside the 68.3% ellipse,
but within this slice, are counted to complete the 68.3% ex-
pectation for C.

Table II presents in the first three lines the parameters of
physical interest, as determined from the Gauss-Marquardt
and contour line methods, also in comparison with the mean
values (m) of the 1002 Monte Carlo results. The standard
deviations, o gs and o, associated to the best fit values are
given in parentheses, while the corresponding values (s) ob-
tained from the Monte Carlo distribution are shown in the
last column of Table II. In the present well-behaved ex-
ample, where the data are good enough to restrict the param-
eters of the fit to only small variations around the “‘best
values,”” the dependence may be considered as almost linear
and the values came out very similar.

With the intention of better appreciating the quantitative
statistical content of Fig. 6, a counting procedure of the
crosses was executed, as a first step considering ellipses con-
structed with the proper mean values, standard deviations
and correlation coefficient from the Monte Carlo simula-
tions. A convenient way to represent the ellipses of constant
probability density, for two correlated parameters obeying a
Gaussian distribution, is through the constant 4, given by

3IS_<5IS) 2 5IS_(5LS‘>
Wl “2’[—0;;—]
X{C—<C>]+[C—<C>

o¢ Oc

A?=

2

>

where (8™ and (C) are the mean (m) or the best fit values,

o gs and o (standing also for s) are the standard deviations
and r is the Pearson correlation coefficient between &° and
C. Figure 7 tepresents, as a function of 4 (calculated with
the values of the two last columns of Table II), through a
histogram, the relative frequency of crosses, per unit area (in
each of the successive elliptical crowns), which is the physi-
cal approximation to the probability density dP/dS. Also
shown in the figure is the expected probability density dis-
tribution. The good accordance lends support to the statisti-
cal assumptions made and demonstrates the internal consis-
tency of the Monte Carlo procedure. The three last lines in
the fourth column of Table II show the summed relative

0.50 TTTT |l||]ll|:[uu[l1i|||||||.||!i||||I||||||||
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FIG. 7. Histogram of the probability density distribution as a
function of the parameter 4 defined in the text, extracted for the
Monte Carlo simulations presented in Fig. 6(b). The relative fre-
quency was obtained counting the number of crosses contained in
each of the successive elliptical crowns and normalizing per unit
area and total number of events. In comparison, a Gaussian with
op=1 in the units of the horizontal axis, corresponding to the sta-
tistical expectation for a correlation coefficient of r=—0.910, is
also shown as solid curve.
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frequencies, P(4), for the Monte Carlo results, up to values
A,, Ay, and 43, which should theoretically correspond to
probability contents of respectively 68.3, 95.4, and 99.7%,
and are seen to be in extremely good agreement with these
expectations. To complete the quantitative analysis, the
counting procedure of the Monte Carlo results was also un-
dertaken considering the Gauss-Marquardt ellipses and con-
tour lines of interest, registering the crosses inside the re-
spective curves characterized by the 4,, 4,, and 4; values.
1t is to be remembered that two of these ellipses and contour
lines, corresponding to 4, and A4;, are shown as, respec-
tively, dotted and solid lines in Fig. 6(a). The last three lines,
in the second and third columns in Table II, present the sta-
tistical content P(4) for the three ellipses and contour lines
and it may be appreciated that the simulation came, within
the statistical uncertainty inherent to determinations which
start from only 17 experimental points, very close to the
expected values [19]. It may, however, also be appreciated
that the Gauss-Marquardt results are, in particular for the
68.7% ellipse, some 6% lower than the expectation. This
situation will be intensified when data with larger error bars,
or with insufficient definition of the crucial minimum, allow
for farther excursions with respect to the ‘‘best®’ fit values,
evidencing, thus, the known nonlinearities of the fitting func-
tion. In all, the comparative analysis of the physical informa-
tion contained in Table II definitely shows, for the present
example, the very good quantitative agreement of the three
statistical procedures here adopted, demonstrating the basic
equivalence of them. The adequacy of the Press et al. [9]
recipe seems thus established also for the here considered
CNI measurements with DWBA-DOMP fits. Whenever the
constant * contour lines prove adequate resemblance with
the corresponding ellipses characterized by 4, 4,, and 4,
of the Gauss-Marquardt result, the uncertainties may be ex-
tracted directly from the covariance matrix. If, in other ex-
perimental situations, important differences between the two
representations should show up, indicating perceptible influ-
ences of the nonlinearity, the contour line method [9] is rec-
ommended and comparison between experimental results
can, in principle, only be made through direct inspection of
the confidence regions in parameter space. In very suspect
cases, other Monte Carlo simulations may be in order. Any
important differences of these with respect to the contours
may be indicative of trouble with the best fit.

Two more Monte Carlo simulations performed (with N
=999 and 1000) confirm, in the present test case, besides the
expected stability of the results, that the fluctuations, mea-
sured through the standard deviations s, are systematically
about 10% larger for the simulations in comparison with the
Gauss-Marquardt values.

The statistical analysis instills confidence on the experi-
mentally attributed uncertainties up to two significant fig-
ures. Therefore, from this point of view, the ratio C, in an
experimental situation like that of Fig. 3, can be determined
on a 2% precision level (see Table II). The nuclear deforma-
tion length, on the other hand, can through inelastic deuteron
Scattering be obtained with an about 1% statistical uncer-
tainty, as can be also appreciated in Table II. The value of
8=cs's is accompanied by an statistical uncertainty
smaller than that of the C value, since the negative covari-
ance was taken into due account in the error propagation.
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The quadratic relationship reflects the quoted experimental
(only statistical) uncertainties as *+1.6% in B(JS2) and
+22% in B(E2).

1V. DISCUSSION AND CONCLUSIONS

The statistical analysis applied in Séc. III has demon-
strated that inelastic scattering studies with deuterons of
~13 MeV, on intermediate mass nuclei, may result, for the
2/ excitations, in B(IS2) and B(E2) values on the few
percent precision level. The accuracy, on the other hand,
should be examined from a complementary perspective. The
quantity of primary interest for several nuclear structure in-
terpretations is the ratio of the reduced transition probabili-
ties B(E2) and B(IS2), which, for CNI data, is more accu-
rate than either quantity separately, since obtained from the
same measurement. In fact, in this experimental situation, the
cross section scale errors are canceled and some of the
model errors in the analysis are diluted, in particular, those
associated with known limitations of the distorted waves in
the DWBA analysis,

In the ratio
B(E2) 6\ [R,]? re\?
B(1S2)="2(5"’) [RTJ =32(C7) :

besides the uncertainty in C, only the uncertainties in the
reduced charge .. and mass r,, radii have to be considered, if
absolute values of the ratio are needed. In the present method
of analysis, a reduced charge radius of ,=1.22 fm was used
for the sharp cutoff spherical charge distribution, in accord
with electron inelastic scattering and muonic atom data, as
catalogued by Elton [20], Barret and Jackson [21], and de
Vries et al. [22], when reduced to sharp-edge distributions.
The reduced radius of the mass distribution is suggested to
be taken as r,,= 1.16 fm, which is obtained from the value of
Chung and Myers [23], also transformed to a sharp edge
interpretation. Should the reduced radii be uncertain by as
much as 5% each, a less than 15% systematic uncertainty
would result on the ratio of the two reduced transition prob-
abilities of interest. Otherwise, if chains of nuclei are studied
in a comparative way, only the relative values of B(£2) and
B(IS2) may be of importance and thus systematic errors
such as those on the radii are irrelevant. It suffices, then, to
be sure that the quantities C, for the several nuclei to be
compared, were extracted in a consistent way. As formerly
stated, optical parameters influence DWBA-DOMP results in
a twofold manner, being responsible for the distorted waves
and for the nuclear form factor of the transition. Whenever
the experimental findings are not frontally misrepresented by
the parameters of a global prescription, these are felt to pro-
vide the best choice for systematic spectroscopic analyses,
since in this case the chain of nuclei is represented on the
same footing. Comparison can thus be made, as is necessary,
on the few percent level, due only to the statistical uncer-
tainty in C, which was shown, in Sec. III B, to be determin-
able within 2%, under the present experimental conditions. It
is to be remembered that C gives direct information on the
ratio of proton to neutron quadrupolar moments of the 2
excitation, C=1.00 being the limiting value between proton/
neutron contributions exceeding (C>1.00) or lacking (C
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TABLE IIL Results of the experimental best fit and the fit ob-
tained with € fixed at the Raman et al. [5] value.

Fit* &5 (fm) c 8 (fm)  Xim X
Experimental 0.7947(66) 1.127(21) 0.896(11) 51.51 3.43°
best fit
Fixed 8¢ 0.8345(57) 0.971(14) 0.810(8)® 10220 6.39¢

2 ,=1.173 fm and r,=1.367 fm; all other optical parameters at
their prescribed [13] values.

bDeduced from the value adopted for B(E2) by Raman et al. [5].
“Degrees of freedom=17—-2=15.

4Degrees of freedom=17—1=16.

<1.00) with respect to the homogeneous Z/N value, ex-
pected for purely collective states [4].

Finally, what further concerns the accuracy of the abso-
lute values of B(E2) and B(IS2) separately, from an experi-
mental point of view not more that about 5% of absolute
error is estimated on the cross sections and, if we stick to the
chosen theoretical description and globally prescribed pa-
rameters, the preliminary analysis of the influence of some
model parameters, presented in Sec. III A, is also not indica-
tive of great variability. Of course, nothing can, for now, be
said about systematic errors due to any fault in the represen-
tation of the reaction mechanism through the chosen
DWBA-DOMP approach. Data taken at other incident deu-
teron energies and also with other projectiles may, in the
future, offer clues on that.

Table III summarizes the results derived from the contour
line recipe, taken as the final values of the analysis effectu-
ated on the **Mo(d,d")**Mo(2]) reaction at 13.2 MeV.
Also shown in Table III, for the sake of completeness, are
the results of calculations (see Fig. 8), which tried to force,
within the adopted methodology, a fit on the data taking the
prefixed value of 8°=0.810 fm, in correspondence to the
adopted B(E2) for **Mo of the Raman et al. [5] compila-
tion. As may be seen in Fig. 8 and through the X values of
Table II1, a considerably worse description of the experimen-
tal data is thereby obtained, in particular, in the interference
region. This is not to be taken as implying that our value for
&€ is to be preferred to the one adopted [5], since, as stated,
systematic errors may intervene, but in our view confirms the

0
10 e

T T T
[N W}

*Mo(d,d")**Mo(2,")
E=13.2 MeV .
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FIG. 8. Comparison between experimental best fit and a fit ob-
tained with &€ fixed at the Raman ef al. [5] value.

value of C~1.1. The analysis of data obtained for the same
scattering at 16.0 MeV incident energy gives results which
are basically consistent with the information here presented
for 13.2 MeV. It is, therefore, argued that the CNI measure-
ments, through the value of C, disclose the proton contribu-
tion to 2 excitation to be slightly more important than the
neutron one in the case of the first quadrupolar excitation of
%Mo, in the very contrast to what was observed [7] for its
isotone, ?2Zr, where Z=40 acts as if closed, resulting in a
clear predominance of the neutrons in the 27 excitation.
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51 excitations in the 40<Z< 50 region
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Triggered by experimental evidence formerly obtained for Zr and Mo isotopes, a survey of the literature in
the A~ 100 region was undertaken and Tevealed that 5 states exist in even-even nuclei throughout the 40
=Z=<50 region, They appear at an almost constant excitation energy of (2.4%0.2) MeV and have, where
studied in inelastic scattering, characteristics of one-step collective excitations, Angular distributions for
“9Mo(d,d") are presented for states at 2.611 MeV in *Mo and 2.622 MeV in ®Mo and g, values were
extracted. The B85 value for *Mo is new in the literature and was obtained consistently for two incident
energies. The Bs value for Mo is higher than a former result, where a two-phonon interpretation was

considered. [80556-2813(99)01810-5]
PACS number(s): 21.10.Re, 24.50.+g, 27.60.+j

Historically, the experimental uncovering of collective
features has given rise to fruitfull interpretations of nuclear
structure [1]. Thus, quadrupolar and octupolar excitations
present, along the periodic table, certain common character-
istics which have been taken as descriptive of a class of
nucleon motions, which have, by now, accepted theoretical
interpretations [1]. The authors of the present Brief Report
have extensively worked on Zr, Mo, and Ru isotopes [2-6]
and a singular pattern of 7 =5 excitations, in inelastic scat.
tering, came to their attention, Extending the survey through-
out the Z=40-50 region, it was observed that, in every
isotope chain with even Z, first excited 5 states with a
rather distinct behavior exist. This survey employed as data
base always the most recent Nuclear Data Sheets (NDS)
compilations, unless otherwise stated. The 5, levels appear, in
in this mass region, in the even-even nuclei at an almost
constant excitation energy Eo=(2.4%0.2) MeV. Where
observed in inelastic scattering, those levels show excitation
characteristics which can most easily be interpreted if they
are considered as collective excitations, corresponding then
to several Weisskopf units. In fact, these 5 states are nor-
mally characterized in inelastic scattering through angular
distributions with features of a direct L=5 transfer. As the

NDS compilations show, most 5, states are excited through
many different reactions, as are the 2/
patticular also in one-proton transfer, in one and two neutron
transfers, in e transfer, and in several fusion reactions, dem-
onstrating the complexity of their wave functions, in terms of
their microscopic structure, Furthermore, they also may sur-
vive in neighboring odd nuclei, giving rise to a multiplet of
levels with weak-coupling characteristics, as was shown at
least in *'Zr [2].

and 3, states, in

Figure 1 displays the regularity of the 51 states in the

40=Z=50 region, while Figs. 2(a) and 2(b) show the known
characteristics of the 2 and 3 states in the same region.
The values of the excitation energy of the 2" levels reflect,

particular, the abrupt shape transition of the Zr nuclei

between 4 =98 and 4 = 100 and the semi-magic behavior of
%Zt, %Zr, and the Sn isotopes. In contrast, Fig, 1 shows
that, even for *Zr, as well as
Constant. Only the Zr isotopes with N= 56, 58, and, to a
lesser extent, also those of Mo with the same 4, have 5,
which lie above the 2.6 MeV line, as also do the three light-
est Sn isotopes, which correspond to N= 60— 64, Thus, of 39
levels with J7=5- (only nine of them with doubtful spin

'%Zz, the 57 remains rather

40

35

05 [

FIG. 1. Systematics of 51 lev-
els as reported by Nuclear Data
Sheets (levels with doubtful spin
attributions, in %810z 100yg,
9498py,. 9100.106pg 214 oG,
are also included). The (24
+0.2) MeV interval is indicated
through dash-dotted lines,
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FIG. 2. (a) Systematics of 27 levels as reported by Nuclear Data
Sheets. (b) Systematics of 3| levels (levels with doubtful spin at-
tributions, in **Ru and '°°Pd, are also included).

attribution, fitting, however, nicely into the trend), not more
than five lie clearly above E.=2.6 MeV. This constancy
(see Fig. 1) is remarkable, also in view of the 3, systematics
[see Fig. 2(b)], showing a behavior which is rather unaf-
fected by the filling of the valence orbitals, being thus indica-
tive of effects which are usually taken as “gollective,”” in-
volying more than one major shell.

The difference between the sum of the excitation energies
of the 2 and 3 states (which, in the harmonic vibrational
model for both, should be the energy centroid of the corre-
sponding two-phonon states) and the here cited 5, levels is
always positive, being largest for the light Zr, Mo, Ru, and
for the heaviest Sn isotopes. For the N=50 isotones the 5,
states lie in fact below the proper 3| ones and the sum
exceeds the excitation energy of those by =2 MeV. The six
heaviest Sn isotopes (116—126) also present sums which are
~1.5 MeV above the 5; levels. Taken globally, the features
seem to exclude one of the possible interpretations for the 5,
states, which considers them simply to be built through the
coupling of the lowest quadrupolar and octupolar excitations.
Unfortunately, up to now, there is not much detailed infor-
mation available for these states. However, where analyzed
as two-step excitations in inelastic scattering, the fit to the
angular distributions of the 5| states requires an important
direct contribution to reproduce the experimental shape [7].
This is also true in other mass regions, as shown by Cottle
et al. [8] for “61*3Nd and '**Sm. If analyzed as direct exci-
tation, a value of the order of B5=0.05 turns out for several
5, levels, but not many angular distributions were presented.
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FIG. 3. Angular distributions for the 5, state of %Mo at (a)
Eq4=132 MeV [Bs=0.044(2)] and (b) E,= 16.0 MeV [Bs
=0.048(3)]. The solid curves represent cross sections calculated
using DWBA, within a deformed optical model description, in one-
step analyses. The uncertaintics quoted are of statistical nature only.

Another description, found in the literature, in particular
near closed shells, is to take a simple shell model interpreta-
tion for the 5, states, involving protons in the 7lggp and
w2p 1, otbitals [9,10]. Such a component probably exists in
most levels, since some of them (*Zr, Mo, '®!111Cd)
were shown to be populated through /=4 or /=1 one proton
transfer from the 3+~ or #* gs. in odd proton neighbors.
However, the rather strong excitation of the 5, states
through other reactions, in particular neutron tranfers, dem-
onstrates that it does not exhaust the complete wave func-
tion. In fact, the 5; states were almost always revealed
through two-neutron transfer, inelastic scattering, and/or
(H1, xny), which characterizes a greater complexity of their

structure.
In our recent research work, which focused on the collec-
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FIG. 4. Angular distributions at 16.0 MeV incident deuteron
energy for (a) **Mo(57) and (b) **Mo(4)). The values B;
=0.040(3) and B4,=0.061(3) are obtained in the one-step DWBA
analyses. The uncertainties quoted are of statistical nature only.

tive characteristics of the 2{ and 3] excitations in ****Mo

[4,5], the 5] states were observed in both isotopes, respec-
tively at 2.6113(5) (**Mo) and 2.6222(5) MeV (**Mo),
where the here quoted uncertainties are of statistical nature
only. The measurements were made at the Sao Paulo
Pelletron-Enge spectrograph facility [4], through the inelastic
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scattering of deuterons, with a detection limit of about 10
ub/sr in the excitation energy region of interest. For **Mo,
data were taken at two incident energies and give consistent
results. The energy resolution corresponds to 12 keV for 16.0
MeV of incident deuteron energy, for both isotopes, and to 8
keV at 13.2 MeV. Figures 3 and 4 show the experimental
angular distributions, also in comparison with a nearby 4*
level [11] seen in “®Mo. Although hampered by the relatively
low cross sections, the angular distributions discriminate L
=5 against lower L values, the corresponding x? value being
in all cases lower by a factor of ~2.

The energies obtained in this work for the 5, states of
9498Mo, employing the known [12] calibration of the spec-
trograph and taking the respective 3, levels as references,
are in excellent agreement with the energies presented by the
NDS compilations [13,14] for levels quoted as (5)~ and
(57). The uncertainties stated in the present work, for both,
the excitation energies and the 85 values, reflect only known
statistical fluctuations. For the energies, an additional cali-
bration uncertainty of <2 keV should be considered [12].
The B5 values are affected by systematic uncertainties which
are difficult to specify [15], but are estimated to be <20%.

The B value extracted for **Mo is totally new in the
literature. For **Mo only an old (p,p’) study [16], with
FWHM of 50 keV, exists, which saw a'multiplet, at a some-
what lower energy, with 8; =0.07. Pignanelli et al. [7] stud-
ied, in *®Mo, L=3 excitations and, as a by-product, also L
=5 ones (with a detection limit similar to the present work),
but report a lower B35 value for the 5, state, since they used
a predominant 2; ® 3 interpretation on the angular distri-
bution. No reanalysis is possible, since no angular distribu-
tion is presented in Ref, [7].

Both, the energy values of these 5, states, as well as the
deformation parameters extracted in the present work, for
9498 o, fit into the systematics of the region. In conclusion,
the 5; levels, whose excitation energy and, where known,
excitation characteristics were compiled for the whole of the
40= Z= 50 region, present systematic features which seem to
indicate collectivity of the excitation, which is not explained
through a pure two-step mechanism, pointing thus to a duo-
triacontapolar character.
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Coulomb-nuclear interference with deuterons: Isospin character
of the 2 and 3] excitations in %Mo
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Angular distributions of inelastic-scattering cross sections were measured for deuterons of 13.2 and 16.0
MeV, exciting the 2] and 3| states of *Mo and **Mo. The analysis of the Coulomb-nuclear interference
patterns displayed by these angular distributions was favored by the quality of the data obtained with the S.
Paulo Pelletron-Enge-Spectrograph facility. The distorted-wave Bormn approximation—deformed-optical-model
analysis with global parameters yielded values for the ratio CL=6f/6f and for 82’ (where z‘)f and 8,’:’ are,
respectively, the charge and isoscalar deformation lengths), which inform the reader about the isospin character
of the excitations. A reduced isoscalar transition probability, B(JSL), was defined, in analogy to B(EL), the
ratio B(EL)/B(ISL) being proportional to the square of C, . The latter quantity is, however, experimentally
better determined. The results obtained for C,, C;, 65, and &} at the two incident energies, 13.2 and 16.0
MeV, are consistent for each **Mo and **Mo. The values of C . Teveal a slight predominance of the protons in
the quadrupolar transitions, in both **Mo and **Mo, The 2} and the 3| states are more collective in **Mo than

in %Mo, both with respect to the protons (charge) and with respect to protons and neutrons (mass).

DOI: 10.1103/PhysRevC.64.014316

L INTRODUCTION

The Mo isotopes are of special interest for a comparative
study of the collective properties of low-lying excitations, as
they are neighbors, just one proton pair above the challeng-
ing 4Zr chain, where extremely rapid modifications occur as
neutrons are added to the semimagic *°Zr nucleus or, with
still more dramatic consequences, to *°Zr [1,2]. Indeed, if
characterized, as usual, by the excitation energy E.,, and by
the reduced electric transition probability B(E2) to the first
quadrupolar excitation, *°Zr behaves almost like a doubly
magic nucleus. The neighbors °>%Zr present intermediate
values for these structure characteristics, but in %Zr, both
Z=40 and N=56, seem well-closed subshells. This pattemn
is suddenly disrupted and '®Zr presents several features of a
well-deformed shape, such as a very low Eye(2]) and a
high B(E2). Each isotopic chain in this region, up to 44Pd,
shows some kind of transition around N=56 being washed
out as Z is increased. The addition of neutrons, above this
critical value, seemingly polarizes the proton distribution,
enhancing the collectivity, which is taken as prolate de-
formed for the heavier Zr nuclei [2,3], v soft, or even triaxial
for Ru or Pd [3-5].

The characteristics of the first excited 2* states have, for
a long time, been extensively used as nuclear structure indi-
cators in comparison between experiment and model expec-
tations, but they are usually inferred through B(E2) values,
‘?’hiCh. in principle, are related only to the charge contribu-
tions to the excitation. Since it is clear that neutrons play, in
this part of the nuclear chart, a primordial role in defining the
collective behavior, it is important to assess also the reduced
1Soscalar transition probability B(/S2). This is conveniently
f[ﬁne through the study of inelastic scattering of isoscalarly
ieracting projectiles with incident energies such as to en-
hance Coulomb-nuclear interference [6], which allows for

0556-2813/2001/64(1)/0143 16(10)/$20.00
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the simultaneous extraction of B(/SL) and B(EL) values for
those excitations for which a predominant multipolarity L
can be defined,

This paper presents a study of Coulomb-nuclear interfer-
ence (CNI) in the inelastic scattering of deuterons on **Mo,
an isotone of **Zr, and also on ?®Mo, which is an isotone of
both **Zr and 'Ru, for which quite different isospin char-
acteristics of the low-lying quadrupolar excitations have
been previously verified [7,8]. Coulomb-nuclear interference
results have, to our knowledge, not been formerly reported
for deuterons, due to experimental difficulties associated
with the beam, in spite of this projectile being, in principle, a
convenient choice for these studies. In fact, the huge amount
of experimental information collected for deuteron reactions
contributes to the pinning down of the parameters needed to
phenomenologically describe the interaction of this projectile
with the nuclei of interest, Therefore, the use of deuterons
helps to keep the free parameters in the analysis under con-
trol, which is especially important if comparative conclu-
sions, in the study of several isotopic chains, are to be drawn.

In the present work, besides analyzing the transitions to
the 2} states in ****Mo, B(IS3) and B(E3) values for the
first octupolar excitations could also be extracted, since their
angular distributions showed enough of the interference pat-
tern to discriminate a value for their ratio, although with
much lower precision.

II. EXPERIMENTAL PROCEDURE

For deuterons of some 10 to 20 MeV on medium mass
nuclei, the interference minimum between the Coulomb and
nuclear excitations appears at relatively forward angles. De-
tection techniques employing nuclear emulsions at the focal
surface of the Enge spectrograph, in association with the
excellent beam profile and energy characteristics provided by
the Sao Paulo Pelletron facility, are, therefore, important

©2001 The American Physical Society
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TABLE 1. Isotopic composition of the molibdenum targets (Oak
Ridge Separated Isotopes Division).

Abundance (%)

Target Mo %Mo Mo Mo ™Mo **Mo Mo

“Mo  0.87 9390 285 1.04 040 075 022
%Mo 032 022 045 059 069 97.18  0.55

means for obtaining the necessary quality of the data for
these CNI studies. Additional care must be applied to the
focusing conditions. Current intensity ratios of 1:30 and
1:100, in comparison between slits and beam, were achieved
in the present experiment, respectively, on the defining slits
before the target (1.0X2.0 mm?) and on a circular slit of
¢~6 mm (situated approximately half a meter upstream).
The deuteron beams of 13.2 MeV, or alternatively 16.0
MeV, impinged on uniform and thin (~30 pmglem?) en-
riched targets of *Mo or **Mo. Targets were made by a
well-controlled electron bombardment evaporation technique
[9] of metallic Mo (**Mo targets) and MoO; (**Mo targets),
both in powder form, onto thin carbon backings
(~10 ug/cm?). Table I presents the isotopic composition of
the material employed in the fabrication of the targets. The
scattered deuterons were momentum analyzed by the S.
Paulo Enge split-pole spectrograph and detected in nuclear
emulsion (in the present study, Ilford G5 or equivalent, 50
i thick). Aluminum foils, thick enough to absorb heavier
reaction products, covered the emulsion. The use of nuclear
emulsion enormously reduces the background associated
with deuteron beams, since these detectors do not respond to
the abundant neutron, y, and x ray radiations that are pro-
duced, in particular, in the presence of the iron core of the
spectrograph. In fact, the background observed in the spectra
is mostly due to the tail of the elastic peak and is therefore
extremely dependent on beam focusing.

In the present work, inelastic-scattering spectra were mea-
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sured, for both isotopes, at 18 scattering angles from 6y,
=12.5° to 80° for the incident energy of 13.2 MeV and at
eight angles between 6,,, = 14° and 76° for 16.0 MeV. The
solid angle of admittance to the spectrograph was maintained
fixed, corresponding to A 6,,, = +1.9°. The emulsion plates
were scanned, after processing, in strips of 200 wm across
the plates and energy resolutions of ~8 and ~12 keV, full
width at half maximum (FWHM), were achieved, respec-
tively, in the spectra cotresponding to 13.2 and 16.0 MeV
incident energies.

Typical examples of the complete spectra of inelastic deu-
teron scattering obtained with the emulsion technique, on
*Mo at O, =58° and on **Mo at 6,,, =60°, both for the
incident energy of 13.2 MeV, are presented in Fig. 1. To
illustrate the quality of the data, Fig. 2 shows part of four
further spectra, displaying the peak associated with the first
quadrupolar excitation in Mo at 13.2 and 16.0 MeV inci-
dent energies. Figure 3, in a similar way, shows examples of
the relevant part of the spectra for the octupolar excitation,
observed for the same isotope at 16.0 MeV. As put into
evidence by the spectra at forward angles, the good energy
resolution of ~8 keV is essential to enhance the peak with
respect to the background. This background, mainly associ-
ated with the elastic tail, drops with increasing scattering
angle, as can be seen in the spectra at Oy, = 16° and 8y,
=26° [Figs. 2(a) and 2(b)]. Figure 2(d) also illustrates the
judicious choice of the scattering angles, made to avoid that
the peak of interest be hidden by the broad peaks associated
with the presence of known contaminants in the target
(which are, in general, not focused).

For the relative normalization of the spectra, the total
number of incident deuterons was determined by a current
integrator, which measured the charge collected in a Faraday
cup (with electron suppression), while the direction of the
beam was continuously monitored. Absolute normalization
of the cross sections was referred to optical-model predic-
tions for elastic-scattering of deuterons on the same target,

“Mo(d,d)

E, =132 NeV

FIG. 1. Examples of spectra of “*Mo(d,d")
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FIG. 2. Portions of the spectra of **Mo(d,d") for the 2] state,
taken at 13.2 MeV, for (a) 8}, = 16° and (b) 6,,, =26°, and at 16.0
MeV, for (c) 6,5, =24° and (d) 6,,, =46°. Observe the very com-
pressed log scale for the y coordinate.

measured under similar conditions. Figure 4 displays the
elastic-scattering angular distributions for **?®Mo, measured
at 13.2 and 16.0 MeV, in comparison with the optical-model
predictions. The parameters of the systematics of Perey and
Perey for deuterons [10] are employed in the normalization
(see Table IT). A maximum scale change of ~3% would be
produced if the global optical-model predictions of Dachnick
et al. [11], were taken. Due, furthermore, to target nonuni-
formity, plate scanning, and statistics in the elastic data, a
maximum uncertainty of ~*5%, for 13.2 MeV incident
energy measurements, and ~*+7%, for 16.0 MeV, is esti-
mated in the absolute cross section scale, for both isotopes.

III. ANALYSIS

Due to the relatively high excitation energies of the 27
states (871 keV for **Mo and 787 keV for *Mo) and not so
high values of the deformation lengths, no appreciable cou-
pling between ground and excited states has to be taken into
acount in the reaction analysis. Thus, the well-established
distorted-wave Born approximation (DWBA) could be em-
ployed. Incomplete information on the relevant aspects of the
nuclear structure, beside the well-known difficulty to de-
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FIG. 3. Portions of the spectra of **Mo(d,d") for the 3] state,
taken at 16.0 MeV, for (a) 6y, =24° and (b) 6,,, =46°. Observe
the very compressed log scale for the y coordinate,

scribe microscopically the imaginary part of the potential
[12], point to the use of a macroscopic description of the
cxcitation, in terms of what is usually called a deformed
optical-model potential (DOMP), since the priority is on a
comparative analysis throughout the region.

In the DWBA-DOMP approach, the same phenomeno-
logical optical model describes both, the distorted waves in
incident and exit channels and the transition potential to the
collective state. The intensity of the excitation characterized
by the deformation length extracted [12].

The DWBA-DOMP angular distributions were calculated
by means of the code DWUCK4 [13), considering the influ-
ence of Coulomb excitation up to distances of 80 fin from
the nuclear center. The macroscopic collective form factors
[12], responsible, respectively, for the nuclear F¥(r), and
Coulomb FE(#) excitation processes, were taken as

dav aw
Fi(r)== 83 (V) d(rr)—iaﬁw)$, )

where ¥ and W, are the real and surface imaginary depths of
the optical potential U, with the standard Woods-Saxon and
derivative Woods-Saxon dependencies, with given geometri-
cal parameters (rg, ap and 7;, a;), and

dmZ,e B(EL)]"? for =R

S— i r=
FS(r)= aL+1 BELD] pL+1’ ¢

0, for r<R,,

where R,=r,4'" is the characteristic radius of the charge
distribution. To take the Coulomb form factor as zero inside
the charge distribution does not affect the results, since for
the deuteron energies considered in this work, the reaction
proceeds peripherically.

A charge deformation length 7= BFR., where BC is the
known deformation parameter [1], may be defined

014316-3
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The isoscalar deformation length &Y ,(U)= &) (U)=§]
may similarly be related to B(ISL), through the following

expression:
ZREM?
T 3

BUSL)=(8})*

where R,,,=r,,,A”3 is the characteristic radius of the mass
distribution, Normalization to Z is preferred to the normal-
ization to 4 employed by some authors [14].

For convenience of analysis, the parameters 8} and Cy,
= 5¢/6Y were chosen to describe the collective excitations.
Thus,

B(EL) |8 T R1)?
BasD) °\ &) |RL
r 2L-2
=eZC§(—i) . (4)
]

TABLE II. Global optical-model parameters for elastic deuteron
scattering prescribed by Perey and Perey [10]. A Coulomb reduced
radius of r,=1.22 fm was utilized.
—_— — —

A E d 14 rp ap WD [ &} a;
MeV) (MeV)  (fm) (fm) (MeV) (fm) (fm)

94 13.2 96.6 1.15 081 17.6 1.34  0.68
98 13.2 96.3 1.15 0.1 17.6 1.34 0.68
94 16.0 96.0 1.15 081 18.3 134 0.68
98 16.0 95.7 .15  0.81 18.3 134 0.68

It is, therefore, seen that the parameter Cy, contains the rel-
evant information about the ratio of the charge (protons) with
respect to the mass (protons + neutrons) contributions to the
excitation of the particular state under observation. Grossly
speaking, a value of C;=1.0 characterizes an excitation for
which B(EL)/e? is, within the definition adopted, numeri-
cally equal to B(ISL), implying that protons and neutrons
contribute to it in the ratio of Z/N, that is an excitation usu-
ally referred to as being of homogeneous collective nature.

In the analysis, the distorted waves play an important role
in defining the structures of the angular distributions. To
make significant comparisons of CNI results, it is, therefore,
convenient to maintain the optical-model parameters within a
globally established systematics, as far as allowed by the
data. The Perey and Perey [10] parameters (see Table II)
have the best experimental basis in this deuteron energy re-
gion and have been adopted.

Inspection of Fig. 5, where DWBA-DOMP predictions
are displayed for three values of incident deuteron energies,
demonstrates the discriminative power of the CNI method, in
the mass region of interest. The predicted angular distribu-
tions were calculated with global optical parameters taken
from the systematics of Perey and Perey [10], for typical
values of C, and &Y , taking the Mo(0; —2,) excitation
as an example. It may be seen that an interference minimum
develops for all incident energies; at 0., ~30° for E4
=10.0 MeV and 0., ~15° for E4=16.0 MeV. On the
other hand, the typical ‘‘diffractive”’ oscillations, due to the
nuclear excitation, practically determine the shape of the an-
gular distribution for the more backward angles. Therefore,
good data around the interference minimum are essential for
the extraction of C,, while the larger angle data mostly give
the global normalization constant (8)%. At Eq
=10.0 MeV, discrimination of C, in the interval 0.8=<C,
<12 depends on the possibility of taking data with very
small statistical errors in the angular region 25°<6n,
<35°. It is clear that the incident energy region of about 13

014316-4
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FIG. 5. DWBA-DOMP predictions for the quadrupolar excita-
tion of *Mo(d,d"), for three incident deuteron energies and several
values of C=C,=85/8). A typical value of &/=0.8 fin was em-
ployed.

MeV presents the best discrimination for the parameters of
interest, In fact, it is for this incident energy region that the
value of C,, besides the minimum, also substantially affects
the ratio of the heights of the two subsequent maxima of the
angular distribution. The nonlinearity of the predictions as

PHYSICAL REVIEW C 64 014316

function of C, is also evident at E4 = 16.0 MeV, with atten-
tion being called especially to the shape of the curves for the
outmost values of C,=0.5 and C,=1.5, the former ones
crossing those for C,=0.8—1.2 near the interference mini-
mum, rendering discrimination of C, much more difficult
than at 13 MeV. To examine the consistency of the values
extracted for the parameters of interest, it was decided to
take detailed data at 13.2 MeV and complementary ones at
16.0 MeV.
If the relations

2

()

B(ISL)= l ;(Mn+ M,)

and

B(EL)=e*|M,|%, 6)
consistent with the here adopted definition of B(ISL), are
employed, the assumption of proportionality of neutron and
proton transition densities leads to the following equation for
the multipolar moments of the neutron and proton distribu-

tions:
M, |M,| 4| Busr | I*A(rm)""c_] 1
M, |My| Z|B(EL)/e? Z\r, L=

™)

The experimentally well-determined parameter C; in-
forms, thus, about the isospin character of the excitation with
multipolarity L.

A. Quadrupolar excitations

As previously discussed, the characterization of the CNI
for the quadrupolar excitations is favored at the lower energy
of 13.2 MeV, while the data at 16.0 MeV are mostly em-
ployed to check the consistency of the & results. The
DWBA-DOMP predictions, with global optical potential pa-
rameters, were fitted to the data [6] through the Gauss-
Marquardt procedure, searching simultaneously on the val-
ues of three parameters, C,, & (13.2 MeV), and 67 (16.0
MeV), which result in a minimum for x2. Thus, data at both
energies were considered in the fit, constraining for the same
value of C,. The resulting fits to the angular distributions
associated with the first 2+ excitation in ****Mo, at 13.2 and
16.0 MeV incident deuteron energies, are shown in Fig. 6.
Solid lines refer to the results obtained if ; and »; are in-
creased by 2% above the values of Table II. Also shown, as
dashed lines, are the fits corresponding to the unmodified
global parameters, The reduction of about a factor of 2 in the
minimum x? values of the simultaneous fit of the angular
distributions, at the two incident energies for both isotopes,
points possibly to a physical significance of the increased
radii. In the inelastic scattering of deuterons, those nuclei
seem, thus, to be represented by a somewhat larger object
than in elastic scattering. The rather good stability of the
resulting values (with and without the modification of the
radii) for &) and C,, for both isotopes, as may be appreci-
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FIG. 6. Experimental angular distributions for the quadrupolar excitations in **Mo and %Mo, at two incident deuteron energies, in
comparison with DWBA-DOMP best fits, for which the same value of C, was imposed. Solid lines correspond to the predictions for
increased radii (+2%), while broken lines correspond to the predictions with the original Perey-Perey parameters. The x? values characterize
the quality of the constrained simultaneous fit to both angular distributions, for each isotope.

ated by comparing the values in the captions of Fig. 6, sup-
ports the confidence in the method of analysis employed
here.

It is seen that for **Mo, the fit of the DWBA-DOMP
predictions to the data reproduces the experimental shape

very well, if the 2% increase of the real and imaginary radii
is applied to the global optical garamcters. On the other
hand, the angular distributions for Mo are, at both energies,
somewhat more structured at the first maximum displayed
than is predicted by the interpretation at hand. No possible
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variation of the parameters C, and 53’ contemplates this dis-
crepancy, which probably contains physical information out-
side the proposed reaction model. This fact is illustrated
through Fig. 7, which presents the constant y? contour lines
[6] corresponding to alternative individual (unconstrained)
best fits to each, the angular distribution at 13.2 MeV and
that at 16.0 MeV, for *Mo, where both C, and &) were
allowed to vary, at each energy. The contour lines are ap-
proximately elliptical and, at 13.2 MeV, centered at about
the same values of C, and &), as formerly obtained in the
constrained analysis. On the other hand, the results of an
unconstrained analysis at 16.0 MeV show, as could be ex-
pected, C, to be rather poorly defined at this energy. Fur-
thermore, since the value of C, affects &) in a covariant
manner, this last value also wanders outside the regions de-
fined by the better data at 13.2 MeV. It is, however, to be
remembered that when comparison between the values of
82’ , extracted at both incident energies, is to be done, the
scale uncertainties in the cross sections have to be included.
The sum of the minimum y? values obtained in the indi-
vidual fits performed at the two energies, which equals
124.0, is only somewhat lower than that resulting from the
constrained analysis and, even with the opportunity of vary-
ing the parameters freely, no fit to the discrepancy at the first
maximum of either of the angular distributions was achieved.

B. Octupolar excitations

Due to their much reduced Coulomb excitation probabil-
ity, the transition to the 3, states is strongly dominated by
the nuclear interaction. Nevertheless, as Fig. 8 reveals, at
13.2 MeV enough structure change remains at the forward
angles of the predicted angular distribution to obtain some
information on Cj. In Fig. 8 the separate contributions of the
Coulomb and nuclear interactions to the excitation of the
octupolar states are represented, respectively, as dotted and
dashed lines, at both deuteron energies. For comparison,
similar information is also presented for the quadrupolar ex-
citations. In all instances, the most prominent change result-
ing from the inclusion of the Coulomb excitation is the de-
velopment of an interference minimum at forward angles.

Constrained (same C;) analyses of the first octupolar ex-
citations in ***Mo at 13.2 and 16.0 MeV incident deuteron
energy were performed employing the same statistical analy-
818 as for the quadrupolar ones. The results are shown in Fig.

9, again for increased radii (solid lines) and for the original
global parameters (dashed lines). Data for the 3] excitations
are affected, for a considerable range of detection angles,
B4 =60°, by the unavoidable presence of contaminant elas-
tic peaks associated with carbon and oxygen (see Fig. 1).
The contour lines for constant y2, associated with the al-
ternative unconstrained best fits at 13.2 MeV and at 16.0
MeV, are presented in Fig. 10, for the octupolar excitation in
*Mo. It is clear that the data at 16.0 MeV are almost useless
to define Cs. Since the contour lines are not ellipses, being,
in fact, rather asymmetric with respect to x2,,, it is possible
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FIG. 8. The influence of Coulomb excitation on DWBA-DOMP
predictions for the angular distributions in the excitation of, respec-
tively, the 3| state [(a) and (b)] and the 2} state [(c) and (d)], for
both deuteron energies employed. The values for **Mo are taken as
an example, but no essential difference is verified for **Mo.
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that C; is affected [6] by somewhat greater uncertainties
than stated. Even so, as indicated in Fig. 9, the values ob-
tained in the constrained analysis for the parameters &} and
C;, with and without the 2% increase in the radii, are almost
compatible within the attributed uncertainties.

IV. DISCUSSION AND CONCLUSIONS

The results of the present experiment for the quadrupolar
and octupolar excitations in ****Mo, obtained within the
adopted analysis (DWBA-DOMP with global optical param-
eters) are compiled in Table II1. The values presented for 82’
are, for both isotopes, a weighted mean of the two informa-
tions, at 13.2 and 16.0 MeV, including the scale uncertainty

ao 100

in the cross sections of, respectively, 5% and *7%. The
ratios B(EL)/B(ISL) are also presented in Table III. Values
of rc=1.22 fm and r,=1.16 fm were employed for the
reduced radii of the equivalent sharp cutoff uniform charge
and, respectively, mass distributions [6]. An uncertainty of
+ 5% was associated with r,, in the ratios B(EL)/B(ISL).
The values extracted for M, /M, , in comparison with the
values of N/Z, expected for a homogeneous collective exci-
tation of the mass distributions, are also shown. It is, how-
ever, to be stressed, that the ratios M, /M, are affected, not
only by rather important propagated experimental uncertain-
ties [verify expression (7)], but also by uncertainties due to
the underlying theoretical hypotheses, which are difficuit to
specify, but should preserve at least one significant figure.
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TABLE III. Parameters C,; and b‘f extracted in the present paper. Also indicated are the values of the

ratios B(EL)/B(ISL), M,/M,, and N/Z.

A State Cy 87 (fm) gl B(EL)/BUISL) (¢*) M,/M, NIZ
94 2y 1.123(20) 0792 (17)  0.152 (3) 1.39(15) 0.89 124
98  2f 1.148(24)  0.883 (19)  0.167 (4) 1.46(16) 093 , 133
9 3y L14 (7)  0785(17)  0.150 (3) 16 (4) 0.8 1.24
98 37 098 (8)  1.011(22) 0.191 (4) 12 (3) 12 1.33

8= 8V/1.154'~.

The uncertainties extracted through the statistical method
of analysis employed [6], reflect (through a factor of about 4)
the lower sensitivity of the data to the ratio Cj3, in compari-
son with what is verified for C,, while the deformation
length 8Y is approximately as well determined as 8. The
deformation parameters ﬁf calculated from the experimental
mean values of sY, agree with 8; values formerly obtained
in proton inelastic scattering [15,16] and in the 21.5 MeV
deuteron inelastic experiment [17], both of which are influ-
enced predominantly by the nuclear excitation. Incidentally,
the experimental angular distributions of these older studies
also indicate that a small increase in the radii of the optical
potentials could provide a better fit to the inelastic results.

The values of C,>1.0 and C3=1.0, extracted in the
present CNI studies for **Mo and **Mo, indicate that the
protons contribute more than the neutrons to both the 2, and
the 3| excitations. The values M,,/M,~ 0.9 obtained for the
quadrupolar excitations in **Mo and **Mo, being smaller
than the N/Z=1.2—-1.3 expected from the homogeneous col-
lective model, are another way to characterize the role played
by the protons relative to the neutrons in these excitations.

The values C,=1.123(20) and C,=1.148(24) are about
the same for **Mo and **Mo and, as a consequence, so are
also the ratios B(E2)/B(152). In a previous CNI study of
inelastic scattering of alpha particles on '0%1921%4Ry; 8], val-
ues of C, increasing from 1.04 to 1.22, had been found for
that isotopic chain, demonstrating, also for Ru, a slight pre-
dominance of the protons. On the contrary, neutrons contrib-
ute more than protons to the first quadrupolar excitations in
the isotones *Zr and **Zr. Values of M,,/M,, close to 2, for
271 [7,18,19], and to 4, for %Zr [7,19], were reported in
inelastic-scattering studies with alpha particles and Li.

The evolution of the B(ISL) and B(EL) values between
Mo and *®Mo, considering also the B(EL) values adopted
in the literature [1,20], may be examined through the ratios
given in Table IV. These show the 2| excitation to be some-
what more collective in **Mo than in **Mo, for both mass

TABLE IV. Evolution of B(JSL) and B(EL) values between *Mo and **Mo.

and charge contributions. The parallel evolution of the
B(ISL) and the B(EL) from **Mo to “*Mo (compare values
in columns 2 and 3 of Table IV, and note their compatibility)
for the first collective 2 * states, shows again that the isospin
characteristics of these excitations do not change drastically,
in contrast to what happens in the Zr isotopes. The agree-
ment of the relative values of the B(£2) with those resulting
from the adopted ones [1] is good, although the absolute
values determined in the present paper are higher, for both
%498Mo. It is to be noted that for B(E2) the adopted values
[1] are heavily based on the results of one laboratory; fur-
thermore, for **Mo, there are several experimental results,
spread over a considerable range. The octupolar excitation is
also more collective in **Mo than in **Mo, the agreement
with published B(E3) values occuring within 2 standard de-
viations,

Summarizing, inelastic scattering of deuterons is pre-
sented as a convenient means of conveying information on
the isospin character of collective excitations of low multi-
polarity, especially of the important 2| state, in the mass
region of A4~ 100. For this purpose, the parameter C,
= 85/ 6Y is defined (where the 85"V are the quadrupolar de-
formation lengths corresponding, respectively, to the charge
and the mass excitations), as a measure of the relative con-
tribution of protons (charge) and of protons plus neutrons
(mass). The value of C,= 1.0 corresponds to the expectation
of a homogeneous collective model. It is felt [6] that, when
considering CNI results with a macroscopic description, C,
is a better representation for any predominance of protons or
neutrons in a particular 2; excitation than, for instance,
M, /M, or either B(E2) or B(IS2) separately, since in the
extraction of the C; parameter, several systematic uncertain-
ties of experimental and/or theoretical nature are cancelled.
The values of C, may be directly translated into ratios of
B(E2)/B(IS2) and/or M, /M, but the first ones are, addi-
tionally, affected by choices of reduced charge and mass

Present work Literature
State B(ISL)o8) ! B(ISL) o B(EL)osy/B(EL)oqy  B(EL)(o8)/B(EL)s4)
2 1.28 (8) 1.34 (8) 1.32(4)®
37 1.75(11) 1.29(26) 22 (5)°
"Reference [1].
YReference [20].
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radii, while in the extraction of the latter, further theoretical
hypotheses are made.

The values of C, obtained in the present work reveal the
27 excitations in *“Mo and **Mo to be not homogencous,
but with only a slight predominance of the protons. This is in
marked contrast with what was observed for the isotones
92967 where neutrons strongly dominate the transitions
[7,18,19]. For the other isotone of **Mo, '®Ru, the first
quadrupolar excitation had been previously characterized as
almost homogeneous [8]. The quadrupolar excitation in
%Mo is somewhat more collective than the comresponding
one in %Mo, so no depression of collectivity due to a N

PHYSICAL REVIEW C 64 014316

=56 subshell closure is apparent for *®Mo. In fact, the exci-

tation energies of the 2 states in the sequence *~*Mo are,
accordingly, decreasing.
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