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RESUMO

Neste trabatho foi proposto um método de deconvolugio para extrair
experimentalmente a densidade da matéria nuclear no estado fundamental a partir de dados
de espathamento eldstico entre fons pesados em energias baixas (abaixo da barreira de
fusdo) e intermedidrias. A consisténcia dos resultados foi totalmente verificada. O método
se mostrou uma poderosa ferramenta para a determinagio experimental da densidade da
matéria de nicleos no estado fundamental, particularmente em uma regifio superficial, onde
a diferenga entre a densidade de niacleos exdticos e ndcleos estdveis vizinhos ¢ muito
enfatizada.

Foram realizadas medidas de secdes de choque de espalhamento eldstico
para os sistemas %0 + “°Ca, '™Sn, com o objetivo de ajudar na construgiio de uma
sistemdtica experimental para a parte real da interacfio nuclear, e para obter a densidade
experimental da matéria nuclear no estado fundamental para o nticleo °0.

Como complemento, o trabalho apresenta: i-) uma sistemdtica tedrica das
densidades nucleares, realizada para toda regifio de massa da tabela periddica; ii-) o modelo
ndo-local, desenvolvido para descrever a dependéncia com a energia da parte real da
tnteragdo nuclear; ¢ iii-) uma nova representacio para a absorgio de fluxo, devido aos
canais de reacdio. Com isso, foi desenvolvida uma sistematizago para o potencial Stico a
partir de uma andlise consistente de dados de espathamento eldstico de fons pesados em
energias baixas e intermedidrias. Esta andlise resultou em uma previsio extremamente
satisfatoria para as secbes de choque de espalhamento eldstico experimentais, para um
vasto conjunto de dados, utilizando um modelo bastante fundamental ¢ global para o

potencial ético e, mais importante, sem a utilizacdo de parimetros livres.



ABSTRACT

An unfolding method is proposed to extract ground-state nuclear matter
densities from heavy-ion elastic scattering data analyses at fow (sub-barrier) and
intermediate energies. The consistency of the results was fully checked. The method is a
powerful tool to obtain ground-state nuclear matter densities, particularly at the surface
region where the difference between densities of exotic and stable neighbour nuclei is very
emphastzed.

Precise elastic scattering cross sections were measured for the systems '°O +
Ha, *%Sn, with the aim of helping the construction of an experimental systematics for the
rcal part of the nuclear interaction, and to obtain the experimental ground-state nuclear
matter density for the '°O nucleus.

As a complement, this work presents: i-) A theoretical systematics for
nuclear densities which was performed for the whole mass region throughout the periodic
table; ii-) the non-local model, developed to describe the energy dependence of the real part
of the nuclear interaction; and iii-) a new representation for the absorption of flux due to the
reaction channels, This framework has allowed us to obtain a systematization of the optical
potential from a consistent heavy-ion elastic scattering data analysis at low and
intermediate energies. This analysis resulted a remarkable prediction for a very large elastic
scattering cross section data set using a global and fundamental parameter-free model for

the optical potential.
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I INTRODUCAQO

1.1 Um Breve Panorama sobre a Fisica de Reacdes Nucleares

Nas dltimas décadas, temos acompanhado os diferentes esforcos realizados
com o objetivo de obter descri¢des realistas ¢ aplicagBes para os fendmenos envolvidos em
uma reagdo nuclear nos diferentes campos da Astrofisica, Cosmologia, Matéria
Condensada, Fisica de Partfculas, Estrutura da Matéria etc. Devido & agregagiio de nécleons
que pode ser alcangada em uma colisio entre ndcleos pesados, um estado de grande energia
pode ser obtido, onde muitas espécies de hddrons podem coexistir, Assim sendo, as
colisGes centrais mantém a promessa do estudo de novos estados da matéria.

No interior de estrelas, as reagdes nucleares sédo importantes tanto na geragio
de energia como na dindmica de evolugio destes corpos. O processo de fusdo nuclear de
clementos leves resulta na liberagiio de grande quantidade de energia térmica e de radiagiio,
O (ue aumenta a temperatura da estrela e a probabilidade de ocorréncia de novos processos
de fusfio, um processo de fusdo em cadeia ¢ entdo gerado e serd um dos fatores
responsavels em determinar o ritmo de evolucio da estrela.

Uma grande contribuigio para a nicleo-sintese de clementos do cosmos é
gerada a partir de reagBes nucleares que envolvem os nticleos exdticos, niicleos que
possuem uma desproporgio entre o ntimero de prétons e néutrons e que cstio longe da
finha de estabilidade. Devido & importincia dos niicleos exdticos no meio ambiente estelar,
avangos técnicos €m tornado possfvel a criacio de muitos destes nicleos, pouco

encontrados na natureza e de vida curta, em laboratdrio, proporcionando assim o estudo de
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suas propriedades incomuns, em especial suas densidades de matéria nuclear. Este tem sido
um assunto de considerdvel interesse cientifico e necessério para gerar um sélido
entendimento néio s0 da estrutura nuclear, como também de processos nucleares
responsdveis pela evolugiio de estrelas e da origem de elementos no cosmos. Por outro fado,
a teoria de niicleo-sintese ¢ conectada a muitas propriedades observadas nio sé em estrelas,
mas também em outros corpos astrondmicos, ¢ em particular a numerosos detalhes da
composi¢io quimica do sistema solar e dos raios césmicos.

Atualmente acredita-se que, em condigdes ileais de altas temperaturas c
densidades, uma colisdo de dois nidcleos em velocidades relativisticas provocaria wma
transigio de fase de prétons e néutrons e, por um breve instante, quarks e glions seriam
liberados dentro dos niicleons, formando um plasma quark-gldon (QGP), exatamente como
previsto teoricamente para o infcio do universo, onde haveria apenas quarks e ghions livres
€ que, no entanto, com a expansdo e o esfriamento do universo, os quarks ¢ ghions
agregaram-se e hd 13 bilhdes de anos permanccem virtualmente insepardveis. Esta
transi¢do de fase de matéria (ndicleons) para um plasma quark-glion é exatamente o oposto
do que se acredita ter ocorrido imediatamente apds o “Big-Bang”, isto €, uma transiciio de
quark-glion-plasmas para nicleons.

A parte dessas especulagdes, os fendmenos de uma reagfio usualmente
excitam muitos graus de liberdade de um sistema e um tratamento detalhado torna-se
extremamente complicado, fazendo com que muitas questdes permanegam ainda abertas,
com suas respostas vinculadas a descriges mais fundamentais. Um dos papéis deste
trabalho ¢ mostrar alguns avangos sobre algumas destas descrigBes ¢ como  estas
contribuem para um methor entendimento dos diversos fendmenos envolvidos em reagies

nucleares, tais como os citados acima.



12 Introducdo Historica e Origem do Trabalho

O estudo de reagdes entre fons pesados visa compreender a dindmica de
interagio da matéria nuclear. A solugfio exata de uma colisfio entre {ons pesados envolve a
resolugfio de um problema de muitos corpos (nticleons) extremamente compiexo, onde o
potencial nuclear desempenha um papel central. Assim, a descricio dos processos
envolvidos em uma colisdo nuclear, ao longo dos anos, sempre foi realizada de maneira
aproximada, utilizando um potencial médio de interagiio entre os fons, juntamente com
algum modelo para os canais de reagfio (fusio, transferéncia de ndcleons, espalhamento
ineldstico). A justificativa para o uso deste método estd no ajuste de um imenso niimero de
dados experimentais publicados em artigos nas tiktimas décadas.

Um dos modelos mais antigos para a andlise de dados experimentais de
se¢oes de choque de espalhamento eldstico ¢ o modelo ético. No modelo, os graus de
liberdade internos dos fons sio considerados congelados ¢ o potencial de interagiio,
denominado potencial Stico, ¢ complexo, sendo que a parte real representa o potencial
médio fon-fon ¢ a parte imagindria, simula a absor¢iio de fluxo do canal eldstico, devido aos
diversos canais de reagio. Na prética, a solugiio completa do conjunto de todos os canais de
reagdo acoplados € de dificuldade equivalente 4 resolugiio exata para um problema de
muitos corpos. Assim, na maioria das aplicagBes, tais cdlculos sio realizados com apenas
alguns canais acoplados, sendo que ainda mantém uma parte imagindria do potencial para
simular os efeitos de canais que ndo entram explicitamente nos acoplamentos. Quando um
nimero muito grande de canais acoplados é considerado, o resultado dos cdleulos torna-se
apenas qualitativo, deixando a desejar no que diz respeito ao ajuste de dados experimentais.
A grande complexidade dos muitos canais de reagilo abertos, principalmente em energias
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acima da chamada “barreira de fusio” (ou “barreira coulombiana®), faz com que a obtengiio
do potencial médio de interaciio entre os fons pesados, a partir de dados experimentais de
espathamento, fique sujeita a muitas ambigiiidades [Ta65, Be85, Ho89, Uda89, Sa9l,
Ch92, Wo093].

At¢ hoje, ao se analisar dados experimentais de reagdes entre fons pesados,
em geral, o potencial € parametrizado (parte real e parte imagindria), sendo que os valores
ajustados dos pardmetros variam fortemente com a energia e sio bastante diferentes mesmo
entre sistemas semelhantes. Paradoxalmente, alguns trabalhos tedricos [BI77, Ngd75,
Sky59] mostraram que o potencial nuclear entre fons pesados deveria ter uma forma
universal, com parimetros dependentes apenas do cardter geométrico do sistema.

Durante  a ultima década, nosso grupo de pesquisa aumentou
consideravelmente o conhecimento acerca do potencial de interagiio entre dois fons
pesados. Este progresso foi estimulado por medidas precisas de se¢Bes de choque de
espalthamento eldstico que cobriram uma vasta regifio de angulos (30 a 170 graus) €
energias (30 a 1760 MeV) de espathamento, no referencial de laboratério. O espalhamento
cldstico € o processo mais simples e direto envolvido em uma reagdo nuclear € pode ser
usado como ponto de partida para um melhor entendimento de processos mais complexos

de uma reaglo. Vale salientar que todas as medidas envolvendo energias dentro da faixa de

trabalho do Laboratério Pelletron (até 8.0-7 0% Volrs ). conhecida como regifio de cnergia da
barreira coulombiana, foram realizadas pelo meu grupo de pesquisa no proprio Laboratério
Pelletron [Ch95, Ch96, A199, Si01], enquanto os dados envolvendo medidas nas chamadas
energias intermedidrias e altas foram extraidos da literatura [Ba75, Oga78, Sa86, Khod,

Br97b, Og00, Ro88, Ho98, Bu8l, Bu84]. Paralelo ao acimulo desses dados, alguns
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trabalhos tedricos foram desenvolvidos também dentro do nosso grupo de pesquisa [Ri97,
Ch97, Ch98, Al02, Ch02]. Estes trabalhos produziram importantes resultados, que ao serem
estendidos aos dados experimentais, resultaram em um grande aprendizado sobre as
interagOes fon-fon, néo sé quando suas superficies se tocam, mas também quando os dois
niicleos se inlerpenetram e efeitos relativos & ndo-localidade da interagiio ¢ estrutura da
matéria nuclear passam a ser importantes.

Um método experimental possibilitou obter o potencial fon-fon de forma
muito menos ambigua do que vinha sendo feita anteriormente [Ch95, Ch96, Al99, Si01],
sendo os trabalhos [Al99, Si01] publicados durante o perfodo de meu doutoramento. O
rctodo consistiv em obter dados experimentais de espalhamento eldstico ¢ de alguns canais
de reagiio em regides de energia abaixo da barrcira de fusio de cada sistema estudado.
Nesta regido de energia, um ndmero muito pequeno de canais de reagiio fica aberto; isto
permitiv um célculo de canais acoplados simples ¢ seguro, sem que houvesse a necessidade
da utilizagho de uma parte imagindria do potencial para simular a absorcéio de fluxo para os
canais de reagfio. Assim, a auséncia de parimetros ajustdveis da parte imagindria do
potencial dtico permitiu obter, com precisdo ¢ sem ambigiiidade, os parimetros da parte
real do potencial (potencial fon-ion). Enquanto a parte real do potencial era detalhada, os
estudos referentes & parte imagindria, necesséria para quantificar os processos decorrentes
de reagdes realizadas em energias préximas ¢ acima da barreira de fuso, permaneceram
sem qualquer avango. Apds obtermos uma descrigiio completa da parte real do potencial,
passamos a estudar a parte imaginéria com o objetivo de quantificar o fluxo perdido para os
diversos canais de reaco (capitulo 1),

Essa excelente definiclio na determinagiio experimental da parte real do

potencial, confirmada de maneira ampla em termos de diferentes sistemas e energias, gerou
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a motivagio para compard-la [Ch95, Ch96, A199 e Si01} com o potencial tedrico de cardter
mais fundamental, conhecido como potencial Folding [Sa79], ¢ mais tarde com o potencial
de proximidade [BI77], desenvolvido a partir do modelo da gota liquida. O potencial
Folding foi desenvolvido em termos das densidades da matéria nuclear dos ntcleos
interagentes e do potencial de interaciio efetiva nidcleon-nicleon. Este potencial teérico
Folding descrevia fielmente efeitos de estrutura encontrados com nosso potencial
cxperimental em baixas energias (abaixo da barrcira de fusio); porém, esses potenciais
(tedricos e experimentais) se mostravam incompaltiveis em termos de intensidades [Ch9s,
Ch96 e AlI99]. Uma andlise sobre os diferentes modelos utilizados para descrever as
dengidades dos nicleos interagentes mostraram discrepincias significativas para o nticleo
"0, nicleo utilizado como projétil em nossas medidas, principalmente no que se refere
superficie desse ndcleo [AI99]. Desta forma, a discrepncia observada entre teoria e
experimento parecia estar conectada as densidades nucleares envolvidas no potencial
Folding.

Neste contexto, este trabalho tem origem na necessidade de trés descricfes
fenomenolGgicas distintas: i-) a determinagio da parte real do potencial nuclear; ii-) a
determinagfio da parte imagindria do potencial nuclear, sem nunca desconectd-las, e
mantendo sempre a possibilidade de haver uma relagdo de dependéncia entre as mesmas;

iil-} uma descri¢fio mais precisa para a densidade da matéria nuclear.



1.3 Densidade Nuclear: “Uma questido em aberto”

Muitas questdes sobre cstrutura nuclear ainda sfo colocadas ante a
determinagdo da densidade de néutrons ¢ prétons. Desde muito tempo, vidrias pontas de
prova {(pion, préton, elétron, alpha, etc) tém sido utilizadas no sentido de determinar a
densidade de carga ou da matéria nuclear, porém com diferentes tipos de limitagdo. Por
exemplo, muitos trabalhos foram publicados envolvendo espathamento de elétrons na
determinagio da densidade de carga, onde diferentes aproximagdes foram utilizadas na
tentativa de descrever os dados experimentais [Si70, Fi70, Fa7l, Als72, Fr76]. Devido a
limitagSes na determinagfio experimental da se¢io de choque para altos momentos
transferidos, a sensibilidade do método € restrita somente a regides proximas ao raio
quadratico médio, e imprecisa na regido da superficie (vide apéndice III). Vale salientar que
exatamente nessa regido superficial de densidade de matéria nuclear, do niicleo 16O, 0%
diferentes modelos para cdlculos de densidade por nés estudados apresentavam descricdes
discrepantes entre si [AI99], sendo esta uma possfvel causa para que o potencial folding,
dependente das densidades de matéria dos niicleos interagentes, discordasse do nosso
potencial experimental obtido em [Ch95, Ch96 e AI99].

Os nicleos exdticos, por sua importincia em Astrofisica Nuclear, mas
principalmente pela despropor¢iio entre as distribuicdes de prétons e néutrons, também
chamam alengfio para este tema. Mesmo com uma meia-vida curta, da ordem de
milisegundos, estes nlicleos séo produzidos em laboratério a partir de reagdes nucleares e
reutitizados em reagdes futuras, isto é, alguns milisegundos siio suficientes para se produzir
um feixe de nicleos exdticos e realizar reagOes com um alvo estavel e, desta forma, estudar

propricdades desses nicleos. Uma das recentes pesquisas mais excitantes neste campo fot a
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descoberta da distribuicdo estendida de néutrons em nicleos ex6ticos ricos em néutrons
[Ta85].

Todas essas consideragdes levaram-me a desenvolver, nesse trabalho, um
método para a obteng@io experimental da densidade da matéria nuclear [AI02], a partir de
dados experimentais de espalhamento eldstico de fons pesados em baixas energias. O
método dertva da comprovada existéncia de um raio de sensibilidade, que ¢ um ponto onde
a densidade da matéria para um certo niicleo pode ser bem determinada a partir da andlise

de uma distribuigiio angular de espalhamento eldstico (capitulo I11).

1.4 Desenvolvimento do Trabalho

Partindo do conceito no qual o modelo Folding estd relacionado com a parte
real do potencial (com justificativas tedricas oriundas da teoria de Feshbach de reacoes
nucleares), o objetivo tragado foi entdio construir um potencial teérico, alterando o ja
conhecido potencial Double Folding [Sa79i, levando em consideracio os Progressos em
nosso entendimento da interagdo efetiva entre dois ndcleons em um meio nuclear, ¢ o0s
progressos quanto & importincia dos efeitos da ndo-localidade de Pauli [Ri97, Ch97, Ch9g,
Ga98], em energias intermedidrias, o que implica em levar em conta a nétureza fermidnica
da matéria nuclear, e estabelecer a relagio de dependéncia do potencial nuclear com a
energia.

Referente a densidade nuclear, neste trabalho estiio apresentados os dados de
espathamento eldstico, obtidos no laboratdrio Pelletron, em energias abaixo da barreira de
fusdo, juntamente com os dados obtidos em energias intermedidrias, extraidos da fiteratura,

envolvendo o nicleo '°O como projétil [Al02]. Nossa andlise de dados foi realizada com o
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modelo Gtico, onde & parte imagindria do potencial foi assumida em duas direges distintas:
a primeira, para baixas energias, parametrizada a partir de uma fungiio do tipo Woods-
Saxon; e a segunda, para energias intermedidrias, em termos mais fundamentais, utilizando
a conhecida aproximag@o de Glauber para altas energias [Gl69]. O modelo de nio-
localidade, desenvolvido em Sdo Paulo pelo grupo de pesquisa do qual fago parte [Ri97,
Ch97, Ch98], foi assumido com o objetivo de descrever a dependéncia de energia da parte
real da interagfio nuclear, a qual estd conectada com o potencial folding através de uma
equagdo muito simples, conforme discutido na se¢iio 11.2.4, obtida em [Ch02).

Os métodos desenvolvidos a partir do niicleo 'O se mostraram poderosas
ferramentas para a determinagio da densidade de outros niicleos estiveis ('*C ¢ '*0) ¢ do
niicleo exético (*He). Estes outros estudos fazem parte de duas teses de doutoramento
desenvolvidas por membros do meu grupo de pesquisa, além de j4 terem sido publicados
em periodicos internacionais [Ro02, Ga02a, Ga02b]. Vale destacar, em particular, a
eficiéncia do método em uma regifio superficial da densidade nuclear, onde as diferencas
entre as densidades de niicleos exdticos e ndcleos vizinhos estdveis sdo muito enfatizadas.

Este trabalho é fechado com mais um teste de consisténcia para a parte real
do potencial ¢ uma tentativa de obter um modelo fenomenolGgico para a parte imagindria
do mesmo (capitulo V). Como continuidade do meu trabalho de doutoramento segui,
entdo, o conceito da aproximagio de Glauber de altas energias [GI69], de usar a mesma
forma radial para as partes rcal e imagindria do potencial 6tico ¢ estendi assim nosso
modelo desenvolvido para a parte real também para a parte imagindria do potencial nuclear
[A102b]. Além de obtermos um modelo bastante simples para a parte imagindria do

potencial, nos obtivemos ainda uma excelente descrigio dos dados experimentais de



diversos sistemas, ¢ o que é mais importante, sem a utilizagiio de parametros livies (vide

capitulo IV ou referéncia [A102b]).



II  PARTE TEORICA

1.1 O Potencial segundo a Equagdo de Schridinger

Como citado anteriormente, nosso estudo de reagdes entre fons pesados tem
como objetivo uma melhor caracterizagio da estrutura da matéria nuclear, bem como sua
dinfimica de interagiio. Tanto a soluglo exata de wma colisdo entre fons pesados como a
disposigiio em camadas dos nicleons, componentes de cada ndcleo, apresenta sua solucio a
partir da equagiio de Schrodinger, com as devidas aproximac@es pertinentes a cada caso, e
um modelo para o potencial médio de interagiio (U)).

42
fﬁ'hp(m +UREMY(R) = E¥(R) "
i

Para escrever, por exemplo, a fungio de onda ‘P(R) de um nicleo, segundo
o modelo de camadas, devemos ter o conhecimento das érbitas ocupadas, o que chamamos
de configuragio. Desta forma, a partir da fungiio de onda do ntcleo, podemos determinar a
sua densidade.

Por outro lado, ao tratar o espalhamento eldstico entre fons pesados, com as
devidas aproximagdes sobre o potencial nuclear, a funcgiio de onda resultante da equacio de
Schrtidinger ird descrever o processo, através de uma distribuicfio de probabilidades para as
particulas espathadas por um nicleo-alvo. Essa distribui¢fio de probabilidades pode ser
convenientemente descrita, através de cdlculos da secfio de choque diferencial deste

processo, em funcio de seu fngulo de espathamento (apéndice 1),
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Nosso objetivo ¢ determinar o melhor potencial U(R,E) que descreva a
seghio de choque diferencial eldstica. Nesse contexto, vérios modelos t8m sido pPropostos
para o potencial nuclear, principalmente no que se refere 4 sua parte real. Foi observado
que os potenciais fenomenologicos introduzidos para descrever os dados experimentais sio
signilicativamente dependentes da energia [Sa79]. Alguns modelos tedricos foram
construidos para descrever essa dependéncia através de potenciais de campo médio real.
Até hoje, os mais bem sucedidos pareciam ser os potenciais dependentes da densidade.
Temos entdo a origem da necessidade de uma andlise conjunta entre densidade e potencial
nuclear no estudo das reagdes entre fons pesados, uma relagiio entre dinimica e estrutura,
onde o potencial Folding ¢ sem divida o ponto de partida,

Trés casos serfio discutidos a seguir, com o objetivo de mostrar os avancos
na caracterizagiio do potencial. Antes de tratarmos diretamente sobre o potencial Double
Folding, base da parte real do potencial nuclear que temos trabalhado nos dias atuais,
iremos descrever o modelo que originou a descrigiio para o potencial nuclear como um
potencial médio sem levar em conta cada uma das interagdes nicleon-niicleon ¢ utilizando
uma parte imagindria para descrigio de canais de reagSes responsdveis pela absorcio de
fluxo: o Modelo Otico. Vamos desprezar a nio-focalidade de Pauli e tratar a chamada nio-
localidade de Feshbach, utilizando um potencial de polarizacio médio parametrizado. Esse
tipo de abordagem corresponde ao modelo Gtico em sua forma mais simples. Em seguida
continuaremos desprezando a ndo-localidade de Pauli e detalharemos o potencial Folding
em sua origem, para enfim introduzirmos os efeitos da nio-localidade de Pauli sobre o

potencial.



I1.2 Desenvolvimento do Potencial Nuclear

O potencial de interagio entre dois niicleos, alvo e projétil, consiste na soma

dos termos do potencial 6tico V, (R, E) ¢ o potencial coulombiano V. (R), ou seja:

or

URE)Y=V, (R E)+V.(R) (2)
11.2.1 O Potencial Coulombiano

Curiosamente, na maioria das aplicagBes, o potencial coulombiano entre dois
niicleos de raios Ry e Ro, e nimeros atdémicos Z, ¢ Z, era considerado aproximadamente
igual ao potencial entre uma carga Z,e, puntiforme, e uma esfera carregada de raio R +R; e
carga total Zye. No entanto, essa aproximagio nio ¢ apropriada nos casos de espalhamento
em altas energias, para os quais regides de distancias de interagio bastante internas sio
testadas. Assim sendo, neste trabatho utilizamos o potencial entre duas esferas
uniformemente carregadas, para o qual jd foi encontrada uma expressio analitica hd mais

de duas décadas [De75].

1.2.2 O Potencial Otico

O modelo 6tico possui duas caracterfsticas fundamentais capazes de

minimizar o problema do espalhamento eldstico de um sistema de muitos corpos:



(i-) O modelo assume que a interagfio entre o projétil e o alvo pode ser
definida através de um potencial médio, resultante de uma média das interacdes nticleon-
aticleon dos respectivos nicleos.

(ii-) Baseado no espalhamento ¢ absorgdo de luz por um meio Gtico, onde a

-

absor¢iio € simulada por um fndice de refragiio complexo, o modelo dtico representa

el

absorcio do canal eldstico para os canais de reagfo (como, por exemplo, espalhamento
inelastico, transferéncia de nicleons e fusio) com uma parte imagindria no potencial
nuclear.

Esse potencial nuclear médio, denominado Potencial Otico, é representado
em fungio da distincia entre os ndcleos e a respectiva energia de centro de massa, de tal

forma que temos:

V, (RE)Y=V (R, E}+iW(R,E) ()
V(R,E) =V, (R)+V,,(R,E) (4)

sendo V(R, E) a parte real do potencial 6tico, a qual ¢ composta da soma do

potencial nuclear V (R) com a parte real do potencial de polarizagiio V(R E). A

maneira pela qual o potencial de polarizagfio surge no potencial ético ¢ descrita no apéndice
1.

Em grande parte das aplicagbes, a parte real do potencial é representada na
forma do tipo Woods-Saxon por:

~ V. (E
V(R E) = Vo)

()

I+exp| ~—

a(-E )

Na maioria das aplicages, a parte imagindria tem sido considerada na

mesma forma:



- W(}( ;)
R—R,(E)

e a, ()

WI(R,E) =

(6)

Esse procedimento € adotado pela suposi¢io de que o potencial deveria ter
aproximadamente a mesma forma da distribuigio da matéria nuclear. E importante ressaltar
que, apesar de dtil, devido & simplicidade ¢ ao ajuste de uma grande quantidade de dados
experimentais, tal procedimento estd distante de representar efeitos mais fundamentais, ¢
portanto ndo estd bem justificado. Por exemplo, ji foi demonstrado [Lo77, Ba79] que o
processo de cxcitagGes ineldsticas coulombianas tem um correspondente potencial de
polarizagio imagindrio, de longo alcance, que nfio pode ser corretamente representado
utilizando uma forma do tipo Woods-Saxon.

Ao utilizar o modelo Gtico, o procedimento normalmente adotado na andlise
de dados de espalhamento cldstico entre fons pesados é manter alguns parimetros livres no
potencial 6tico, de maneira a ajustar a distribui¢io angular experimental. Foi observado
[(Sa74] que, para energias préximas da barreira coulombiana, diferentes “familias” de
potenciais Oticos, isto €, difercnies valores dos par@metros livies em (5) e (6), produzem
ajustes de dados experimentais muito semelhantes. Os parAmetros estio de tal forma
correlacionados, que as diferentes familias correspondentes & parte real do potencial Stico,
V(R,E), cruzam-se (t8m a mesma intensidade) somente num ponto conhecido como raio
de absorgio forte. Ou seja, as previsdes de secio de choque tedricas $6 sdo sensfveis ao
potencial Gtico em uma pequena regifio de distdncias de interacfio, em torno do raio de
absorgdo forte [Ch95, Ch96, AlY9, Sil01]. Essa caracteristica estd ligada ao curto alcance
da for¢a nuclear e a correspondente absorgiio forte nos sistemas de fons pesados [Bro7].

Isto €, o “contato” entre os nicleos leva quase que inevitavelmente a eventos nfo-eldsticos
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e a perda de fluxo do canal eldstico; conseqiientemente, o espathamento eldstico &
dominado pelas condiges da “regidio superficial” de distAncias de interagiio.

Diante dessa grande dificuldade na determinaciio do potencial nuclear,
através da andlise de dados experimentais de espalhamento eldstico em energias proximas
(acima) da barreira coulombiana, desenvolvemos o método que possibilitou realizar um
cdleulo de canais acoplados simples e seguro, sem a necessidade da utilizagio de uma parte
imagindria do potencial para simular a absor¢io de fluxo para os canais de reagio, mas sim,
apenas um potencial que simule uma pequena absor¢fio interna, devido a penetragio de
barreira. O método ¢ baseado em dados em energias subcoulombianas, regifio na qual o
potencial nuclear pode ser entfio considerado uma pequena perturbagio do potencial
coulombiano e, portanto, os dados experimentais de espalhamento eléstico ¢ dos poucos
canais de reaclio foram obtidos com muita precisdo, de forma a permitir a obtengiio do
potencial com boa defini¢iio. Uma descri¢io completa desse método foi realizada em minha

dissertagiio de mestrado e posteriormente publicada em [A199].
11.2.3 O Potencial Double-Folding

O potencial Folding [Sa79] ¢ construido a partir de uma convolugio da

interago nicleon-nicleon com as densidades de matéria dos nicleos em colisiio.
Vicota (R) = JP; (1 WVo(R =71 +F)py(ry)dRdr, N
Na equagiio 7, v (r) ¢ a interaciio efetiva entre dois niicleons. Para tal
interacfio, os modelos conhecidos como M3Y (Reid e Paris) sio representativos de

interagbes  “realistas” e sfio, também, os mais utilizados. BEm nosso trabaltho de
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desenvolvimento do modelo de ndo-localidade e da determinagiio experimental das
densidades nucleares [Ri97, Ch97, Ch98, Ga98, Ai99, Al02], usamos a interagio cfetiva
M3Y-Reid:

—dy e =2r

. [44 -
Vo (F)=T7999 e 2134 ———+ J S(F 8
NG . Tt S () (8)

Nesta equagiio, os dois primeiros termos sio responsdveis pela parte direta
da interaglo nhcleon-niicleon, enquanto o Gltimo termo simula efeitos nfo-locais de troca
entre ndcleons do projétil e alvo (ndo-localidade de Pauli), na aproximagio de alcance nulo
(0 aleance da ndo-localidade serd discutido na préxima secdio). A magnitude de Jqyo foi
determinada empiricamente, através do ajuste de dados experimentais de espalhamento de
protons em diversos ndcleos, e para vérias energias (até¢ 80 MeV). Foi obtida a seguinte
leve dependéncia com a energia do proton: Jyq = 276[1-0.005- £/ Al(MeVfmn ™) . Outros
detalhes acerca da interagfio M3Y podem ser encontrados em [Be77].

No contexto do Modelo Otico, o potencial Folding {Sa79] tem sido usado
com bastante sucesso, em andlises de dados experimentais de espalhamento eldstico para
energias em torno da barreira coulombiana. Nessas andlises, a parte real do potencial ético
tem sido assumida igual ao potencial Folding (equagio 7), multiplicado por um fator de
normalizag@io (que pode variar com a energia), de forma a simular os efeitos da polarizagio.
O fator de normalizagiio tem sido obtido proximo da unidade [Sa79], que é um indicativo
da propriedade desse procedimento. Entretanto, como passaremos a discutir, o potencial
Folding nessa versdo original, nfo obteve o mesmo &xito na descricio de dados
experimentais em mais altas energias.

Em [Br97aj foi enfatizado que o potencial nuclear pode ser extraido sem
ambigtiidades, através de medidas de espalhamento eldstico em energias intermedidrias
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(vartas dezenas de MeV/nicleon). Para ajustar os dados experimentais, o fator de
normalizagdo multiplicativo do potencial Folding apresenta grande variagio com a energia,
em alguns casos tornando-se bastante menor que “I”. Isso foi inicialmente observado para
sistemas com particulas alpha, onde um fator de normalizagiio de aproximadamente 44" foi
encontrado para energias em torno de 35 MeV/nucleon. Posteriormente, resultado
semelhante foi encontrado para vdrios sistemas de fons pesados. Esse fator (bastante menor
que 1) ndo pdde ser associado aos efeitos do potencial de polarizacio, pois estimativas
tedricas [Ma77] para essas energias mostraram que, além de apresentar intensidade muito
pequena em comparagio ao potencial Folding, a correspondente parte real do potencial de
polarizagio € atrativa (nfio-repulsiva como seria necessdrio para explicar os fatores <</1).

Por outro lado, para explicar a saturagio da matéria nuclear, ja havia sido
proposto [Be71] que a interagdo efetiva entre dois nicleons deveria depender da densidade
do meio. Saturagfo requer que a atragdo enfraqueca 4 medida que a densidade aumenta.
Assim, surgiram vdrios modelos para a interagfo nuclear entre fons pesados (denominados
interagOes dependentes da densidade), baseados no potencial Folding, em que a interagio
efetiva ntcleon-ndcleon € considerada dependente da densidade. A primeira versiio [Ko82,
Ko84] assume a interacdo M3Y-Reid (equagio 8) multiplicada pelo fator:

J(p.Ey) = CLED+ouEy e vy, (9)
com p=p(n)+py(n)ek, =F/A = energia de bombardeio por niicleon do projétil. Os
pardmetros C, are B, dependentes da energia, foram escolhidos de forma a fazer com que a
integral de volume de interagiio se ajustasse, tio bem quanto possivel, aos resultados de
cilculos tipo Brueckner, de Jeukenne et al. [Je77], para o espalhamento de um niicleon pela

matéria nuclear. Uma dificuldade com a equagio (9) é que densidades grosseiramente duas
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vezes maiores do que a da matéria nuclear “normal”, sfio encontradas quando ocorre grande
superposicido dos dois fons. Virios modelos mais “realistas” tém sido propostos, por
exemplo: [Kh93, Kh94, Kh95a, Kh95b]. Um aspecto interessante dessas interacdes € que
diferentes modelos para a fungido f(p,E,} fornecem diferentes valores para a
incompressibilidade da matéria nuclear [Kh94, Kh95a, Kh95b]. Na matéria nuclear, a
energia de ligagio por ndcleon, B, deve ter um minimo para a densidade de saturacfio
Py = 0.17 fin™. A curvatura de B(p) estd conectada com a incompressibilidade por:
K=9p;©0°BIdp*),., (10)
Assim, alguns autores acreditam poder extrair informagdes acerca dessa
importante quantidade, através da andlise de dados de espalhamento cldstico entre fons
pesados em energias intermedidrias [Kh95a]. Tais andlises sfo realizadas com alguns
parimetros livres na fungiio f(p,£,), utilizados no ajuste dos dados experimentais.
Aparentemente, 0 modelo que fornece melhores ajustes, conhecido como DDM3YI,
implicaria numa incompressibilidade de K=270 MeV [Kh95a], que é compativel com o
valor obtido a partir de dados de ressonfincias gigantes isoescalares [Y099]. Entretanto,
para obter resultados satisfatérios na andlise dos dados, foi necessdrio introduzir uma
dependéncia adicional em energia [Kh93]. Dessa forma, consideramos que uma
denominagéio mais apropriada para essas interagdes seria: “interagdes dependentes da
densidade e da energia”. Essa depend@ncia “extra” em encrgia e 0 modo “um pouco
arbitrdrio” pelo qual s@o assumidas as diferentes formas para a dependéncia de densidade
da fungio f(p,£,) sdo os pontos mais criticados desses modelos. E necessdrio comentar

que uma descriglio alternativa da variagio do potencial nuclear com a energia, como aguela
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apresentada no proximo capitulo, pde em divida os resultados para a incompressibilidade

da matéria nuclear obtidos com as interagdes dependentes da densidade (¢ encrgia).

11.2.4 O Potencial Ndo-Local

Como jd comentado, foi demonstrado que as ambigiiidades relativas i
determinagdio experimental do potencial fon-fon podem ser removidas através da andlise de
dados de espalhamento eldstico em altas energias. Foi observado [Bro6] que o potencial
nuclear que ajusta tais dados tem uma significativa dependéncia com a encrgia.

Nosso grupo de pesquisa publicou vdrios artigos [Ri97, Ch97, Ch98] os
quais mostram que a dependéncia do potencial nuclear com a energia pode ser explicada
com a introdugio de uma interagfio nuclear nfo-local. A ndo-localidade do potencial tem
origem no cardter fermidnico da matéria nuclear.

Ao tratar o espathamento eldstico cntre fons pesados com interaghes nio
locais, deve-se resolver a seguinte equacio integro-diferencial [Ch97):

T 2 - - BT
- ﬁ-—VZ‘I’(R) Ve (RY+V, (REY W, (R, ENMF(R) +

2u (1)

JUR,RYW(R IR = EY(R),
onde V.. € o potencial coulombiano, assumido como sendo local. Vo €W, $80 as partes
real ¢ imagindria do potencial de polarizacio ¢ contém as contribuicdes oriundas dos
acoplamentos com canais de rcaciio, ¢ W(R) ¢ a fungiio de onda que descreve o

espalhamento elistico do sistema nficleo-nilcleo. Por consideragdes fisicas [Ch97], a



interagio cfetiva entre os ntcleos deve ser simétrica, U(R,RY=U(R ,R). A parte nao-

local € escrita como:

R+RY 1 R-R

U(RR )=V,, : oxf —| —! (12)
NI n%bj b

onde b =bym/ it & o alcance da ndo-localidade de Pauli, by = 0.85 fm, my ¢ L 8850 a massa
de um ndcleon e a massa reduzida do sistema, respectivamente,

O termo, U(E,fé'), que denominamos interagéio fon-fon, representa o valor
esperado do operador de interagdo, o qual contém, basicamente, a forga efetiva média
ndcleon-nicleon. A ndo-localidade neste termo, como dissemos, é devida 3 naturcza
fermibnica dos nidcleons que constituem a matéria nuclear, Denominamos este tipo de nio-

localidade como nfio-localidade “de Pauli”. O termo V_, ¢iW

po

o (Cquaglio 11), chamado

termo de “Feshbach”, contém as contribuiges oriundas dos canais de reacio e de
excitagbes virtuais para estados intermedidrios (canais incldsticos, de transferéncia de
nicleons etc). A correspondente ndo-localidade, denominada “de Feshbach”, provém de
polarizagdes devido & propagagfo nos canais intermecdidrios.

Devido 4 natureza central da interacfio, podemos realizar a expansio em
ondas parciais da equagio (11}, de tal forma que

n du, (R [E-V R~V (R E)~iW, (R E)
— et [ =V (R) —~ JEY=-iW L (RVE
Z,U deZ . C pol polt

(13)
52 o
=T Ry = Y, (R R (R

0

R

26



O potencial local equivalente, U, ,.(R), é entiio definido como:

Uiy (REY+HIW, (R E) = —mim—oJ?V,, (R, Ry, (RYAR' (14)

e podemos entdo, escrever a equagfio de Schrédinger na forma:

B dZuI(R) . .
e L (B V(R )=V o (R E J=iW g (R E )]

20 gr? (15)

~[Urp(RE)+iWp(RE)JY =0

A presenca da funglio de onda na equagiio 14 indica que o potencial local
cquivalente € complexo e também dependente de (1) ¢ da energia. Apesar dessa natureza
complexa, o potencial local equivalente néo € absortivo, <‘P|W!.,E.|‘I‘> =0 ¢ isso pode ser
demonstrado, considerando que a interacio ndo-local & real e simétrica:
UR,RY=UR R).

Na equagio 12, segundo o modelo [Ri97, Ch97, Ch98], V,, & tomado como
o potenctal Folding, de tal forma que V,, (€)= Vit (R =¢&). Foi mostrado [Ch97] que uma

boa aproximagio para U, (R} ¢ obtida por:

: ey
Urg(R.E )= Vf'()l(l(R)exl7{“§_;2—[ﬂ'"VC(R)""ULE(R,[: )]} (16)
1

Em energias préximas da barreira coulombiana (E = Vg = Ve(Rp)) e
distincias perto do raio da barreira (R = Rg), o ecfeito de nido-localidade & desprezivel

(menos que 1%), e U, (R~ Ry B = V,,)z V okt (R). Para altas energias, porém, o efcito da

27



ndo-localidade tende a diminuir sensivelmente a intensidade do potencial nuclear [A199,
Si0t].

Dentro de um panorama da Fisica Cléssica, o expoente na equagiio 16 estd
relacionado 2 energia cinética (£, ) e A velocidade relativa entre nicleos (v), por

2 2., ;
vz x;;EK(R):“E[E_Vc(R)MUH(R’h)] (17)

e a equacdio 16 pode ser reescrita na seguinte forma

y ] 2 4 2
U,,E(R,E)zv,,(R)exp—u[ﬁ%iJ =~V (Ryexp-| o | (18)
1 ¢

Portanto, nesse contexto, o efeito da nfo-localidade de Pauli é equivalente a

uma interago nuclear dependente da velocidade relativa (equagio 18),
11.2.5 A Parte Imaginéria do Potencial Otico

Com o objetivo de estabelecer uma completa conex@o entre o potencial e as
densidades, durante nossas andlises tentamos dar A parte absortiva do potencial um
tratamento fenomenoldgico mais fundamental, sem a utilizagio de parmetros livies para o
ajuste dos dados experimentais. Um modelo para essa parte imagindria do potencial de
polarizagiio, conhecido como teoria de espalhamento miiltiplo de Glauber [GI701, foi
desenvolvido para energias suficientemente altas, em que sdo satisfeitas as seguintes

condigOes: 1) a energia cinética da particula incidente excede grandemente a magnitude do

28



potencial; ¢ i) o comprimento de onda da particula ¢ muito menor que um comprimento
caracteristico do potencial (este € da ordem de magnitude da difusividade do potencial, ou
seja, aproximadamente 0.5 fim). Nestas condig@es, pode ser considerado que toda a absorgio
de fluxo do canal eldstico provém de processos elementares de espalhamento nicleon-
nucleon, os quais ocorrem na superposiciio das densidades dos nicleos em colisdo. Isto
corresponde a desconsiderar processos de reagiio em que séio envolvidos mais de dois
ndcleons, tais como excitagbes coletivas dos niicleos. Nessa aproximacio (conhecida como
aproximagiio LAX), os linicos “ingredicntes” necessdrios nos cilculos sio as sectes de
choque de espalhamento nicleon-ndcleon e as densidades de matéria dos ntcleos alvo

(py) e projétil ( p,). O potencial imagindrio é calculado por:

., hv ¢
W(R’b) = ﬁ—%‘J‘GNN (EN)pp(

R-7 }) Py (1 )7, (19)

onde v ¢ a velocidade relativa entre os dois niicleos, e &, 6 a secio de choque total média
para espalhamento nicleon-niicleon com o Bloqueio de Pauli [Hu91], obtida das seches de
choque experimentais dos sistemas préton-préton ¢ préton-néutron, na energia £, (igual &

energia de bombardeio do sistema fon-fon dividida pelo niimero de nucleons do projétil}),
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III O Método para Determinacio Experimental da Densidade

da Matéria Nuclear

O método para determinagio da densidade da matéria nuclear a partir de
dados de espalhamento eldstico de fons pesados, em energias abaixo da barreira
coulombiana e energias intermedidrias, ¢ resultado da aplicagio do potencial nio-local
(NLM3Y) descrito na segiio 11.2.4. O potencial NLM3Y foi testado para vdrios sistemas
[Ch97, Ch98] e apresentou excelentes reprodugdes para as segdes de choque de
espalhamento eldstico e ineldstico em uma vasta regido de energia, particularmente em
energias intermedidrias onde efeitos refrativos dos dados de espathamento elastico sio
muito sensiveis a parte real da interagio [Br97a].

Para energias abaixo da barreira coulombiana, os dados de espalhamento
elastico foram obtidos a partir de 43 distribuigfes angulares de 12 sistemas do tipo '°O + A,
onde A € um niicleo alvo mdgico ou semimdgico, com niimero de massa variando de 40
{Ca) 4 208 (Pb) [Ch95, Ch96, Al99, Si01]. A andlise desses dados forneceu informagdes
sobre a densidade do nicleo °O em regides superficiais. No caso de energias
intermedidrias, foram extrafdos da literatura dados de espathamento eldstico para o sistema
90 + %0, na energia de laboratério (E, ;=1 [120MeV ), os quais forneceram informagdes
da densidade do '°0 em uma regido muito mais interna.

Como dito acima, assumimos o modelo para nio-localidade na interagio
entre fons pesados, onde a parte real do potencial nuclear é dado por U, (equagio 18). A
densidade de um dos nticleos também foi assumida como conhecida. Assim, um método de

deconvolugiio pdde ser utilizado para extrair a densidade do outro ndcleo. Nas andlises dos
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dados, para obter as distribuigSes nucleares dos niicleos alvos, foram utilizados os modelos
de Hartree-Fock, Dirac-Hartree-Bogoliubov (DHB) ¢ Shell-Model. O estudo extensivo e
sistemdtico sobre o potencial fon-fon nos forncceu as evidéncias de que as densidades para
esses niicleos alvos (fons mais pesados), estio bem descritas pelos célculos tedricos [A199,
Sil01, Ga02a]. Por outro fado, dados de espalhamento de elétrons também indicam que as
densidades tedricas para niicleos pesados sdo bastante realistas, fato que nio ocorre para

nicleos mais leves (vide Figura 1):
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Figura [: Secdes de choque experimentais de espalhamento elistico de elétrons para
os niicleos de “C, %0, 58Ni, %ph como funciio do momento transferido. As linhas
cheias representam previsoes teoéricas utilizando distribuicoes tedricas de carga a
partir de calculos do tipo Dirac-Hartree-Bogoliubov (DHB). A linha tracejada

corresponde ao caleule com uma distribuiciio Fermi-Dirac, conforme [Ga02a].
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Diante deste quadro, nosso trabatho foi entdio, por conveniéncia, impor a

densidade “cxperimental” do ntcleo '°0, na forma de uma Fermi-Dirac com dois

parametros livres (2PF): a difusividade (a) e o raio (Ry),

plr) = ) 20

onde, mantendo fixo os valores de “R,” ¢ “a”, o valor de p,, fica determinado pela
condi¢io de normalizagio:
A=16=[4np(r)r’dr. 21

Para cada distribuicdio angular de espalhamento eldstico, variamos o

6

pardmetro “a” e ajustamos “R,”, de forma a reproduzir os dados das secdes de choque

experimentais de espalhamento (minimizando o y°):

o}

o‘ f—
2 e e exp ‘ 22)
DY v (

exp

Ao construirmos uma func¢io-densidade, na forma de uma Fermi-Dirac, com
os meihores parimetros para cada valor de difusividade “a”, verificamos a existéncia de um
raio de sensibilidade {r, ), onde, para qualquer valor de “a”, o valor de p(r, ), é o mesmo

(Figura 2).
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Figura 2: Grafico de densidade do '°0, com diferentes valores de difusividade, para o
sistema "°0+°0 em 1120 MeV (energia intermedidria) e para o sistema "*0+*Mo em
49 MeV (energia subcoulombiana). A figura também apresenta um teste de notch

para determinaciio do raio de sensibilidade.

Na Figura 2, estd esquematizado um teste de notch no qual, a partir de uma
perturbagio dada na forma de uma fungiio Gaussiana {equac@io 23), incluida na funcfio
. . . - i~ bl . - ~
densidade do '°0, a variagdo da fungiio x - (chi-quadrado) é estudada como uma fun¢éo da

posi¢io desta perturbagio (rp )

r=r,

P e (F) = p(r)1+0.2] exp— o3 . (23)

O teste de notch garante que (r_‘.) estd na regifio de sensibilidade, e nio

surge de cruzamentos esptrios, os quais ocorrem devido A forma particular e & condigiio de

jUS)
At



normalizagiio da distribuigéio de densidade. Por exemplo, no caso do sistema '°Q + Mo,
mostrado na figura 2, o cruzamento proximo a r =5 fm estd na regiio de densidade que é
importante (pelo teste de notch) para o ajuste dos dados, enquanto este comportamento ndo
¢ detectado para o cruzamento proximo a r =2 fin .

A determinago da barra de incerteza para a densidade no raio de
sensibilidade ¢ ilustrada na figura 3 para um caso particular de distribuicdio angular de
espalhamento eldstico. Em rg, os valores obtidos para a densidade nio dependem da
difusividade assumida para a distribuigio. Assim, a dependéncia do chi-quadrado total

sobre R, € estudada para um valor fixo de a, , e 0s parimelros que correspondem ao valor

2
x min

A

de ){2(%;7;”-”) e aos valores y2. -+ sdo encontrados (ver a determinagio de

Rypin» Ry ¢ Ry, na figura 3), onde “n” é o nimero de pontos experimentais da
distribuigéio angular. A figura 3(b) apresenta a distribuicdo de Fermi para os valores de

Ry pins Bo- € Ry, € arespectiva determinagfio da barra de erro para a densidade em Fg .
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Figura 3: A figura apresenta um exemplo da determinacdo da barra de incerteza para

a densidade do *C em ¢, para a distribuicio anguiar do sistema *C + “*Ni em
EM) =27MeV (vide [Ga02a]. (a) chi-quadrado total como fancio do raio da
distribuicdo de Fermi para o pardmetro difusividade fixo em «=0.5fm, ¢ a
determina¢iio dos valores de R,,..R, cR, . (b) distribuicbes de Fermi que

correspondem aos valores de R;, ., R, e R, , e a determinaciio da barra de incerteza

para pem s,

. . i . .

Com isso, temos a densidade do '°O bem determinada, experimentalmente,
em um ponto a partir da andlise de uma distribui¢iio angular. Fazendo isso para todos os
sistemas e distribuigBes angulares, verificamos um comportamento similar, com a

existéncia de um raio de sensibilidade variando com a energia. O resultado pode ser

observado na figura 4 a seguir.

(s
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Figura 4: Determinaciio experimental da densidade do niicleo '°0, obtida da analise

de dados de espalhamento elistico de fons pesados para varios sistemas.

Os valores experimentais da densidade do *°O, obtidos em scus respectivos
raios de sensibilidade, sdo mostrados na figura 4, a partir da andlise de dados de altas e
baixas energias (pontos “escuros” e “semi-escuros”, respectivamente). B importante
destacar a dependéncia da posigiio do raio de sensibilidade com a energia. Abaixo da
barreira coulombiana, esta variagiio estd conectada com o ponto de retorno cldssico do
potencial efetivo e, como pode ser visto, nos permitin mapear e caracterizar a distribuicio
da matéria nuclear do niicleo de O em uma grande parte da regifo superficial

(4.5 r=206.0fim - figura 4). Ainda na figura 4, temos um ajuste dos dados da densidade



por uma distribui¢io Fermi-Dirac (2pF ~ linha cheia), com os correspondentes parfimetros

apresentados na tabela 1:

Po 0.169 fin™
R, 247 fim
a 0.56 fm

Tabela 1: Melhores parimetros, obtidos em termos de xz, para a funcio densidade

de matéria do '°0, representada por uma funciio Fermi-Dirac (equacio 20),

Um estudo mais detalhado foi realizado com dados a uma encrgia de //20
MeV (pontos cheios — figura 4). Primeiramente, consideramos a possibilidade de existir
alguma dependéncia dos resultados obtidos para os raios de sensibilidade devido 2 forma
adotada para a distribuigfio de densidade, particularmente para energias intermedidrias, para
as quais regides mais internas sfo testadas. Assim, com o objetivo de investigar tal
dependéncia, assumimos como distribuiciio de densidade do ndcleo 'O a forma de um
oscilador harménico com dois parimetros ajustaveis (we a):

2 2
oL .
! exp— —’7 . (24)
w W

p(r)=pg 1+

Uma vez que o ajuste de dados depende da densidade apenas em uma
pequena regido do raio nuclear (vide teste de notch — figura 2), a determinaciio do raio de
sensibilidade e do valor de densidade correspondente é praticamente independente da forma
assumida para a distribuicio nuclear (Fermi-Dirac — 2pF, oscilador harmédnico — HO -

figura 4).
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Além disso, estudamos uma possivel dependéncia do raio de sensibilidade
(rS) ¢, conseqiientemente, do método, em fungio do modelo utilizado para o potencial
imagindrio. Para isso, assumimos um potencial do tipo LAX (equagio 19) e outro do tipo
Woods-Saxon (equagéio 6). Na figura 4, apresentamos o teste realizado, também a uma
energia de /720 MeV, podendo a priori concluir a existéneia de uma depend@ncia muito
pequena, para o valor experimental da densidade.

Assim sendo, os resultados obtidos para a densidade do '°0, sio muito
pouco sensiveis & forma da distribuigio assumida para o '°0 ¢ também a0 modelo adotado
para a parte imagindria do potencial 6tico. As correspondentes distribuigdes angulares de

espalhamento eldstico também sfo muito pouco sensiveis a esses fatores (vide figura 5).
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Figura 5: Ajuste de dados de secdes de choque de espalhamento elastico em baixa e
alta energia. Os ajustes foram obtidos utilizando distribuicdes de Fermi-Dirac ou
Oscilador Harménico para a densidade do '°0, e uma parte imaginaria do potencial

6tico do tipo Woods-Saxon ou Lax,

Com a proposta de comparagio e demonstragiio da sensibilidade do método,
estendemos nossos célculos A determinacio da densidade experimental do ndcleo de PO
(figura 4 - pontos abertos), através da andlise de dados de espalhamento eldstico em

cotae ahai . s 0 e clat .18 SEECVIN PR .
energias abaixo da barreira coulombiana para os sistemas O + Ni, trabatho este que
fez. parte da tese de doutoramento de um dos membros do meu grupo de pesquisa do

Laboratério Pelletron. Como esperado teoricamente [Mi90], e claramente demonstrado

39



. ~ - 1§ Pt
pelos nossos resultados, os dois néutrons extras do nticleo 0 (orbitais 28, 1das e Idsp)

8 f o Sy 3
O, na regido superficial, em comparaciio aqguela

aumentam a densidade do ntcleo de
obtida para o nicleo de '°0.

Um outro ponto que merece ser destacado € a consisténcia do método
independente da grande variagio dos nicleos utilizados como niicleos-alvo. Pode ser
observado, na figura 4, que sistemas com diferentes nicleos-alvo fornecem valores
consistentemente semelhantes para a densidade do '°O.

Uma previsiio tedrica para a densidade do '°0, derivada do modelo Dirac-
Hartree-Bogoliubov (DHB) [Ca00], usando pardmetros do potencial nicleon-nicieon NL3,
também € mostrada na figura 4 (linha pontilhada). Na superficic, a densidade experimental
do "0 ¢ muito maior do que a prevista teoricamente. Uma andlise de cdlculos tedricos de
niveis de particula-iinica mostra como isso pode ser entendicdo. Embora o conjunto de
pardmetros NL3 tenha sido ajustado para reproduzir cnergias ¢ os raios de carga e de
néutrons tabelados, este ndo leva em conta propricdades de particula-tinica, o que nos
sugere a dire¢@io para futuras melhoras em tal conjunto de parémetros.

Na figura 6, apresentamos mais um teste de consisténcia para o método de
determinagiio experimental da distribuiciio de densidade do ndcleo de '°O. Comparamos os
dados experimentais de se¢Bes de choque de espathamento de elétrons, extraidos de [Si70],
com a distribuicdio de carga “experimental” derivada da distribuicio de matéria nuclear

obtida com o nosso método. Para obter a distribuigiio de carga do nicleo (g, ), utilizamos

o método Folding:

P (’) = jp,; (‘F' )p(.'fi,u (F -7 )fﬁ:l, (25)
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onde (,o :») ¢ a distribuiciio de protons do ndcleo, p,,, (F) é a distribui¢iio de carga intrinsica
do préton no espaco vazio. Para o niicleo duplo-mégico '°0, a distribui¢io de prétons (p p)

¢ aproximadamente metade da distribuicio total de matéria (préton + néutron), (vide
densidades tedricas de prétons e néutrons na figura 4).
As se¢des de choque de espalhamento de elétrons foram calculadas

(apéndice II) na aproximacio de Born para ondas planas:

o

@ ={ 2 [, rsin{grir | 6)
Zeg

Moatt
onde q é o momento transferido. Para niicleos leves, tais como o '°0, a aproximacio de
Born deve produzir se¢Ses de choque muito préximas do método exato de deslocamento de
fase, exceto para momentos transferidos préximos de um minimo de difragfo.

Assumindo a densidade do '°O na forma de uma Fermi-Dirac (tabela | e
Figura 4 — linha cheia), em cdlculos para reproduciio de dados experimentais de
espathamento eldstico de elétrons sobre o nicleo de 'O (Figura 6 - parte de cima),
verificamos que o ajuste de dados s6 deixa a desejar na regifio de momento transferido
1.5<qg<3.0fm™. Assim sendo, nossa densidade extraida de dados de espalhamento
clastico de fons pesados, sem parfimetros livres, ajusta-se perfcitamente aos dados,
perdendo um pouco de intensidade em uma regido de momentos transferidos mais sensivel
a densidade para distancias proximas do raio quadritico médio, para onde esperamos gue a
funcfio densidade ndo seja uma Fermi-Dirac perfeita.

Bascado em cilculos tedricos para a densidade do '°0 no estado
fundamental, tais discrepancias sdo entendidas considerando-se o decréscimo na

contribuigiio dos componentes 1p, elp,, para a densidade nuclear numa regifo de raios
2 2

41



mais internos (vide densidade tedrica na figura 4). Temos levado em conta esse fato, pois
os mesmos dados de espalhamento de elétrons séio ajustados, considerando a fungdo Fermi-
Dirac somada a uma pequena correcidio, na forma de uma funcfio oscilatéria, na regiio
proxima ao raio quadritico médio {(figura 4 — 2pF +correction). Isto resultoun em uma
methor descrigdo dos dados de scglio de choque de elétrons (figura 6 - 2pF + correction -
linha tracejada). Vale destacar, ainda na figura 6, o ajuste dos dados experimentais a partir
de calculos DHB, os quais apresentam uma séria discrepéncia com os dados em uma regifo
de momento transferido g =3 ﬁn“". Podemos entdo concluir a consisténcia do nosso
método, principalmente no que diz respeito a superficie. Além disso, pela primeira vez, foi
possivel descrever se¢Bes de choque de espalhamento de elétrons a partir da densidade da
matéria nuclear “experimental”, obtida através da andlise de dados de espalhamento

elastico de fons pesados.
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Figura 6: Secoes de choque de espalhamento elistico de elétrons para os niicleos de
%0 (em cima) e Ni (embaixo) como funcio do momento transferido. As linhas
pontilhadas representam previsoes tedricas utilizando distribui¢cdes de carga a partir
de cilculos do tipo Dirac-Hartree-Bogoliubov (DHB) na aproximacio de Born para
ondas planas, As outras linhas (em cima) representam os resultados para as
distribui¢oes de carga derivadas das densidades da matéria nuclear, usando fungGes
Fermi-Dirac 2pF, como mostradas na figura 4, com (linha tracejada) ou sem (linha

s6lida) uma correco oscilatéria amortecida.
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1.1 Sistematizagdo da Densidade Nuclear

A necessidade de um modelo preciso para a densidade do nicleo °0 [A199]
foi o ponto de partida para o desenvolvimento do método apresentado neste trabalho. De
acordo com o modelo double-Folding, o potencial nuclear para fons-pesados depende
essencialmente das densidades dos niicleos em colisdio e de um modelo para descrever a
dependéncia com a energia da parte real da interagfio, sendo que, para este ltimo, jd havia
sido desenvolvida a sistemdtica, considerando a nlo-localidade da interagfio proposta pelo
meu grupo de pesquisa em [Ri97, Ch97, Ch98, Ch02]. Assim, o método concentrou
esforgos sobre um nicleo especifico ('°0) ¢, embora sendo mais tarde aplicado no estudo
de outros nicleos pesados-leves, a sistematizaciio da parte real do potencial nuclear
requeria uma sistematizagfio preliminar das densidades nucleares de uma maneira mais
ampla, (todas as regides de massa). Dessa forma, um trabalho paralelo ao desenvolvimento
do método para determinaciio experimental da densidade da matéria nuclear para o nicleo
'®0) foi desenvolvido por nosso grupo, com o objetivo de sistematizar as densidades
nucleares de fons pesados, tendo como finalidade sistematizar a parte real do potencial
nuclear [ChO2]. Foram calculadas as distribuicfes tedricas para um grande nimero de
nicleos usando o modelo de Dirac-Hartree-Bogoliubov (DHB) [Ca00], e estudados os
resultados de sisteméticas anteriores, para distribuicdes de cargas [Vi87, Na94] extraidas de
experimentos de espathamento de elétrons. Sistematizamos densidades de carga, protons,
néutrons, nucleons (prétons + néutrons) e matéria. De forma andloga A equagiio 285,
assumimos uma definicio para a densidade de matéria como sendo uma convolugiio da
distribui¢iio de nucleons do nlcleo com a distribuiciio de matéria intrinsica do ndcleon, a

qual € assumida para ter a mesma forma da distribuicdo de carga intrinsica do préton. Por
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conveniéncia, as distribuigbes de carga e matéria sdo normalizadas pelo ndmero de protons

¢ de ndcleons, respectivamente. Todas as densidades tedricas e a maior parte das

densidades “experimentais” nfo sdo exatamente distribui¢des de Fermi. Assim, com o

objetivo de obter densidades de equivalente difusividade, foram calculadas as derivadas na

regido superficial (r = R, + 2 fin) .
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Figura 7: Valores equivalentes de difusividade obtidos para distribui¢des de carga

extraidas a partir de experimentos de espalhamento de elétrons, e densidades tedricas

obtidas a partir de cdlculos de Dirac-Hartree e Bogoliubov.
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A figura {7) [ChO2] mostra os resultados para as distribui¢des de carga. Os
valores de difusividade se distribuem ao redor de wma difusividade média a_ = 0.53 fin,
com um desvio de 0.04 fm. A maior parte dessa dispersio é devido a incertezas
experimentais. Sem duavida, nds temos verificado que diferentes andlises (diferentes
conjuntos de dados de espalhamento de elétrons ou diferentes modelos para a densidade de
carga), para um mesmo niicleo, fornecem valores de difusividades que diferem um do outro
em cerca de 0.03 fm. Portanto, as distribuicfes de cargas experimentais sdo compativeis,
dentro da precisfio experimental, com um valor de difusividade constante. As distribuicdes
de carga tedricas apresentam um comportamento similar (figura 7b), com um valor médio
levemente menor do que o valor experimental. Neste caso, o desvio observado, 0.02 fm,
estd associado a efeitos de estrutura dos ntcleos. Apesar da tendé@ncia apresentada pela
difusividade de néutrons e de prétons (figura 7c), todas as distribui¢fes de nucleons
resultam em um valor de difusividade muito similar (@, =0.48fim), com um desvio de

0.025 fim. Devido ao procedimento Folding, as distribui¢cSes de matéria apresentam valores
de difusividade significativamente maiores (ZM = (.54 ﬂn) do que aquela apresentada para
as distribuicbes de nucleons. Levando em consideraciio que os célculos tedricos €m
levemente subestimado a difusividade de carga experimental, consideramos que valores
médios mais realistas, para as difusividades das densidades de nucleons ¢ matéria, scjam
0.50 fin e 0.56 fm, respectivamente. Uma dispersido (o,) de cerca de 0.025 fin em torno
desta média é prevista devido aos efeitos de estratura dos nicleos.

O rato quadratico médio (RMS) da distribuicéo € definido pela equagiio (28):
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(28)

Fras ™

N6s determinamos os raios R, para as distribui¢cdes 2pF assumindo que os
correspondentes raios quadrdticos médios (RMS) deveriam ser iguais aqueles das
densidades experimentais (espalhamento de elétrons) e tedricas (DHB). Os resuitados para
R, a partir das distribuigdes de carga tedricas (figura 8b) sfio muito semelhantes aos
obtidos com espalhamento de elétrons (figura 8a). As densidades de nucleons e matéria
fornecem raios bastante similares (figura 8d), os quais sfio bem descritos pela seguinte

refac@o linear:

|
Ry =173 lAA -0.84 fm. (29
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Figura 8: Parimetros R; obtidos para as distribuicdes de carga extraidas a partir de
experimentos de espalhamento de elétrons e para as densidades teéricas obtidas a

partir de cilculos de Dirac-Hartree-Bogoliuboyv.,

Devido aos efeitos de estrutura dos ntcleos, os valores de Ru se cistribuem
em torno desta relagio com uma dispersdo de 0.07 fm, mas, quanto mais pesado é o niicleo,
menor € o desvio. Na figura 9 estdo apresentadas as densidades de nucleons tedricas (DHB)
para uns poucos nucleos, ¢ as correspondentes distribuicdes 2pF com ¢ =0.50fin ¢ os

valores de R, obtidos a partir da equagfio (29).
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Figura 9: Densidades de niicleons a partir de cilculos Dirac-Hartree-Bogoliubov
(linhas sdlidas) comparadas s correspondentes distribuicoes de Fermi-Dirac, 2pF,

(linhas tracejadas), com a=0.50fm e R; obtidos através da equaciio 29.
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IV Sistematizacao do Potencial Otico

Com objetivo de sustentar nossos métodos e todo o estudo sistematico
desenvolvido para a parte real do potencial nuclear, voltamos nos para a parte imagindria
do potencial ético, a qual, por ndo termos ainda um modelo fundamental, podem estar
vinculadas algumas discrepancias apresentadas (por exemplo, figura 5 (a)) entre os dados
experimentais e os ajustes gerados a partir dos modelos utilizados. Uma das possibilidades
seria tentar estabelecer uma relag@o entre as partes real e imagindria do potencial. Algumas
investigagdes preliminares [GI59, Cz69, Br97, Ch97, Br97b], para identificar dependéncias
entre as partes real e imagindria do potencial foram feitas, considerando a interagdo realista
do tipo LAX (equacdo 19), a qual propiciou ajustes satisfatérios de dados experimentais de
espalhamento eldastico em energias intermedidrias [Br97, Ch97]. A equacio 19, a qual
deriva da teoria de espalhamento miltiplo, ndo € vilida para baixas energias, onde
processos coletivos de reacdo sdo importantes. Este fato mantinha os ajustes para baixas
energias uma questdo aberta na determinacio de um potencial fundamental e global. Com a
idéia de realizar mais um teste de consisténcia para a parte real da interacdo nuclear
desenvolvida a partir do modelo de ndo-localidade e da sistemdtica das densidades
nucleares, nés seguimos o conceito da aproximacdo de Glauber para altas energias
(equacdo 19) de usar a mesma forma radial para a parte real e imagindria do potencial 6tico
e estendemos a equacio 18, desenvolvida para a parte real do potencial nuclear, para a parte
imagindria da interacgdo, de tal forma que:

W(R,E)=iNI -V (R,E). (30)
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N6s escolhemos os sistemas "2C + 12C, 10, 9Ca, Zx, ®pp; 150 + pp ¢
Yar + 2 Pb como testes, devido ao grande nimero de dados experimentais disponiveis em
um grande intervalo de massa e energia, e principalmente devido a efeitos refrativos
especiais envolvendo alguns desscs sistemas em certas energias. Nas figuras (10 a 16), as
finhas solidas correspondem ao melhor valor obtido procurando o melhor parimetro “NI”
nos ajustes de diversas distribuices angulares. Nos optamos por manter nos cédlculos o
valor de difusividade média para as densidades, mesmo sabendo que poderfamos
eventualmente melhorar o ajuste, permitindo que a difusividade fosse um pardmetro livre.
Como podemos observar na figura 17, o parimetro NI € aproximadamente independente do
sistema e da energia, com um valor médio NI =0.78. Nas figuras (10 a 16), podemos
observar as excelentes previsdes obtidas para as se¢des de choque de espalhamento eldstico
usando este valor médio para todo o conjunto de dados experimentais. Assim sendo, temos
conseguido um modelo para o potencial ético de forma a detalhar diversos fendmenos
decorrentes de reagdes nucleares envolvendo vdrios sistemas em uma vasta regifio de

energia ¢, mais importante: sem a utilizagdo de pardmetros livres.
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Figura 10: Distribuicdes angulares de espalhamento elistico para o sistema ">C+*C
em varias energias de bombardeio. As linhas sélidas correspondem ao melhor ajuste
usando a mesma funcéo radial para as partes real e imaginaria do potencial nuclear,
com o parimetro N/ sendo ajustado para cada distribuicio angular. As linhas

pontilhadas correspondem as previsoes obtidas com o valor médio NI =(0.78.
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V  PARTE EXPERIMENTAL

V.1 Introducgdo

O projeto inicial deste trabatho previa um amplo e preciso estudo
experimental, envolvendo virios canais de reaglto, para os sistemas '°0 + ¥, assim
como ja havia sido realizado para os sistemas 160y FBO002GAN BBgy 90927, NG, 208pp
[Ch95, Ch96, Al99]. Com isso, nosso objetivo seria completar uma sistematica
experimental para o potencial nuclear, envolvendo as diferentes regides de massa da tabela
periddica, através dos diferentes nticleos, utilizados como alvo, e o niicleo I(’O, {ixo como
projétil.

Devido a atrasos referentes a importagio dos is6topos 098 Ca, comecei a
parte experimental do projeto de doutoramento trabalhando com a tomada e andlise de
dados do sistema "°O + ‘ZOSn, um alvo em outra regifio de massa, mas dentro da mesma
sistemdtica. Os resultados serfio descritos mais adiante e podem ser encontrados na
referéncia [Si01]. Este trabalho foi desenvolvido e publicado pelo meu grupo de pesquisa,
durante o perfodo de doutoramento.

No entanto, os trabalhos tedricos de desenvolvimento de tal sistemdtica para
o potencial nuclear tiveram um progresso extremamente rdpido, através das sisteméticas
desenvolvidas para as densidades dos ntcleos interagentes [AI99, Al02, Ro02, Ga0Za e
Ch02] e a depend@ncia em energia abordada pelo tratamento nfo-local {Ri97, Ch97, Ch9s,
Ch02], as quais, como discutido no decorrer desta tese, eliminavam discrepéncias entre os

dados e 0s ajustes propiciados pelos modelos tedricos adotados para o potencial. Este fato
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fez com que os sistemas 0+ *8Ca se tornassem mais uma forma de testar as
sistemdticas do que propriamente uma contribuicfio indispensdvel para construcio da
mesma. Diante de tais mudangas ocorridas sobre as prioridades do trabalho de
doutoramento ndo foi realizada nenhuma experiéncia envolvendo o sistema B0+ BCa, e 0
nosso trabalho com o sistema %0 + *°Ca se resumiu 2 determinac@o das se¢des de choque
de espalhamento eldstico, sem que houvesse necessidade de estudarmos outros canais de
reacio. Desta forma, a parte experimental do trabalho de doutoramento foi composta por
medidas de se¢des de choque de espalhamento eldstico envolvendo os sistemas 160 4+ Ny,
'98n, ¢ a caracterizagdo de um detector proporcional a gds utilizado na realizagfio das
experiéncias envolvendo o sistema "0 4+ °Ca,

As experiéneias para obtengio dos dados foram realizadas no Acelerador
Pelletron, do tipo “tandem” 8UD, do Departamento de Fisica Nuclear do Instituto de Fisica

da Universidade de Sdo Paulo.

58



V.2 A Fonte de Ions

Figura 18: Foto da fonte SNICS desacoplada do acelerador Pelletron.

O feixe de fons negativos de oxigénio a ser injetado no acelerador € gerado
por uma fonte de fons do tipo SNICS (“Source of Negative lons by Cesium Sputtering”).
Esta fonte utiliza o processo “sputtering” (com feixe primario de Césio) para produzir o
feixe do elemento desejado. Nesse processo, o vapor de césio neutro ¢ introduzido numa

regidio de descarga eletronica, onde ¢ ionizado por um filamento helicoidal de tungsténio.
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Os fons positivos de césio (Cs"), formados na regidio em torno do filamento, sio focalizados
por uma lente eletrostatica no catodo. O catodo tem a forma de um pequeno cadinho de
cobre, sobre o qual ¢ depositado o elemento (ou composto quimico do elemento), que se
deseja como feixe, no caso '°O. O choque dos fons de Cs* com o catodo ¢ suficiente para
arrancar fons negativos desse material (“Césium Sputtering™).

Os fons de '°0, assim produzidos, sdo dirigidos & abertura da fonte por uma
diferenga de potencial entre o anodo e o catodo, que varia de 1KV a 3KV, e a seguir sdo

extraidos por um potencial extrator de 20 KV.

Figura 19: Vista lateral da fonte de ions SNICS, acoplada ao acelerador Pelletron.

60



V.3 O Acelerador Pelletron

Figura 20: Esquema do Laboratério Pelletron 8UD.

No acelerador, o feixe ¢ acelerado em dois estdgios. Apos ser extraido da

fonte de ions, o feixe ¢ pré-acelerado e focalizado pela agdio de um tubo acelerador
polarizado com uma tenséo V; = -80KV, em relagdo a terra, e injetado no acelerador.

As condigdes Opticas para o transporte do feixe até a entrada do acelerador

sdo garantidas por um eletroimé analisador de focalizagdo simples, com valor maximo de

poder de deflexio ME/Z* =20 (ME-20), ¢ por um dubleto quadrupolar eletrostatico.
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Este eletroimi seleciona a massa (M) dos fons no feixe pré-acelerado, antes
destes entrarem no tubo acelerador.

Apds a deflex@io de 90° (figura 20), o feixe negativo ¢ acelerado em diregio
ao terminal de carga do tubo acelerador, até atingir uma lina folha de carbono (Stripper),
onde se inicia o segundo estigio de acelera¢fio. Ao atravessd-la, as particulas do feixe
perdem virios elétrons, adquirindo carga positiva e, conseglientemente, formando agora um
feixe de fons positivos. Os fons com carga “+ge” sfo novamente acelerados em diregio a
safda do tubo acelerador por um potencial do terminal (V,). O feixe emerge do tubo
acelerador com uma energia total adquirida segundo a equacio

E, =eV. +{(g+1)eV, 31
onde:

V. ¢ o potencial de extragfio do feixe no interior da fonte de fons somado ao
potencial aplicado no tubo pré-acelerador;

¢ ¢ a carga cletrdnica;

eV, , aenergia de entrada do feixe no acelerador;

¢, o estado de carga do fon apds atravessar o Stripper;

V., atensdo no terminal.

Na safda do acelerador, o feixe passa, ainda, por um segundo eletroima
analisador de dupla focalizagdo, denominado ME-200, que além de defletir o feixe 907,
seleciona sua encrgia (E).

O controle de energia é feito automaticamente, por um sinal elétrico gerado

peta diferenca de corrente em um conjunto de fendas situado na saida do ME-200 e
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conectado por um triodo a uma agulha de corona no terminal de carga do acelerador,
Assim, qualquer desvio do feixe, resultante da variagdo de sua energia, logo € detectado
pelas fendas, fazendo com que haja variagiio de corrente na agulha de corona, que ird atuar
diretamente no ajuste do potencial no terminal de carga do acelerador, corrigindo o valor da
encrgia.

Finalmente, o feixe de fons emergentes, selecionado, é defletido por um
terceiro eletrofmi (“Switching Magnet”) que o desvia para uma das canalizacdes existentes.
Este trabatho foi realizado na Cimara de Espalhamento situada na canalizagio 30B (a 30°

em relagdo ao feixe precedente ao “Switching-Magnet”, na sala B-figura 21).
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V.4 A Ciamara de Espalhamento

A cémara onde sdo realizadas as medidas de espalhamento da canalizagéio

30B tem uma forma cilindrica com 1m de didmetro e 30 cm de altura (figura 21).

Figura 21: Foto da cimara de espalhamento localizada na canalizacio 30B (setas

vermelhas) do Laboratério Pelletron.
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A clmara possui um prato giratério, com uma escala graduada de precisio

El

de leitura de 1, sobre o qual ¢ montado o sistema de detectores. A medida angular é

efetuada por uma luneta instalada externamente na parte superior da c¢Amara. Na parte
central do interior da cmara, estd colocada a torre de alvos, a qual possui a capacidade de
comportar quatro alvos, simultaneamente, permitindo que o alvo possa ser trocado sem que
haja perda de vdcuo no interior da cAmara. Durante as medidas, a pressdo no interior da
cimara ¢ mantida em torno de 1 4 Torr (alto-vicuo), pressio esta obtida utilizando-se uma
bomba do tipo turbo molecular e wma tipo criogénica.

Uma escala graduada estd acoplada a parte superior da torre de alvos ¢ tem a
fungao de determinar o angulo em que o alvo fica posicionado com relagiio A direcio do
feixe.

A defini¢@o da direcdo do feixe é feita por dois conjuntos de colimadores na
entrada da cAmara, obtendo-se, no alvo, uma imagem do feixe aproximadamente circular

com 2mm de difimetro.

V.5 O Sistema de Deteccdo

Iniciando o trabatho experimental com a reaciio '°0 + “*Ca, realizamos duas
experiéncias com o objetivo de ajustar as condicSes ideais de trabalho e andlise. Nestas
primeiras experiéncias, percebemos a existéncia de “contaminantes” nos espectros, junto ao
processo de espalhamento eldstico do sistema, fator que certamente prejudicaria os
resultados da andlise. Este fato trouxe a necessidade de utilizagio de um detector

proporcional a gas [Pe78].
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Devido a grande mobilidade de elétrons e fons, um gds ¢ um meio ideal para
usar na “coleta” de ionizagdo devido a radiagfio. Muitos fendmenos de ionizagio surgem
em gases ¢ hd muitos anos estes 1€m sido estudados e explorados em detectores a gis.

O estudo de muitas reagdes envolve a identificagio de produtos gerados em
seus vérios canais de safda abertos: espalhamento eldstico, espalhamento ineldstico,
transfer€ncia de nucleons, fusdo ete. Com o objetivo de estudar essas reagdes, o detector a
gas pode ser utilizado como um sistema capaz de identificar as vartagdes de energia das
diferentes particulas geradas em uma reagfio (sistema E-AE). A identifica¢io das particulas,
no caso, ¢ feita através da andlise de um espectro bi-paramétrico (figura 27), construido
com AE (perda de energia) em fungiio de E (energia residual das particulas).

Ainda nesse aspecto, em nosso caso especifico, a contribui¢iio do detector a
gis proporcional € a de eliminar os eventuais “contaminantes”, que fatalmente aparecem
em algumas medidas experimentais. O gds pode funcionar como filtro para algumas
particulas indesejadas que, ao reagirem com o gds perderiam diferentes fragdes de energia
das particulas de interesse. Isto seria detectado por um detector de barreira de superficic,
sendo entdo os processos de interag@o, envolvendo as particulas de interesse, isolados em

um especiro bi-paramétrico (figura 27).

V.6 Principio de Operacdo do Detector Proporcional

Os detectores proporcionais sfio geralmente construidos com geometria
cilindrica. O dnodo consiste em um fio posicionado ao longo do eixo de um tubo cilindrico

que serve como catodo {figura 22a). A diferenga de potencial aplicada entre os eletrodos
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forma um campo eletrostitico entre o fio de dnodo e o catodo. A radiagiio ionizante, ao
penetrar no volume sensivel, pode interagir com o gés, produzindo um par elétron-fon. Os
elétrons sito forgados pelo campo eletrostdtico a dirigirem-se até o fio de 4nodo. Nas
proximidades do fio, onde o campo elétrico ¢ extremamente intenso, estes elétrons sio
acelerados até que suas energias sejam altas o suficiente para provocar novas ionizagdes
nas moléculas do gds. Inicia-se entdo um processo de multiplicagdo de cargas na forma de

uma avalanche (figura 22b),

Cathode

Anode
wire

(a-) (b-)

Figura 22: a-) Esquema de um detector proporcional e seu circuito de polarizaciio. b-)

Esquema do processe de avalanche de cargas ocorrendo ao redor do fio de anddo.
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Os elétrons produzidos na avalanche sio coletados no fio de Anodo apds uma
fracio de nanossegundos. Os fons positivos movem-se na direcio do catodo mais
lentamente que os elétrons, com velocidades aproximadamente proporcionais & intensidade
do campo elétrico local. O movimento de cargas positivas afastando-se do anodo induz
cargas- imagens nos demais eletrodos existentes ao redor, resultando em um sinal negativo
sobre o fio de anodo, onde a avalanche de cargas se originou, e um sinal positivo induzido
nos eletrodos vizinhos. A maior fracfo do sinal do dnodo € formada pelo movimento de
afastamento dos fons positivos; a contribuiciio da colegio de elétrons é geralmente

desprezivel, sendo da ordem de 1% a 2% da carga total do sinal formado no anodo.

V.7 Descricdo do Identificador de Particulas Utilizado

O esquema do telescépio do contador proporcional ¢ mostrado na figura 23,
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Figura 23: Vista lateral do detector proporcional: 1-) anéis de coleta de carga; 2-)
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g
e
e

detector de estado solido; 3-) janela de entrada; 4-) conectores de microponto; 5-)

fendas; 0-) fio.
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O contador AE [Pe78} € um contador proporcional de um tnico fio de 69
mm de comprimento cfetivo, com um diimetro de 21.5 mm. Um fio de tungsténio
recoberto com ouro € cercado por anéis com o objetivo de restringir as cargas coletadas em
uma regido de campo homogéneo. Um detector de silicio localizado dentro do contador
proporcional mede a energia [inal da particula, apds esta passar através do gds. O detector
proporcional € operado com uma mistura de gds denominada, P-10 (90% Ar + 10% CHy).
Um manostato mantém um fluxo continuo de gds através do detector proporcional e a
pressiio € mantida constante com 0.2 Torr ou 0.2%, o que for maior. A janela de entrada
consiste ou em uma fina camada de um material denominado MAKROFOIL de
240 pg /em® ou em uma fina folha de 30 a 150 ug /em® produzida através do método
VYNS [Fo75].

O telescépio do detector proporcional pode ser facilmente montado, dentro
de nossa cimara de espalhamento de | metro de difimetro, localizada no final da
canalizagio 30B do Laboratdrio Pelletron (figura 21). Para a realizaciio das experiéncias

utilizamos um conjunto de trés contadores £ — AE espagados de 10° em laboratério,

V.8 Caracterizacdo do Detector Proporcional a Gds

Com o problema dos contaminantes resolvido através do detector
proporcional a gds e com as condigdes de trabalho do gds utilizado e energias de
bombardeio bem estabelecidas, iniciamos uma segunda etapa de experiéncias e respectivas

analises.,
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Ao fim das andlises preliminares sobre 0s espectros biparamétricos, obtidos
a partir da utilizagiio do detector a gas, observamos um possivel problema de eficiéncia nos
trés componentes do detector proporcional. Este fato gerou a necessidade de quantificarmos
esta cficiéneia com a mator precisdo possivel, de modo que nio houvesse perdas
significativas sobre a precisdo da segfio de choque experimental de espalhamento eldstico
obtida.

Um estudo detathado, com diferentes sistemas em diferentes energias, foi
entio realizado a fim de estabelecer possiveis dependéncias de tal eficiéncia. A partir desse
estudo, pudemos obter a dependéncia da eficiéncia com o sistema, mais especificamente
com 0 alvo, uma vez que usamos sempre o mesmo feixe. Sendo assim, utilizamos o sistema
0 + 4 Ca, em uma energia de bombardeio bem abaixo da barreira de fusio, de modo que a
se¢iio de choque experimental esperada fosse a seglio de choque de Rutherford, isto €,

% =1 e, a partir disso, determinamos as perdas de eficiéncia relativas a cada cnergia ¢
[

dngulo de espalhamento (cada um dos trés detectores, constituintes do detector
proporcional). A eficincia como funcgio da energia, obtida para cada detector, pode ser
observada nos trés graficos que seguem, onde podemos perceber também a existéncia de
uma relagiio linear, mas diferente para cada um dos detectores, em uma determinada faixa

de energia.
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Figura 24: Grafico da eficiéncia como funcio da energia para o detector 1 {(detector a
esquerda, em uma vista frontal) do detector proporcional, a partir da andilise do

sistema '°0 + **Ca, a uma energia de bombardeio de 28 MeV.
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Figura 25: Grafico da eficiéncia como funciio da energia para o detector 2 (central) do
detector proporcional, a partir da anilise do sistema '"*0O + *°Ca, a uma energia de

bombardeio de 28 MeV,
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Figura 26: Grafico da eficiéncia como fungfio da energia para o detector 3 (detector a
direita em uma vista frontal) do detector proporcional, a partir da analise do sistema

180 + “Ca, a uma energia de bombardejo de 28 MeV.

V.9 Eletronica de Aquisi¢cdo

A eletrdnica de aquisi¢iio de dados fornece um tratamento apropriado as
informagdes transmitidas pelos detectores de barreira de superficie, com a finalidade de
tornd-las adequadas ao processo de digitalizagio, que garantird o armazenamento e
conseqiiente aproveitamento dessas informagdes.

Cada detector estd ligado a um pré-amplificador, de tal forma que os pulsos
produzidos pelos detectores s@o inicialmente pré-amplificados na safda da cimara de
espalhamento. Esses sinais sfo transmitidos via cabo até a sala de controle do Laboratério

Pelletron, onde sio amplificados. Cada sinal relativo a um evento é entdo direcionado a um
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conversor analdgico-digital (ADC), onde ¢ convertido em um enderego e armazenado na
memoria de um microcomputador.

Neste ponto comega a utilizagiio do sistema CAMAC (“Computer
Automated Measurement and Control”) instalado na sala de controle do laboratério, onde
termos a disposi¢do 16 ADC’s.

No sistema CAMAC, & necessdrio trabalhar com uma eletrénica de
coincidéncia simples. Deve-se produzir, portanto, uma coincidéncia do pulso de energia
com ele préprio. Por essa razdo, paralelamente & amplificagfio de cada pulso, extraimos do
mesmo amplificador um sinal atrasado por um analisador tipo monocanal T.S.C.A.
{*“Timing Single Channel Analyzer”), sendo que os dois devem chegar ao CAMAC
simultancamente, confirmando a ocorréncia de um evento.

Cada evento registrado pelo sistema CAMAC, em seu respectivo canal de
energia, € somado de tal forma que, apds um determinado namero de horas de experiéncia
tenhamos registrado um grande nimero de eventos relativos a cada canal de reagfio, em
forma de picos de energia. Estes picos sfio exibidos em um terminal grifico, num processo
em linha, gerando assim um espectro de contagens por canal,

Os espectros adquiridos cm cada tomada de dados possuem um tamanho de
1024 capais, ¢ esse processo de aquisicio de dados € chamado de “modo multicanal”. Os
espectros podem ser graficados em escala linecar ou logaritmica, e armazenados em
disquetes, permitindo que a redugio dos dados possa ser realizada num processo fora de
linha.

O fato dos espectros poderem ser exibidos simultancamente & ocorréncia da
experiéncia nos possibilita observar a existéncia de eventuais problemas com a eletednica

de aquisi¢iio ou com a prépria experiéncia.



V.10 O Espectro Biparamétrico

Com o objetivo de construir um espectro biparamétrico das medidas
simultineas dos dois pardmetros de interesse £ e AE, os dados sdo armazenados evento por
evento em um computador “on-line”, usando uma interface desenvolvida no laboratério
Pelletron. Os dados podem entdo ser automaticamente transferidos para finalmente serem
analisados em um processo “off-line”, onde o espectro biparamétrico é construido,
armazenado e pode ser impresso. Um conjunto de codigos computacionais estd disponivel
para uma analise de um espectro biparamétrico. Com estes codigos ¢ possivel selecionar

regides de interesse do espectro, e projetar um ou ambos os pardmetros de interesse.
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Figura 27: Espectro de energia em funcfio da perda de energia das particulas geradas

pela reaciio '°0 + **Ca na energia de laboratério de 32 MeV.
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V.11 Calculo da Secdo de Choque Diferencial Experimental

Antes de nos atermos ao calculo da secfio de choque, devemos relatar um
detalhe experimental de muita importincia no desenvolvimento do mesmo. Todos os
nossos alvos foram recobertos por uma camada de ouro, pois além de obtermos maior
precisdo na calibragdo em energia dos espectros, o ouro também nos fornecce a
normalizagio dos dados sem que haja a necessidade de utilizagio de um detector do tipo
monitor.

A escolha do ouro vem do fato de que nossas energias de trabatho foram
muito inferiores & barreira coulombiana do sistema 0 + ""7Au, possibilitando assumir,
com excelente aproximagio, que a se¢do de choque de espalhamento eldstico (CTAM) ¢ igual
a seglo de choque de Rutherford (0 ;’fu ), sendo este resultado de grande utilidade no cdlculo
da secio de choque diferencial experimental de espalhamento eldstico, como explanaremos

a seguir.

A segio de choque diferencial de espalhamento eldstico € definida pela

equagio:
Vi =0 x Ny IAQf (32)
onde:
Y = contagens do pico eléstico;
X =clemento alvo em cada sistema;
o =segio de choque de espathamento elastico no sistema de centro de
massa;

N =numero de centros espalhadores por unidade de drea;
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[ = nGmero de particulas incidentes;

AQ = Angulo sélido proporcionado pelo sistema de detecgiio (sistema de
laboratério);

S =fator de transformagio do &ngulo sdlido no sistema de laboratério para o
sistema de centro de massa.

Na expressdo 32, “X” pode representar qualquer um dos elementos alvos

120

com os quais trabalhamos (*Ca, '*Sn). Quando tratarmos do ouro nos cilculos que

seguem, utilizaremos o indice Au no lugar de X, de tal forma que:

Y'lu =0

/

N, IAQf (33)

Au At

Tendo em vista a normalizacio dos dados, dividimos as equagdes 32 ¢ 33:

Yy _ OxNy/fx (34)
Y/lu U.“.H N.f'm fflu

— YX NAH f/\u

Oy = O py - (35)
‘ Y/'mNXfX ;

Considerando, entdo, ¢ ,, =Gf“ como uma boa aproximacgdo, podemos

reescrever 35 na forma:

xm R

. 36
Y.“m NX fX e ( )

X

Dividindo a equagio 36 pela se¢fio de choque de Rutherford do alvo em
questdo temos:

> R
OX — YX N/‘.u \f/\rao-/lu (,37)
R g ko -
GX Y,\“ NX .fXU.r

A seciio de choque de Rutherford € dada por:
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AW /
R
4£’C.M.X sen (eC.M.X /2)

;
onde: 7, =ntimero atdmico do alvo (""Ca, '*Sn, 7 Au);
Z , =némero atbmico do projétil ('°0);
e? =carga eletrbnica quadritica (1.44 MeV - fin®),
k., =energia no referencial de centro de massa;
6 ;. =angulo de espalhamento, também no referencial de centro de massa.
Tomando o ouro (Au) separadamente dos demais alvos, uma vez que este foi

utilizado na normalizacio dos quatro sistemas, temos:

7z 7.t
2
R _ At “p€ /

(39)

At
AE ¢y, A Bcmran

Substituindo as equagdes 38 e 39 em 37, resulta que a secio de choque

diferencial experimental de cada sistema € dada por:

o, Y,
O-,C‘ Y.-\u ( ) ( )
sen 4 QC‘.tW.(X’%
onde: F{8)= S 41

Fx ot BCM.(/\H)/
Sen
2

¢ o fator dependente do dngulo ¢ do sistema analisado. Para o espalhamento eldstico,

podemos mostrar que f, e [, podem ser calculados diretamente pela expressio:
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(A,\’ + AP )2 ] 2’4,\’ A.”

A ’ v (Ax Ap ).2
Ay Ap ;‘L +sen’ 01as
A,

fo = (1 —Cos 9(.‘..\4.) - (42)

A, ¢ A, s80 as massas atdmicas do alvo e do projétil, respectivamente, (6,,,) é o angulo
de detecgiio no referencial de laboratério. Assim, para cada sistema fomos capazes de
determinar (9} em cada dngulo de deteccio.

A constante K ¢ determinada por:

At

- N ZA” E(_.‘M_ e N.ﬂ.uzAu AAU (43)
NyZyEcww NxZyxAy (Af‘" + A”)

e depende da relagfio entre as espessuras do ouro ¢ do elemento X {(alvo). Essa constante, a
qual independe da energia e também do Adngulo, ¢ obtida utilizande medidas em angulos
bem dianteiros (9 an = 40“) e energias baixas, onde podemos assumir ¢, =0y (secio de
choque de Rutherford para o elemento X). Vale salientar que, no caso especifico deste
trabatho, a equagiio 40 foi utilizada com uma norma de acordo com a eficiéncia de cada

detector obtida conforme as figuras 24, 25 e 26.

V.12 Resultados Experimentais dos Sistemas "*0+"Ca ¢ "°0+"*’Sn

Nas figuras 26 e 27 estdo apresentados os dados de scgio de choque de

.o . 4 . .
espalhamento eldstico para os sistemas '°0 + "'Ca, '*"Sn nas energias de laboratério de 30,
31 ¢ 32 McV e 53, 54 e 55 MeV, respectivamente. As linhas cheias representam ajustes

realizados utilizando o potencial nio-local, com a densidade do '"O obtida a partir do
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120

P’ . . 1 .
método desenvolvido neste trabatho, enquanto as densidades do *°Ca ¢ do '*"Sn foram

obtidas a partir de cdlculos DHB.
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Figura 28: Distribuicdes angulares referentes ao processo de espalhamento elastico do
sistema "0 + **Ca, nas energias de laboratério de 30, 31 e 32 MeV . As linhas cheias
representam os ajustes realizados usando a sistematica para o potencial nuclear

apresentada nesse trabalho.
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Figura 29: Distribuicoes angulares referentes ao processo de espalhamento eldstico do
sistema '*O + '**Sn nas energias de laboratério de 53, 54 e 55 MeV. As linhas cheias
representam os ajustes realizados usando a sistemdtica para o petencial nuclear

apresentada neste trabalho.
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VI CONCLUSAO

A partir do progresso alcancado nos dltimos anos para descrever o
espalhamento eldstico de fons pesados, desenvolvemos um método para determinagio
experimental da densidade da matéria de nicleos pesados, com precisio compardvel aguela
obtida para as distribui¢Ges de carga através de experimentos de espalhamento eldstico de
elétrons. A validade do método foi amplamente verificada através de diversos testes de
consisténcia:

1-) Reproduzimos os resultados experimentais de dados de segBes de choque de
espalhamento eldstico de elétrons sobre o nicleo 0.

2-) Verificamos a independéncia do método com a forma assumida para a densidade.

3-) Verificamos a independéncia do método em relagiio ao modelo assumido para a parte
imagindria da interagdo nuclear.

4-) Finalmente, verificamos a consisténcia do mdétodo para os virios alvos utilizados nos
diferentes sistemas que trabalhamos.

O método se mostrou uma poderosa ferramenta para a determinagio da
densidade da matéria de nGcleos no estado fundamental, particularmente em uma regido
superficial, onde a diferenca entre a densidade de nidcleos exéticos ¢ nicleos estdveis
vizinhos € muito enfatizada [Ga0O2b]. O método desenvolvido neste trabalho para o nécleo
'°0 ja foi estendido em outros trabalhos [Ga02a, Ro02, Ga02b], para determinacido da
densidade de outros nicleos estivels (120, 130) e do nicleo exdtico C’He, apresentando

resultados bastante significativos.
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Como complemento do trabalho, realizamos uma andlise consistente de
dados de espalhamento eldstico de fons pesados em energias baixas e intermedidrias.
Assumimos a sistemadtica desenvolvida na secfio IIf.1 para a densidade nuclear; o modelo
néo-local para descrever a dependéncia com a energia da parte real da interagfio nuclear
(equagdio 18); e a absorgdo de fluxo devido aos canais de reagdo sendo proporcional & parte
real da interacdio nuclear (equagdo 30). Esta andlise permitiu obter uma previsio
extremamente  satisfatoria  para  as  segdes de choque de espalhamento  eldstico
experimentais, para um vasto conjunto de dados, utilizando um modelo bastante
fundamental e global para o potencial Stico e, mais importante, sem a utilizacio de
pardmetros livres (capitulo IV).

Diante do sucesso refcrente & sistematizagfio do potencial nuclear na
descricdo de colisdes entre {fons pesados, em uma vasta regido de energias de bombardeio,
meu grupo de pesquisa pretende agora estender o modelo de forma a obter uma descrigio
unificada de vérias dreas da Fisica Nuclear. Como continuidade deste trabalho pretendo

aplicar o modelo nédo-local de interagiio nuclear ao estudo de colisdes niicleon-niicleo.
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VII APENDICES

Apéndice I: Calculo da Seciio de Choque Diferencial Tedrica

A distribuicio de probabilidades das particulas espalhadas por um ndcleo-
alvo pode ser convenientemente descrita através de cdlculos da seclio de choque diferencial
deste processo, em fungdo de seu dngulo de espalhamento. Como a sec¢iio de chogue
diferencial eldstica depende da amplitude de espalthamento, e esta depende do potencial de
interagéo, vamos detalhar aqui essas grandezas ¢ o formalismo utilizado.

Consideremos a colisfio entre dois niicleos que t8m nidmeros de carga e
massa Z£,,A, ¢Z,,A,, na energia de centro de massa E. A equaglio cstaciondria de

Schrodinger € dada por:

WS;VZ‘P(E) +U(R, EY¥(R) = F¥(R). (L.1)
L

O potencial de interagio entre dois nicleos, alvo e projétil, consiste na soma

dos termos dos potenciais 6tico ¢ coulombiano, (R, E)+V.(R), ouseja,

f)f

URE)=V, (RE)+V (R} (1.2)

UI
A solugio, quando consideramos V,,( R) =0, ¢ uma onda distorcida que,
devido & simetria esférica do potencial, pode ser expressa como uma soma de ondas

parciais de momento angular /A

W (R) —WZ@HE)H”M, (17, kRY — ™" b} (1, kR)) P (cos 8)  (1.3)
=0}



onde, k= 1/ 2#{,[: ;
hv

o, = deslocamentos de fase de Coulomb,

Z,Z,e* 1 N i

= ——=——_ parAmetro de Sommerfeld;
Wik

A7, hT = fungdes incidente e emergente de Coulomb [Me73].

Quando incluimos um potencial nuclear central de curto alcance, temos que,

na regifio assintética (R — o), s6 a fase da parte emergente da onda é modificada:

Jr

W(R) =W, (R)+ 7&? > QLA DM (1= SR (0, kR P (cos8) (1.4)

1=0)
onde, §, sdo os clementos da matriz S dos destocamentos de fase nuclear.

Finalmente, podemos obter a amplitude de espalhamento:

F(8)=f. (8 +5‘%i(zz +De™ (1= S,)P, cos(8), (1.5)

=0

sendo que, na expressiio acima, f.(8) ¢ a amplitude de espalhamento coulombiano.
A seciio de choque diferencial é dada por:

2

KGN (1.6)

do _
€2

Podemos encontrar a se¢do de choque de reagdo através da seguinte

2

)- (L7

s,

expressio: Op = -~T~E; §:(2l +1)(1-
k™ i=0

Nocasoemque V (R) =0, obtemos a se¢io de choque de Rutherford:
s

a’o*] i’ 2 n’
— | =feO) = (1.8)
(dQ R 4ic” sen“(g)
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Apéndice IE: Cdlculos de Canais Acoplados

O formalismo de cdlculo de canais acoplados € utilizado quando se deseja
considerar com mais cxatiddo as contribuigdes de alguns canais de reagfio especificos para
o potencial de polarizagio. Como exemplo desse tipo de cdlculo, nesta secio
apresentaremos o caso de acoplamento de um estado excitado 2* (espalhamento ineldstico)
com um estado fundamental 0°. Uma discussiio detalhada e geral (quaisquer spins dos
ndcleos alvo e projéiil), que inclui o acoplamento de canais de transferéncia, pode ser
encontrada na referéncia Th88.

O conjunto de equagdes diferenciais acopladas que se obtém ao realizar a

expansio da fungio de onda em ondas parciais é [Bu63]:

[T, ~U(RE)+EJuSY (R)=Vy, 5 ( RuZ (R)+V,, 0, o Ru? (R )+
Vosiasa( Rui"(R), (IL.D

[T, ~U(RE)=Vyyu (R)+E Jui (R)=V,, 0, ( RS (R)+
Voszsaf R )Lfijmz +Voy2s02( R )L¢5J+2( R), {I1.2)

[TJ-Z ~U(RE)- V21—2:2J~2( R)+E ]“jwz( R)= sz_g_-()J( R)”u?o’ (R)}+
V2J.‘2J—2(R}“5.’,J(R ) (I3

[T1y =U(RE)=Vyyrns0al R)FE Jud 0 = Vs Riug, (R )+
Vosarsa( RS, (R), (I1.4)

52 2
onde: T i —C{—————Ju )

=— ; 11.5
T aml gt R* (IL.5)



iy, = fungio de onda referente ao estado fundamental;

wyy,ud, .1y, = fungdes de onda referentes ao estado excitado;
F = energia incidente no sistema de centro de massa,

f'= [ —g, & = energia de excitagio do estado 27.

As condigdes de contorno apropriadas sao:

J J J
para r =0 — uri, BUY EUY 5 Uy, =0,

e :
para r=R,, —>ul = E(H[,- O ™ H:Sg’f ), (11.6)
com:
H" =G+il;
H =G-ifF;

G, F' = funcbes de onda irregular ¢ regular de Coulomb,
¢ = canal incidente;

¢"= canal de saida;

Sj = matriz S;

R, =distéincia para a qual o potencial nuclear é desprezivel comparade ao Coulombiano.

Os potenciais de acoplamento sfio obtidos a partir de um modelo que
descreva o nicleo. Os modelos mais utilizados sdo o rotacional e o vibracional. Em ambos
podemos fazer:

— Vu ‘
N exp[ﬁ—ﬁﬁw)]

1)

U(R,8,0)= (IL.7)

No modelo rotacional: R(0,¢) = R, [1 + By {Q)J.
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Nesse modelo o potencial de acoplamento € obtido através da seguinte

expressio:
Voo, = —NT BR, [ ¥ (@)U (R,68) sen 66 . (11.8)
0

Para valores pequenos de 3 obtemos:

ﬁRO dVN (R)

V. == [1.9
acop. f 4""; AR ( )
No modelo vibracional: R(6,9) = R,|1+ X B, Y, (6,9} ]. (11.10)

g

Novamente para valores pequenos de [, o potencial de acoplamento pode
ser obtido através da expressio (11.9).

A conexfio entre V

wop. € termos similares a V., pode ser encontrada no
artigo original de Buck, Stamp e Hodgson [Bu63].
O conjunto de equagdes II.1 a II.4 podem ser integradas numericamente

{com passo de integragio h) usando-se a relagio de diferenca de dois pontos.

d*u(R)
Para T + K(Ru(R)Y=H(R), temos: L1
45

W(Ry) =[2- W K(R (R, —u(R, )+ R H(R,), (IL12)

i
onde R, =nh,n=0,1,2,..

Para integrarmos as quatro cquacdes (11.1,2,3,4), devemos conhecer as
funcdes de onda em dois pontos do espago. Sabemos que as fungdes de onda se anulam em
R=0. A técnica padrio, entiio, resolve as equagdes quatro vezes (em cada uma delas no

ponto n=1, trés funcdes de onda sido assumidas nulas € a outra tem wm valor arbitrdrio) e as
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quatro solugdes sio objeto de uma combinacio linear, de forma a garantir a condigio de
contorno em R = Ry, .
Uma discussdo bem mais detalthada desse caso, incluindo o cilculo das

segOes de choque, pode ser obtida em [Bu63].

11.1-) O Potencial de Polarizacdo

Tendo em vista as equagdes (11.1,2,3,4), definimos o potencial de

polarizaco através da expressio:

Voooottd, Ve, ot o+ Vo, wl,
V,,(,,(R)= o242 0s2/-2427-2 T Vosaseattasiz (IL13)

iy
O potencial de polarizagiio “simula” no canal eldstico os efeitos do
acoplamento devido ao canal ineldstico. Na realidade, para obter o potencial de polarizagio
& necessdrio conhecer as solugdes das equagdes (11.1,2,3,4). A equaclio para o canal
eldstico, pode ser reescrita como:
[T, ~U(R) =V g ( R)+ Eluy, =0 (IL.14)
Deve-se observar que V,, {R) € complexo {envolve fungbes de onda), o que

& de se esperar, tendo em vista a absorgdo de fluxo do canal eldstico pelo canal 27
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Apéndice I1I: Estudo da Densidade de Carga de um Niicleo a partir de

Dados de Espalhamento Elastico de Elétrons

Para o ndcleo de oxigénio de spin-zero, a sec¢iio de choque de espalhamento
eldstico de elétrons € determinada puramente pela distribuiciio de carga do estado
fundamental; isto € verdade desde que as excitagdes ineldsticas sejam despreziveis. Na
aproximacao de Born, a distribui¢iio de carga € a transformada de Fourier do fator de forma
e vice-versa, sendo o fator de forma derivado de cdlculos da difragio de Fraunhofer da
Stica. Na Otica, o fator de forma é uma funcio do momento transferido por uma onda
incidente, quando difratada, ¢ esses cdlculos sfo aplicdveis ao espalhamento eldstico de
elétrons por um ndcleo atdmico, de tal forma a termos a se¢do de choque, devido a esse

processo, proporcional ao fator de forma:

2 _ o

) (TIL.1)
O Moit
onde:
/
z
o5t 0 .
7,2 \COS /
O pon = (F ] ? 2k ] > (I51.2)
2 ~ J.S'@f‘lz e 8 ]+ 2 SG‘H.Z —G
2 Mc 2

e da aproximacio de Born, aplicada a niicleos leves, a distribuicfo de cargas ent#io fica

p(r)=——=— | gsen(gr)F{q)dy. (1L.3)
2ncy

E o Fator de forma € dado por:

&9



IF{g)= ﬂj‘f sen(gr)p(rydr, (HI.4)
Ag
0

onde:
2E sen(g--)
g= 2 . (1ILS)
he i+~--2~£---- sen’ 6
Mc? 2

(L

Portanto, aumentar “q” equivale a medir a angulos ¢ energias cada vez
maiores. O problema, de ordem experimental, em trabalhos passados, era obter se¢des de

choque de espathamento eldstico de elétrons para valores de momento elevados

. N . 1 .
g > 4 fm’"), sendo a secfio de choque uma funciio de — . Para altas energias (altos
! ) 72

momentos transferidos), fica muito dificil se oblerem dados experimentais de seciio de
chogue e conseqiientemente de F~.

Dessa forma, para altos momentos transferidos, o comportamento de F(q) é
praticamente desconhecide de um ponto de vista experimental, e a integral em (I11.3) fica

.. .
limitada a ¢, =4 fim"".

Devido a essa limitagdo na integral para obter a distribuicio de carga,
existem ambigiiidades na determinagiio da distribuicdio de carga em regides superficiais.
Nesse sentido, tentava-se entdo usar p(r) mais simples possivel, somando-se apenas a
minima quantidade de componentes de alta freqiiéncia necessdrios para que esta

descrevesse a seg@to de choque experimental.
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Abstract

Precise elastic and inelastic differential cross sections have been measured for the 60 .+
81, *927r, “Mo systems at sub-bamier energies. From a coupled channel data analysis, the
corresponding “experimental” bare potentials have been determined. The comparison of these
potentials with those derived from double-folding theoretical calculations and the high energy
(96 MeV/nucleon) elastic scattering data analysis indicate that the method is a very sensitive
probe of the ground-state nuclear densities in the surface region. © 1999 Elsevier Science B.V.
All rights reserved.

Keywords: Nuclear reactions: 38Sr(190, 190)885y, 2927,(160 160)%0927; %Mo (160, 150)92Mo; Measured
elastic and inelastic (21) cross sections at 43 < Eryp < 49 MeV; Deduced optical potentials; Shell model
and double-folding calculations

1. Introduction

In this work, we present elastic and inelastic ( 2,+) differential cross sections for the
180 +- 888y, 990927, 92Mo systems at sub-barrier energies, 43 < Erwp < 49 MeV. The
main purpose of the experiment was to determine the bare ion-ion potentials for these
systems through coupled channel (CC) elastic and inelastic data analyses. Recently, this
method has been successfully applied in a study of the 160 4 93606264 Nj systems [1,2].

{375-9474/99/% - see front matter © 1999 Elsevier Science B.V. All rights reserved.
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As discussed in these previous works, it was possible to study the isotopic dependence
of the ion~ion potential for the proton closed shelf nuclei (Z = 28), because the coupled
channel data analyses at sub-barrier energics are very reliable due to the small number of
open reaction channels. In the present work, we investigate the isotonic (Z) dependence
of the potential for the neutron closed shell targets (N = 50) 8Sr, ©2¢ and 2Mo, and
the influence on the potential due to the two extra neutrons in the 2Zr nucleus,

In the data analysis, the best fits have been achieved with reasonable Coulomb and
nuclear phonon amplitudes, and the slopes and strengths of the ion—ion potentials have
been determined within 5% accuracy. Through the comparison of the “experimental”
(i.e. extracted from data analyses) potentials with those derived from M3Y double-
folding calculations, it was possible to probe the ground-state nuclear densitics in the
surface region (p ~ 0.01 fm~3), The consistency of these studies has been tested, for
the %0 + ®Zr system, through the comparison of the sub-barrier elastic data analysis
with that at much higher energy (Erap = 1503 MeV), in which an inner region of the
nuclear density is probed. In the optical model high energy data analysis, the non-local
exchange effects were taken into account.

The paper is organized as follows: Section 2 gives the experimental details and results.
The CC data analysis is presented in Section 3. In Section 4, we study the influence
on the potentials due to the increasing number of protons in the '60 + 88r, 0Zr, 2Mo
systems, and also the influence of the two extra neutrons in the '60 + 927, system. In
Section 5, we discuss the role played by the reaction channels with negligible cross
sections in the polarization potential. In Section 6, the sensitivity of our method as a
probe of the nuclear densities is discussed, Section 7 contains a brief summary and the
main conclusions.

2. Experimental details and results

The measurements were made using the %0 beam from the Sio Paulo 8UD Pelletron
Accelerator, The detecting system has been already described in Ref. [17; it consisted
of a set of nine surface barrier detectors spaced 5° apart, The thickness of the carbon
(10 pg/cm?) backed 38Sr, 97, 927 92Mo targets were about 40 wg/cm?, with a
tayer of gold (50 pg/cm?y for the purpose of data normalization. We have estimated
the Coulomb barrier for the 60 4 383y, 90927, 920, systems as Vi ~ 51,53 53
and 55 MeV, respectively. Data were taken in the bombarding energy range 43 <
ELay < 49 MeV, which corresponds to 5 to 8 MeV below the Coulomb batrier for
these systems. Due to the precision (about 1% in the clastic scattering cross sections)
required for the experimental data, the following procedures were taken into account in
the data acquisition and reduction: (1) the use of two monitor detectors (Orap = £35°)
to be sure that no target deterioration occurred during bombardment; (ii) high energy
resolution to allow (see Fig. 1) a complete separation among the elastic, inelastic (2
and also the contaminant associated peaks; (iii) corrections in the counting rate related
to the elastic and inelastic processes due to the small background near those peaks.



M.A.G. Alvarez et al. /Nuclear Physics A 656 (1999} 187-208 189

70

60

50

40

Counts

30

20

10

-
-
—4
—
-
.
-
-
—
.
—
-
-
e
-

IT_FISITITIIIIll]!llilili:ll

400 420 440 460 480 500

Channel
Fig. 1. Energy spectrum for the 'O -+ 92Mo system at £y, = 49 MeV and é, = 160°. The molybdenum
isotopes *Mo, %Mo, %Mo, *"Mo and '™Mo are the main contaminants in the Mo target,

Figs. 2 to 7 exhibit the elastic and inelastic (target - 2]) differential cross sections for
the 150 + 88r, 22271, Mo systems. Due to the very small counts in the peaks related
to the inelastic process, the corresponding cross sections are somewhat “contaminated”
due to the background subtraction, and it was not possible to obtain inelastic cross
sections for the 160 + 888r, *2Zr systems. No evidence was found in the energy spectra
for population of other excited target or projectile states with cross sections near those
for the 27 state. The integrated inelastic cross sections vary between 5 to 50 mb in
the energy range investigated. These values are one or two orders of magnitude larger
than those associated to other reaction channels, such as the sub-barrier few nucleon
transfer {3] and fusion [4] processes.

3. Data analysis

In the coupled channel calculations, we have adopted a procedure similar to that
described in the analysis of the sub-barrier elastic and inelastic data for the '°0O +
58.60.6264N1 systems [1,2]. The target nuclei have been assumed spherically symmetric
but susceptible to vibrations around their spherical shapes [5]. For these nuclei, we
have considered the contribution of the 2] state. We have used phonon amplitudes
according to Refs. [6-8]. The value r; = 1.06 fm, obtained from electron scattering
experiments (9], have been assumed for the Coulomb radius. For the real nuclear
potential we have assumed a Woods—-Saxon shape with a radius parameter equal to the
Coulomb radius (rp = ro = 1.06 fm). We have used in the CC calculations an inner
imaginary potential [1,2], which takes into account the small internal absorption from
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Fig. 2. Elastic scattering angular distributions for the %0 + %S¢ system at the bombarding energies
Eran = 43,44 and 45 MeV. The solid lines correspond to coupled channel calcutations (see details in
the text}.

barrier penetration. In the surface interaction region (R 2 10 fm), this potential is very
small (W < 10™* MeV). No sensitivity in the CC cross section predictions has been
detected related to strength variations of this absorptive potential. The depth, ¥, and
the diffuseness, a, of the real nuclear potential were searched for the best data fits. In
a similar way as reported for the '°0 + $06264Nj systems [1,2], for each system and
bombarding energy we have found a family of real potentials, with different diffuseness
parameters, which give equivalent data fits, as illustrated in Fig. 8 for the 160 + %7;
System at the energies of 46 and 48 MeV, These potentials cross {see Fig. 8) at a
particular radius, Rs, which is usually referred as the strong absorption radius in the
case of higher energy elastic scattering data analysis. At sub-barrier energies, this radius
is related to the classical turning point, and is energy dependent. Due to the small
absorption involved in this case, in this work we refer to Rs as the sensitivity radius,
We have used the energy dependence of Ry (see Fig. 9) to characterize the shape of
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Fig. 3. The same as in Fig. 2, for the 50 + %Zr system at Eyp, = 46,47 and 48 MeV.

the real nuclear potential in the surface region. As discussed in Ref. [1], the potential
strength error bars were estimated considering the variation by unity of chi-square around
the minimum value (see Fig. 5 of Ref. [1]). Due the precision of the elastic scattering
data (about 1%}, the nuclear potential strengths at the sensitivity radius were obtained
within 5% accuracy. The shape of the nuclear potential is quite close to an exponential,
represented by solid lines in Fig. 9. Table 1 gives the diffuseness values obtained for the
160 4 883p, 90927y 92Mo systems. Within the uncertainties, the diffuseness parameters
are compatible with the average value @ = 0.64 4 0.02 fm. This diffuseness value is in
good agreement with theoretical double-folding calculations, as will be discussed in the
next section. Using the value a = 0.64 fm for the '80 + %Sy, *%Zr, Mo systems,
we were able to fit all the angular distributions (see Figs. 2 to 7) with an energy-
independent bare potential for each system. Table 1 gives the CC potential strengths for
all the systems investigated in this work at the interaction radius R = 11 fm, which is
near the center of the sensitivity region.
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Table i
The diffuseness values from CC (a) and double-folding («) calculations, and also the strengths of the CC
(Voo ) and double-folding (Vo) potentials at the interaction distance R= 11 fm

Nucleus a {fm) o (fm) Voo (MeV) Viola (MeV) Yoo / Ve

Begy 0.71 £ 0.05 0.584 0.90 £ 0.03 0.628 1.43 4+ 0.05
Nze 0.63 £+ 0.03 0.586 0.97 + 0.02 0.675 .44 +0.03
$27p 0.61 £ 0.05 0.607 1.20 £ 0.04 0.787 1.52 4+ 0.05
Mo 0.63 -k (.06 0.587 0.98 &= 0.02 0.716 1.37 £ 0.03

4. Double-folding calculations

In this section, we present the theoretical calculations with the aim of evaluating the
nuclear ion—ion potential by using the double-folding method [ 10} with shell model den-
sities. In such analyses, we have used the well known nucleon-nucleon M3Y interaction
in its standard form [10}:
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In our calculations, the ground-state density of the °O nucleus was derived from
electron scattering experimental results {91, with the assumption that the neutron (o)
and proton (pp) densities have the same shape as the charge density (pc). The total
nuclear density is expressed by

2
p(r) = pa(r) + pp(7) =p0[l —i—-y(g) }e~("/6‘) ,

(2)

where y = 1.544, ¢ = 1.833 fm (charge density parameters of Ref. [9]), and pp =
0.1407 fm™? to satisfy the normalization condition:

o

/4wp(r)r2dr=N+z=A.

0

(3)
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For the target nuclei we have used densities from shell model calculations, assuming,
for the ®Sr, **Zr and Mo nuclei, the N = 50 neutron closed shell and the (2pj,,
1f1/2: 2172, 189/2)% ™ proton orbital configuration. For the *2Zr nucleus, we have
considered the (1f3/2, Lfs/2,2p32) (2p1/2, 1892)% proton and the (1gos2)'%(1gs,
2dss2. 2d32, 35 /2)2 neutron orbital configurations. The shell model calculations predict
level schemes for these nuclei which are in reasonable agreement with those derived
from experiments up to excitation energies of about 3 MeV (see Fig. 10).

Fig. 11 presents the proton (dashed lines) and neutron (solid lines) densities for
the %831, °*2Zr and Mo nuclei. For these nuclei, the number of protons is signif-
icantly smaller than the number of neutrons, thus the proton densities are somewhat
more internal as compared to the corresponding neutron ones. We have calculated the
folding potential contributions of the proton and neutron target densities according to
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the following expressions:

V. (R) :]Po(rl) Vo(|R—ry+r2|) pplr2) drydrs,

W(R) =fpo("1) Ul|R—r1+ r2|) po(r2) dridra,

Vi(R) = Vo(R) + Vo(R) = fpom) so(|R = r1 4 12]) pr(ra) dridra .,

195

(4)
(3)

(6)

where p, is the total %0 density; p,, pn and pr are the proton, neutron and total target
densities, respectively; and V,, V; and Vr are the corresponding proton, neutron and total
folding potentials. These folding potentials are shown in Fig. 12. As expected, due to
the neutron and proton density features (see Fig. 11), the neutron potential contribution
in the surface interaction region is significantly more important in comparison to the

corresponding proton one.

Since the neutron densitics for the (N = 50 closed shell} #8Sr, %Zr and **Mo
nuclei are quite similar in the surface density region (see Fig. 13), the corresponding
180 4 #88r, 9071, Mo systems present, as expected, similar double-folding potentials
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Fig. 8. Determination of the nuclear real bare potential at the sensitivity radius (Rg) for the $0 + 271, as

obtained from CC analysis of the experimental data (EpL.p = 46 and 48 MeV) considering different values of
diffuseness and potential depth parameters.

for large interaction distances (see Fig. 14 bottom). The neutron density for the two
extra neutron “°Zr nucleus, as indicated in Fig. 13, is shifted by about 0.1 fm in
the surface region in relation to the other target nuclei. Since this valuc is of the
same order of magnitude of the potential diffuseness (a = 0.6 fm), the double-folding
theoretical calculations predict for the 'O + *2Zr system a bare potential which is
about 20% greater in the surface region as compared to those for the '°0O + 388y, %07y,
®*Mo systems (see Fig. 14). We point out that the '60 + %Zr, Mo systems present
different surface folding potentials in spite of the same nucleon number in the target and
projectile. The comparison of the potentials extracted from CC data analyses (Fig. 14
top) and those from double-folding calculations (Fig. 14 bottom) indicates clearly
that all our expectations about the isotopic and isotonic dependence of these potentials
are reasonably met. A similar result was obtained for the isotopic dependence of the
nuclear potential for the 0 4 38606264N; gystems, as reported earlier [2]. Nevertheless,
the strengths of the “experimental” potentials are about 40% greater than the folding
predictions (see Table 1). Again a similar result was found for the 190 .. 58.60.62.641;
systems. Possible sources of such discrepancy will be discussed in the next sections.
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(@ =0.64 fm) for all the systems.

Table I gives the “diffuseness parameters” {«) obtained from the slopes of the folding
potentials, calculated in the surface region by Eq. (7). The folding diffuseness values
are similar for all systems and close to the average “experimental” one (0.64 fm).
A similar result has been obtained for the 150 + 58606264\ gystems, and an average
value of 0.59 fm has been found [1,2]. These results indicate that the heavy-ion system
potentials have a “universal” shape in the surface region rather independent of the “size
of the system”. As we will discuss in Section 6, the features of the folding potential
in the surface interaction region are dependent on the nuclear densities in the nucleus
surface region. Since the electron scattering experiments [9] have shown that the heavy
nuclei have similar charge diffuseness values, one should expect the potential diffuseness
to be similar for different heavy-ion systems,

14
(R) N

“:‘W‘
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5. Contributiong to the polarization potential

As discussed in the previous section, a difference of about 40% between the folding
potential strengths in the surface interactjon region and the corresponding “experimenta)”
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(bottom), for the 90 + 83y, 20.927r and 92Mo systems (see text for details),

values from CC data analysis was found for the 'O - 88r, %0927 92Mo systems
(present work), and also for the %0 + 38606264N; gystems (Refs. [1,2]). We have
performed the following studies in order to explain this discrepancy: (i) in this section,
we intend to investigate how much of such difference is connected to contributions to
the polarization potential arising from couplings of reaction channels with negligible
cross sections, which were not included in our CC calculations at low energies; (ii)
in the next section, we will discuss the effects on the folding potential associated with
different models assumed for the nuclear matter densities.

Referring back to the '*O + Ni studies, an extensive and rather complete coupled
channel calculation, that included both inelastic excitation and transfer processes, was
performed by Keeley et al. [11] for the '®O + 362N systems, and an “average” polar-
ization potential was extracted through the solution of the coupled equations. Table 2
contains some results extracted from that work for the 180 + BNi system at Eqpy =
28 MeV, since this energy is in the energy range in which we have extracted the “ex-
perimental” nuclear potential for that system [2]. We point out the following features
of the CC calculations: (i) the contribution of the coupling for the %0 3~ state (which
has a large phonon amplitude) is about 50% of the fuil polarization potential {which
corresponds to all coupled channels); (ii) the polarization potential due to this 3~ state
is about 8% of the folding potential independent of the interaction distance considered.
These results indicate that the polarization potential should not change significantly the
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Table 2

Double-folding potential (Vioiq) and polarization potential contribution corresponding to the coupling for the
0 37 state only (V;J) and also to afl reaction channels included in the CC calculations (V;;‘:l), for the

180y + 98Nj system at Ecm = 28 MeV

R (fm) Vi (MeV) v (Mev) Viois (MeV)
10.0 0.08 0.16 0.91

105 0.03 - 0.37

110 0.006 - 0.064

These values were extracted from Refs. {18,2] at three different surface interaction radii.

shape (diffuseness) of the total (folding + polarization) potential in comparison to the
folding potential. Another important point is that the strength of the full polarization
potential is only about 17% in comparison to the folding potential. This result indicates
that the polarization potential should be responsible for less than half of the observed
discrepancy (40%) between the “experimental” and the folding potential strengths found
in our previous work [2]. In principle, as discussed by Keeley et al. [11], the source
of that discrepancy could be other possible couplings such as that for the 160 37 state.
Nevertheless, recent comparison [ 12] between the predicted fusion cross sections of this
full CC analysis and precise fusion data for the 0 +5%2Ni systems indicate that such
CC calculations overpredict the data at energies below the fusion barrier (see Fig. 3 of
Ref. [12]). The inclusion of other reaction channels in the CC calculations certainly
would worsen the fusion cross section predictions. Thus, we believe that the strengths of
the couplings are not so strong as considered in such calculations and the polarization
potential strength should be even less significant in comparison to the bare potential.

We have also performed coupled channel calculations for the 'O + *°Zr system
including the %0 37 and %0Zr 3] states, besides that for the *°Zr 2{ state. For the
nuclear potential, we have adopted the “experimental” CC potential according to Table
1. Fig. 15 shows the predicted elastic cross sections for Epp = 48 MeV, considering: no
couplings (solid line), only the **Zr 2} coupling (also solid line because the difference
is negligible), both couplings 9Zr 2F + %Zr 37 states (dashed line) and *°Zr 2f
+ 160 37 states (dotted line). The couplings do not have much effect on the elastic
scattering cross sections. In order to fit the data considering the coupling for the 150
37 state, it is necessary to reduce the “‘experimental” potential strength by about 7%
and the diffuseness parameter persists unchanged. These results are very similar to those
found for the 'O - Ni systems. Therefore, we consider that also for the systems studied
in the present work, 'O + ¥¥8r, 2927y, %Mo, the polarization potential is far from
being capable of accounting for the detected difference between the folding and the
“experimental” potential strengths.

The connection between the real and imaginary parts of the optical potential through
the dispersion relation has been verified for several systems [13], including the 160 +
Ni [11,14]. We have tested this relation for the '¢0+%8r, ®°Zr systems by analyzing the
existing elastic scattering data [3,15] for energies at and above the barrier (48 € E pp €
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60 MeV). In the data analysis, the diffuseness of the real part of the potential was fixed
at @ = (.64 fm (see Section 3), and the strengths and imaginary part diffuseness of the
Woods-Saxon shape optical potential were searched for the best data fits. Fi g. 16 shows
the potential strengths at the interaction distance R = 11 fm (average sensitivity radius)
for the energies below (closed circles - this work, Section 3) and above (open circles)
the barrier. The solid lines in the figure represent the dispersion relation predictions for
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the real part of the optical potential, assuming the energy dependence for the imaginary
part as indicated by dashed lines. The potential strengths resulting from data analysis
are in agrecment with the dispersion relation within an average precision of 7%.

6. The missing potential strength: Probing the nuclear density

As discussed in the previous sections, the ion-ion potentials extracted from low energy
CC data analyses are about 40% greater than the theoretical double-folding predictions
for the 60 + S860.6264N 88y M0.927r %Mo systems, and the polarization potential
that arises from couplings to reaction channels with negligible cross sections can only
account for part of this difference. We have investigated if the source of such discrepancy
is related to the models adopted to describe the ground-state nuclear densities. Since
this discrepancy is approximately target independent, we have investigated the projectile
density. We have studied which region of the 150 density contributes significantly to
the nuclear potential in the surface region. In order to perform such a study, we have
taken the %Zr as the target nucleus and we have included a spline with Gaussian shape,
according to Eq. (8), on the nuclear density of the '*0 nucleus. We have characterized
the sensitivity region of the density by varying the position of the perturbation (Rp),
and calculating the percentage difference (100 x AV/Vinperturbed) in the strength of the
folding potential at the interaction distance R = 11 fm (AV = Vperurbed — Vimperturbed ) -
The results of such calculations are shown in Fig. 17. The low energy seasitivity region
(LESR) for the '°O density lies at radius around 4 fm, a value about 1.3 fm greater
the root-mean-square (RMS) radius of the 180 charge distribution [9]. Double-folding
calculations show that an increase of about 30% in the '°C density in this surface region
(roughly 3 < » < § fm) could explain the theorctical-experimental potential strength
discrepancy previously discussed. We point out that nuclear density calculations for the
60y nucleus based on different models give similar density values in the region near the
RMS radius, and predict quite different results in the surface region, which differ from
each other by about 30% (see Fig. 18). On the other hand, we have not observed such
behavior for the targets studied in this work, as illustrated in Fig. 19,

—(ir— 2
Ppecturbed (1) = Punpesturbed ( 1) [1 +0.1e” Rp}/0.5) ] . (8)

The low energy data analysis for the 50+ 88r, %0927y, %Mo systems have shown that
the elastic scattering cross sections are sensitive to an interaction distance region around
11 fm, which corresponds to a region of sensitivity for the nuclear densities about 1.5 fm
larger than the RMS radius. For much higher encrgies, inner distances are probed by
elastic scattering cross section data analysis. Such measurements have been performed
for the 'O + %°Zr system at Epyp, = 1503 MeV [18]. In this case, the elastic scattering
cross sections are sensitive to the nuclear potential in an interaction distance region
around 8 fm [ 18], and our analysis indicate that the corresponding density sensitivity
region is near the RMS radius. At such high energies and such internal interaction
distance region, as discussed in Refs. [19,20], the polarization potential from reaction
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Fig. 17. (a) The charge distribution shape nuclear density for the '60 nucleus (Eq. {2)), indicating the "low
energy sensitivity region (LESR)” in the determination of the bare potential through sub-barrier elastic data
analysis. (b) The percentage difference (100 x A‘//Vunpcrm,bcd) in the strength of the folding potentiai at
R =11 fru for the 9O + Zr system (see text for details).

channel couplings (Feshbach nonlocality) contributes mainly to the imaginary part of
the optical potential, while the effects of nucleon exchange (Pauli nonlocality) are
important to the real part of the nuclear interaction. Recently, a model [19-21] that
takes into account the Pauli non-local nature of the nuclear interaction was developed
with the aim to describe the nucleus—nucleus collision at low and high encrgies. The
model is based on the Perey and Buck prescription [22], with the non-local parameter
range (b) given by the Jackson and Johnson theoretical prediction {23], b = by(uo/u)
(bp = 0.85 fm, g is the nucleon mass and g is the reduced mass of the system). In
the model, the parameter frec non-local real nucleus-nucleus interaction is expressed by

R+ R 1 em pt il
V(R, R,) = Vfo]ding( 5 )73‘3/2b3 ¢ ({R—R")/D) , (9)

and the corresponding energy-dependent local equivalent potential is expressed approx-
imately by

~ 4y Veolding (R) € ~YTE=VTRY]

T — /1

. (10)



MA.G. Alvarer et al. /Nuclear Physics A 656 (1999) 187-208 205

0.2 . A
______ ) ~— Eq(2)
BN -~~~ Shell Model

0.15 <l l':'.\ ----- Hariree-Fock -
@
é Q1 -
a

005 |-

0 R T

r(fm)
Fig. 18. Different 'O nuclear density predictions considering: (a) the charge distribution shape of Eq. (2)
(solid line), (b) shell mode! calculations from Ref. [17] (dashed line), and (¢) Hartree-Fock calculations
from Ref. {24] {dotted line). In the figure are indicated the root-mean-square radius (RMS), and the “low
energy sensitivity region™ in the determination of the CC potential {LESR).

0.100

0.075

"E 00501~~~ proton 3 -
= neutron Shell Model ‘

¢oo proton
0.025- xxx neutron} Hartree Fock

r{mfm)
Fig. 19. Comparison between proton and neutron densities for the %Zr nucleus considering shell model (this
work) and Hartree-Fock (Ref. [24]) calculations. In the figure are indicated the root-mean-square radius
(RMS) and the “low energy sensitivity region” in the determination of the CC potential (LESR).

where y = ub?/2R2,

For an interaction radius near the barrier radius and energies close to the Coulomb
barrier, the local equivalent potential is quite close to the folding one, Vg(R ~ Ry,
E 2 Vg) o Viuging(R), and the effect of the nonlocality is negligible. Fig. 20 shows the
folding potential (dashed line) and the local equivalent potential at £y, = 1503 MeV
(solid line) for the 'O + *Zr system. In Fig. 21, the elastic cross section data [18]
for the same system and energy are shown. Also the corresponding optical model
predictions, either considering the folding potential (dashed line) or the local equivalent
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Fig, 21, Optical model elastic scattering data fits for the 190 + #Zr system at the bombarding energy
Evgy = 1503 MeV, considering for the nuclear interaction: (a) the double-folding potential (dashed line),
and (b) the local equivalent potential (solid line). In the data fits only the Woods-Saxon imaginary potential
parameters were allowed to vary.

potential (solid line), are shown in the same figure. In the data fit procedure, as reported
in Ref. [20], only the Woods-Saxon imaginary potential parameters were allowed to
vary. The elastic scattering cross section predictions are quite similar considering any
density model of Fig. 18 for the 1°0 nucleus. The parameter free local equivalent real
potential provides a good data prediction (see Fig. 21) without any normalization of the
folding potential included in Eq. (10). This result should be compared to the required
normalization of 40% in elastic scattering data fits at sub-barrier energies. We again
point out that the density sensitivity regions probed at low and high energies are rather
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different. We stress that different models usually give similar density results in the
region close to the RMS radius, and very different density values in the surface region
(LESR). Therefore, the low energy elastic scattering data provide a test for different
density models which give similar high energy data fits.

7. Summary and conclusions

In surminary, we have performed coupled channel analysis of elastic and inelastic
angular distributions for the 180+ 888y, %7, %2Mo systems at the sub-barrier energies
43 < Eray < 49 MeV. The data are well reproduced with energy-independent nuclear
bare potentials, which are real and have an exponential shape in the surface region.
These CC potentials have the same diffuseness parameter, @ = 0.64 fm, defined within
an accuracy of 5% for all systems. The slope of the resulting CC potentials is well
reproduced by the M3Y double-folding calculations using shell model densities for the
targets. The isotonic and isotopic dependence of the CC potentials are also reasonably
described by the double-folding potential. Very similar results had already been obtained
for the 160 4 SB606264N gystems. All these results are closely related to the nuclear
density features of the collision partners.

Nevertheless, for both sets of systems the strengths of the sub-barrier CC bare poten-
tials are about 40% greater than the corresponding values from M3Y folding potential
calculations. Based on a previous extensive and rather complete coupled channel analysis
for the '°0 + 82Ni systems, we have concluded that the contributions to the polar-
ization potential associated to other reaction channel couplings only account for part of
such discrepancy. Our studies indicate that the discrepancy is connected mainly to the
%0 nuclear density model adopted in the folding calculations. The predictions of the
low energy elastic scattering cross section are very sensitive to the nuclear matter den-
sities in the surface region. In the high energy case, in which the effects on the nuclear
interaction due to the non-local nucleon exchange are very important, the sensitivity
region for the densities is somewhat more internal than the corresponding region for the
sub-barrier case. Thus, a consistent low and high energy elastic scattering data analysis
has been demonstrated to be a powerful tool to probe ground-state nuclear densities.
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1. Introduction

In this work, we present elastic scattering differential cross sections for the 140 - 1298n,
138Ba, 208Ph systems at sub-barrier energies. The main purpose of the experiments
was to determine the corresponding nuclear potentials. The method was applied earlier
successfully to the 160 4-38.60.:62.64N; 835, 90,927, 920Ny systems [1-3). As discussed
in these previous works, the imaginary part of the optical potential is negligible at sub-
barrier energies due to the small number of reaction channels with relevant cross sections.
Thus, the elastic scattering data analysis, at this energy range, determines the real part
of the optical potential (nuclear potential). The slopes and strengths of the experimental
(Le., extracted from data analyses) nuclear potentials have been determined within 5% to
10% uncertainty in the surface region, R = barrier radius > 1.4 x (Aif3 + A;/3) fm.

The optical potential is the result of the addition of the bare and polarization potentials.
The bare potential represents the ground-state expectation value of the interaction
operator, which contains as basic input the average effective nucleon-nucleon force. The
polarization potential contains the contributions arising from nonelastic couplings. Due to
the very small reaction cross sections, the absorptive imaginary part of the polarization
potential is negligible at sub-barrier energies. We have estimated the contribution of the
polarization potential to the real part of the optical potential to be small at the energy
region at which our elastic scattering data were taken, Thus, the data extracted experimental
potentials are representative of the corresponding bare potentials, and have been compared
with those derived from double-folding and liquid-drop (proximity potential) theoretical
models.

With the present work, we have completed a set of results (this work and Refs. [1-3]) to
demonstrate a systematic behavior of the nuclear potential for systems involving the 60
as projectile. All the target nuclei are magic or semi-magic, with mass number ranging
from A == 58 to A == 208. The systematization indicates a universal exponential shape for
the experimental potentials, as predicted by the liquid-drop model, but with a diffuseness
value smaller than that from the proximity potential [4]. A similar result was found by
Christensen and Winther (hereafter CW) [5] in another systematic study of potential
strengths, which were extracted from elastic scattering data analyses at energies above
the barrier. In that work, a diffuseness of 0.63 fm was found for the heavy-ion nuclear
potential, a value very close to that (.62 fm) obtained from our sub-barrier data analyses.
We have detected a small difference among the potential strengths at the sub-barrier region
in comparison with those from the CW work, We have associated this difference to the
following sources: (i} variation with the energy of the polarization potential contribution
to the optical potential, (ii} variation of the bare potential with the energy, due to nonlocal
effects, and (iii) ambiguities in the extraction of potential strengths from the higher-energy
data analyses.

The polarization potential is expected to obey a dispersion relation [6] which connects
the real and imaginary parts of the optical potential. This relation has been observed for
several systems [6], including **O+298Pb for which the dispersion relation had already
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been studied in a large energy range [7]. We have used our present results to extend this
study to the sub-barrier region.

The paper is organized as follows: Section 2 gives the experimental details and data
analyses. In Section 3, the experimental potentials are compared with those derived from
double-folding and liquid-drop models. In Section 4 is presented a comparison between
potentials extracted from data analyses at the sub-barrier region with those from higher
energies. The dispersion relation for the 'O +2%Pb system is analysed in Section 3.
Section 6 contains a brief summary and the main conclusions.

2. Experimental results and data analysis

The measurements for the %0 4 1208n, 18Ba systems were made using the '°0 beam
from the Sdo Paulo 8UD Pelletron Accelerator, Brazil, and the data for the 10 +20%Pb
system were taken at the {4UD BARC-TIFR Pelletron at Bombay, India. The detecting
system has already been described in Ref, [1]. The thickness of the 12°Sn, 138Ba and 2%8pb
targets were about 70 ug/cm?. Figs. 1-3 exhibit the elastic scattering cross sections for the
three systems in the energy ranges: 53 < Epap < 55 MeV (12081}, 54 < Epag < 57 MeV
(138Ba) and 74 < Epap < 78 MeV (2%8Pb). We have included a small contribution of
detected transfer processes in the “elastic” cross sections for the 190 4 2%8Pb system.
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Fig. 1. Elastic scattering angular distributions for the 160 4 1208n system at the bombarding energies
E1 AR = 53, 54 and 55 MeV. The sclid lines correspond to optical model calculations with an
energy-independent nuclear potential, with diffuseness a = 0.62 fm (see details in the text).
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Fig. 3. The same as in Fig. I, for the 160y - 208py, system at Ey ap =74, 75, 76, 77 and 78 MeV.
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In the optical model (hereafter OM) calculations, we have adopted a procedure similar
to that described in the analysis of the sub-barrier elastic and inelastic scattering data for
the 160 + 38:60.62.64nyj, 885y 90927, 92Mo systems [1-3]. We have assumed a Woods—
Saxon shape for the real part of the optical potential, with radius parameters equal to the
Coulomb radii, which were obtained from electron-scattering experiments {8]. We have
also used an inner imaginary potential, which takes into account the rather small internal
absorption from barrier penetration. The chosen parameters for this potential result in very
small strengths at the surface region. This procedure must be adopted in the data analysis
due to the small cross sections of peripherical reaction channels at sub-barrier energies.
No sensitivity in the cross section predictions has been detected related to depth variations
of this absorptive potential. The depth, Vo, and the diffuseness, a, of the (real) nuclear
potential were searched for the best data fits. For each system and bombarding energy
we have found a family of potentials, with different depth and diffuseness parameters,
which give equivalent data fits, as illustrated in Fig. 4 for the '°0+298Ph system at
two different energies. These potentials cross at a particular radius, Rs, which is usually
referred to as the strong absorption radius in the case of higher-energy elastic scattering

T M 1 M T 3
a=0.55fn
10 S
R, )
LE
~ Q01
=
v r
E i s
~ 3 t = f l
- X
] F .
10 gL 1603 4 2%py,
1 - E, =74 MeV
01 E_V(RS)
0.01 L ! . 4
1 12 13

R (fin)

Fig. 4. Determination of the nuclear potential at the sensitivity radius (Rg) for the 160 +2%8pp
system, as obtained from OM analysis of the experimental data (E] op = 74 and 78 MeV). The lines
represent potentials with different values of diffuseness and depth parameters, which give equivalent
data fits.
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data analyses. At sub-barrier energies, this radius is related to the classical turning point,
and is energy dependent. Due to the small absorption involved in this case, we refer to Rg
as the sensitivity radius.

We have used the energy dependence of Rs (sec Fig. 5) to characterize the shape of
the nuclear potentials at the surface region for the 100 4 1205y, 1385, 203py, systems.
For comparison purpose, we have included in Fig. 5 the earlicr results {2,3] that we had
obtained for two lighter systems. As discussed in Ref. [1], the potential strength error bars
were estimated considering the variation by unity of chi-square around the minimum value.
The shape of the nuclear potential is quite close to an exponential, represented by solid
lines in Fig. 5. Table 1 gives the diffuseness values obtained for the 60 - 1208n, 138p,
“%8Ph systems. We have included, in Table 1, the results for the 160 + 58.60.62.64y; 88g,
20.927r, 92Mo systems that we had obtained previously [1-3]. Within the uncertainties,
the diffuseness parameters are compatible with the average value @ = 0.62 fm. This
diffuseness value is in good agreement with theoretical double-folding calculations, as
will be discussed in the next section. Using the value « = 0.62 fm, we are able to fit all the
angular distributions (see Figs. 1~-3) with an energy-independent nuclear potential for each
system (which are represented by solid lines in Fig. 5). Table 1 gives the radii (R Mmev)
at which the strengths of the energy-independent nuclear potentials equal 1 MeV, and
the strengths at these same radii of the corresponding folding (V) and proximity (Vpr)

F T T T

E[Ab‘: T8 MeV

-V (MeV)

9 0 11 12 13 14
R (fm)

Fig. 5. The nuclear potential strength as a function of the sensitivity radius for the 160+ 38Ni,
927y, 1208, 1388, and 208pp systems. The bombarding energies of the elastic scattering angular
distributions in which the sensitivity radii have been obtained are indicated in the figure. The solid
lines represent potentials with the same diffuseness value, @ = 0.62 fm.
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Tabie 1

The diffuseness values of the nuclear potentials from optical-mode] data analyses («) and double-
folding calculations (af), and the radii (Rypey) at which the strengths of the OM energy-
independent nuclear potentials equal 1 MeV. In the calculations of the R mev values, @ =0.62 fm
was assumed to be the diffuseness for the OM nuclear potentials. The strengths of the folding (Vf)
and proximity (Vpr) potentials at the radii Ry pey are also included in the table

Target a (fm) ay (fm) R Mev (fm) Vi (MeV) Vpr (MeV)
I8N 0.57 +£0.03 0.57 10.06 0.81 0.62
60 0.58 £0.04 0.58 10.21 0.72 0.55
62N 0.60 £ 0.05 0.58 10.28 0.72 0.54
64N 0.67 +0.05 0.59 10.39 0.67 0.50
88gyp 0.71 +0.03 0.58 10.93 0.71 0.54
907, 0.63 £ 0.03 0.59 10.98 0.70 0.55
927, 0.61 4 0.05 0.61 11.11 0.66 0.48
%Mo 0.63 £ 0.06 0.59 10.99 0.73 0.57
1205, 0.59 +0.07 0.65 11.73 0.76 0.44
138p, 0.63 +0.03 0.61 12.07 0.60 0.42

208py, 0.56 4 0.04 0.63 12.94 0.75 0.49

potentials, In the case of the 50 +1298n system, the theoretical fit overestimates the data
for ELap = 55 MeV and fcm = 120° (see Fig. 1). Considering the complete set of our
measurements, the energy of this angular distribution is the closest to the Coulomb barrier.
The small discrepancies between data and OM predictions for this angular distribution are
due to effects of reaction channel couplings which are more relevant for energies closer to
the barrier.

3. Double-folding and proximity calculations

In this section, we present theoretical calculations with the aim of evaluating the nuclear
part of the ion~ion potential, by using the double-folding [9] and liquid-drop [4] models.

The double-folding potentials were calculated in a similar way as described in
Refs. [1-3]. The ground-state nuclear density of the %0 nucleus was derived from
electron scattering experimental results [8], with the assumption that the neutron and
proton densities have the same shape as the charge density. For the 20%Pb nucleus, we
have used densities of Ref. [10] derived from Hartree—Fock calculations. For the neutron,
1208, and proton, 13*Ba, superfluid (and semi-magic) nuclei, we have calculated nuclear
densities using a self-consistent Dirac—Hartree~-Bogoliubov model [11]. Fig. 6 presents the
proton (dashed lines), neutron {dotted lines) and total (solid lines) densities for the 8Ni,
12950, 13¥Ba and 2°Pb nuclei. For the heavier nuclei, the number of protons is significantly
smailer than the number of neutrons, and the proton densities are somewhat more internal
as compared to the corresponding neutron ones.
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Fig. 6. The ground-state proton (dashed lines), neutron (dotted lines) and total (solid lines)
densities derived from theoretical calculations for the “8Ni, 1205n, 13884 and 298Ph nuclei. The
Ni and 298ph densities were obtained from Refs. [2,10}, respectively. The densities for the
neutron (1#9Sn) and proton (13%Ba ) superfluid nuclei were calculated using a self-consistent
Dirac-Hartree~-Bogoliubov model {111,

We have calculated the folding potential contributions of the proton and neutron target
densities according to the following expressions:

Vo(R) = f PolF) Vo B 1 +7) po(53) dF d, (0
Va(R) = f P e B 1+ 73) pulis) 471 i, %)
Vi(R) = Vi (R) + Va(R) = f PG ve B 1+ 5) () 471 ds, ©)

where p, is the total %0 density; Pp» Pn and py are the proton, neutron and total target
densities, respectively; Vp, Vi and V; are the corresponding proton, neutron and total
folding potentials. These folding potentials at the surface region are shown in Fig. 7. As
expected, due to the neutron and proton density features, the heavier the target nucleus



C.E Silva et al. / Nuclear Physics A 679 (2001) 287-303 295

-V (MeV)
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Fig. 7. Proton (dashed lines), neutron (dotted lines) and total (solid lines) double-folding potentials
at the surface region for the 160 +58Ni, 120Sn, 13882 and 208pp systems (see text for details).

the greater is the neutron potential contribution in comparison to the corresponding proton
one.

The predictions of the folding calculations for the potential strengths are smaller than
the corresponding experimental values (see Table 1). We have previously [1-3] discussed
this discrepancy for the 160 58.60.62.64ny; 88gr 90.927; 92Mg systems. These studies
have indicated that the discrepancy is mainly connected to the 80 nuclear density model
adopted in the folding calculations [3].

Table 1 gives the “diffuseness parameters” obtained from the slopes of the folding
potentials. The folding diffuseness values are similar for all systems and close to the
average “experimental” value (0.62 fm). This result indicates that the heavy-ion nuclear
potentials have a “universal” shape in the surface region rather independent of the “size
of the system”. This behavior should be expected, considering that the features of the
potential in the surface interaction region are dependent on the nuclear densities in the
nucleus surface region, and that heavy ions have very similar nuclear density diffuseness
values, as detected for charge distributions from electron scattering experiments [8].
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A theoretical interaction, which predicts a universal shape for the heavy-ion nuclear
potentials, has been proposed [4] within the framework of the liquid-drop model. This
interaction is based on the Proximity Theorem, which relates the force between two
nuclei to the interaction between two flat surfaces made of semi-infinite nuclear matter.
This theorem leads {4] to an expression for the potential which is a product of a simple
geometrical factor and a universal function of the separation (s = R Rgy Kca) between
the surfaces of the nuclei

V(R) =4my Ru d{(s), 4)
with y = 0.9517(1  1.7826/%) MeV/fm?, I = 2-Z and « =« 1 fm. The mean curvature
of the system is obtained from

RciRen
Rci+ Rea”
Rc1 and Rep are the central radii of both nuclei, which are related to the effective sharp

radii by Re; =~ Rege i (I a2/ Rgff' ;). The formula indicated [4] for the effective sharp radius
is

R= (5)

Resri = 1.284)7  0.76 4084, 1, 6)

The universal function was calculated [4] using the nuclear Thomas—Fermi model with
Seyler-Blanchard phenomenological nucleon-nucleon interaction [12—14]

1 2 3
B(s< 12511 ) = 5(5 2.54) 0.0852(5— 2.54), 7)
o
B(s > 1.2511a) ~ 3.437exp( %) 8)
. [0 4

The proximity potential predicts an exponential shape at the surface region (Eq. (8)),
but with a diffuseness parameter (0.75 fm) greater than the value (0.62 fm) that we have
obtained from data analyses. The radii R; mev (see Table 1) at which the experimental
potential strengths equal 1 MeV, correspond to sepatation distances about 3 fm. In this
region, the strengths of the proximity potentials are about half of the corresponding
experimental values (see Table 1). In the same region, similar differences among
experimental results and theoretical predictions, concerning both diffuseness and potential
strength values, had already been shown in the original paper in which the proximity
potential was proposed (see Fig. 9 of Ref. [4]). We believe that such differences are due to
the model adopted for the nuclear densities in the derivation of the proximity potential.

4. Systematization of the nuclear potential

The main features of the proximity potential are the universal shape and the dependence
of the strengths with the mean curvature (R) of the system. These features are also
included in the empirical potential (Eq. (9)) proposed by Christensen and Winther in the
seventies [5]. In that work, the radii involved in the s and R calculations were obtained
from expression (10). The values Vy = 50 MeV/fm and a = 0.63 fm were obtained from
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the fit of “experimental” potential strengths, extracted from elastic scattering data analyses
for several systems at energies above the Coulomb barrier:

V(R)= VyRe */9, )
Rei = 1.2334]7 09784, '/ (10)

We have selected potential strength “data” from the CW systematization [5] for systems
that involve the 160 nucleus. Fig. 8 (bottom) presents the V/R values as a function of
the nucleus surface separation distance. The solid lines in the figure represent the CW
empirical potential. Qur sub-barrier strength “data” are also presented in Fig. 8 (top).
The sub-barrier strength “data” are systematically greater than the CW empirical potential.
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Fig. 8. The “normalized” potential strengths (V/ R) from sub-barrier (top) and above-barrier (bottom)
elastic scattering data analyses as a function of the nucleus surface separation distance, s, for systems
that involve the 90 nucleus. The open triangles (bottom) represent potential strengths deduced from
earlier [15,16] OM analyses of the angular distributions presented in Fig. 9. The Christensen and
Winther’s (CW) empirical potential {5] is represented by solid lines. The dashed lines represent a fit
of the sub-barrier potential strengths by Eq. (9).
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The dashed lines in Fig. 8 represent a fit of the sub-barrier strength “data” to expression (9),
which resulted the values @ = 0.61 fm and Vp = 75.5 MeV/fm.

Fig. 8 (top) shows that the difference between sub-barrier strength “data” and the CW
empirical potential is slightly dependent on the s value. The average difference between
the complete set of sub-barrier strength “data” and the CW empirical potential (solid lines
in Fig. 8) is 18%. We point out that also the higher-energy strength “data” for systems
with 160 (Fig. 8, bottom) are, in average, slightly greater than the CW empirical potential.
We estimate that the average difference among sub and above-barrier strength “data” is
about 15%. Thus, the agreement between both analyses is good, and we have associated
this small difference to three sources: (i) variation with the energy of the polarization
potential contribution to the optical potential, (ii) variation with the energy of the bare
potential, due to nonlocal effects (this subject is discussed in the next section), and
(i1} ambiguities in the determination of the optical potential from elastic scattering data
fits at energies above the barrier.

We have already extensively discussed [I-3] the contribution of the polarization
potential to the nuclear potential strengths that we have obtained from sub-barrier data
analysis for the 100 4 78:60.62,64N; 88g, 90927, 920\ systems. Extensive and rather
complete coupled channel (hereafter CC) calculations have indicated that the strengths
of the polarization potential, at the energy range at which our sub-barrier data have been
obtained, are about {7% of the bare potential strengths [3,17], which corresponds to 14%
of the optical (polarization + bare) potential. The contribution of the coupling for the
160)3  state (which has a very large fonon amplitude) is about 50% of the full polarization
potential (which cotresponds to all coupled channels). Nevertheless, recent comparison
[18] between the predicted fusion cross sections of this full CC analysis and precise
fusion data indicates that such CC calculations overpredict the data at energies below the
barrier (see Fig. 3 of Ref. [18]). Thus, we believe that the couplings are not so strong as
considered in such CC calculations, and the polarization potential strength should be even
less significant in comparison to the optical potential. Based on these studies, we estimate
the contribution of the polarization potential to the experimental potentials extracted from
sub-barrier data to be less than 10%. In this sense, we consider the experimental potentials
at sub-barrier energies to be representative of the corresponding bare potentials.

In the sub-barrier elastic scattering data analysis, we have assumed the strengths of
the imaginary part of the optical potential to be very small in the surface region. As we
have already discussed, this procedure is consistent with the very small absorption in
this energy region. At higher energies, it is very difficult to set the imaginary part of
the optical potential based on physical grounds. Thus, the corresponding OM elastic
scattering data analyses usually involve parametrized shapes (mostly the Woods—Saxon
one) for the imaginary part of the potential, and this procedure results in ambiguities in
the determination of the strengths of the real part of the optical potential. As an example,
we have taken elastic scattering data for the 90 +298Pb system [15,16] in three energies,
which are included in the CW potential strength systematization (open triangles in Fig. 8,
bottom). We have fitted the angular distributions (solid lines in Fig. 9) assuming the
sub-barrier energy-independent nuclear potential for the real part of the optical potential.
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Fig. 9. Elastic scattering angular distributions for the !60Q.4-208pp system at the energies
Epap = 104, 129.5 and 192 MeV (the data were extracted from Refs. [15,16]). The solid lines
represent data fits, in which the sub-barrier energy-independent nuclear potential was assumed for
the real part of the optical potential. In the data fits, only the diffuseness and depth parameters of the
Woods—Saxen shape imaginary potential were allowed to vary.

In these fits, only the diffuseness (a;) and depth (Wp) of a Woods-Saxon shape (with
rip = 1.2 fm) imaginary potential were allowed to vary. Table 2 contains the resulting
a; and Wy values. Table 2 also presents a comparison among the potential strengths at
the strong absorption radii of the present sub-barrier energy-independent potential (Vsg)
with those (Vcw) obtained from the earlier OM data fits of Refs. [15,16] (which were
used in the CW systematization [5]). There are significant differences between these
sets of potential strengths, but the elastic scattering data fits obtained from both sets are
equivalent. Therefore, the potential strengths extracted from the data at energies above the
barrier are not so well determined as in the sub-barrier case. The degree of ambiguity
in the determination of the potential depends on the system and on the energy of the
elastic scattering angular distribution. In general, due to the low absorption, lighter systems
present less ambiguities in comparison to heavy systems. At energies much higher than the
Coulomb barrier the data extracted optical potential is well determined in an interaction
region different from that probed at low energies [19]. For instance, data analysis for
heavy-ion systems at intermediate energies (40 < Epap/A < 200 MeV /nucleon) provides
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Table 2

The table presents the diffuseness (a;) and depth (W) parameters of the imaginary part of the OM
potential, obtained from the fit of elastic scattering angular distributions for the 190 +208pp system
at By op = 104, 129.5 and 192 MeV. In these fits, the energy-independent (Vgg) nuclear potential,
obtained from the sub-barrier data analyses, was assumed for the real part of the optical potential.
Also the strong absorption radii (Rga ), the corresponding potential strengths from the Christensen
and Winther’s systematization {Vwy), and the sub-barrier potential (Vgg) at Rgp are included in the
table

Epap (MeV) a; {fm) Wy (MeV) Rgp (fm) Vow (MeV) Vs (MeV)

104.0 0.316 951 12.672 1.088 1.541
129.5 0.523 102 12.520 1.557 1.968
192.0 0.443 176 12.493 1.324 2.056

information of the potential at radii farther inside the barrier radius (see Refs. [20-23]).
We stress that the present sub-barrier data analysis determines the real part of the optical
potential without ambiguity in the surface region.

5. The dispersion relation

Elastic scattering data analyses for some heavy-ion systems have resulted in a rapid and
localized variation of the optical potential with the energy, known as “threshold anomaly”
[6]. This variation has been observed in the vicinity of the Coulomb barrier, and has been
associated to the contribution of the polarization to the optical potential [6]. The dispersion
relation, Eq. (11) [6], describes the connection between the energy dependence of the real
and imaginary parts of the polarization potential

P T WE
/_\V(E)m;[ Ef( ;

dE’. (1B

The 0 4 298Pb system is included among the systems for which the threshold anomaly
was first observed [7]. The dispersion relation was verified for this system from the
Coulomb barrier to higher energies. We bave used the present results to extend these studies
to the sub-barrier energy region. In an earlier work [3], we have made a similar study for
the lighter systems. Fig. 10 presents the data extracted OM potential sirengths from Ref. [7]
(closed circles and open triangles) and the present sub-barrier results (open circles). The
solid lines in the figure represent the trend suggested in Ref. [7], which is compatible with
the dispersion relation.

In Section 4, we have discussed the ambiguity in the determination of potential strengths
from elastic scattering data analyses at energies above the Coulomb barrier. This sort
of ambiguities is illustrated in Fig. 10. The open triangles in this figure correspond to
earlier OM data analyses (from Ref. {7]) for the angular distributions presented in Fig. 9.
The closed triangles in Fig. 10 represent the results of our OM analyses for the same
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Fig. 10. Potential strength values obtained from earlier [7] OM data analyses of elastic scattering
angular distributions at energies above the barrier (closed circles and open triangles). The open
circles represent the energy-independent nuclear potential that we have obtained from sub-barrier
data analyses. The open triangles correspond to earlier [7] data analyses of the angular distributions
presented in Fig. 9. The closed triangles correspond to present OM analyses of the same angular
distributions (see text for details). The lines represent behaviors compatible with the dispersion
relation, with (dashed line} and without (solid line) the additional effect due to the nonlocal nature of

the bare potential.

angular distributions, in which the “sub-barrier” energy-independent nuclear potential was
used for the real part of the optical potential. The differences between closed and open
triangles provides an estimation about the “error bars” that the potential strengths may
have. Thus, the trend adopted for the optical potential suggested based on the “data”
behavior is itself also ambiguous. The ambiguity in the determination of potential strengths
from OM elastic scattering data analysis at energies above the barrier could be reduced by
using a realistic (based on fundamental physical grounds) imaginary part for the optical
potential. A model for a realistic polarization potential should be consistent with the
dispersion relation.

There is an additional energy dependence of the optical potential that arises from the
nonltocal nature of the bare nuclear interaction [6]. This energy dependence has been
neglected in most studies of the dispersion relation. The nonlocality of the bare interaction
has been studied (for instance, see Refs. [24] to [30]} based on the dependence of the
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nucleon-nucleon interaction with the nuclear matter density and on intrinsically quantum
effects connected to exchange of nucleons between the two nuclei. The difference between
solid and dashed lines in Fig. 10 (top) represents the additional variation of the optical
potential due to the nonlocality of the bare potential (the calculations have been based on
the model proposed in Refs. [28-30]). As demonstrated in Ref. [3], for energies close to
the Coulomb barrier the effect of the nonlocality on the bare potential is negligible (see
also Fig. 10}, and therefore it does not need be taken into account in the determination of
potential strengths from sub-barrier data analysis.

6. Summary and conclusions

In summary, we have performed optical model analyses of elastic scattering angular
distributions for the 160 + 1208n, 133Ba, 208ph systems at sub-barrier energies. The sub-
barrier data analyses determine the optical potential without the usual ambiguities found
in elastic scattering data analyses at energies above the barrier. The present sub-barrier
data are well reproduced with energy-independent nuclear potentials, which are real and
have an exponential shape in the surface region. Similar results had been obtained by
us earlier for the 180+ 38:60.62,64yj 885y 90.927, 920nih systems. The diffuseness of all
these experimental potentials are compatible, within the uncertainties, with the average
value @ = 0.62 fm. This result is in agreement with theoretical double-folding calculations,
and with the Christensen and Winther's systematization of real potential strengths which
were extracted from higher energy OM data analyses. Our sub-barrier results indicate a
systematic behavior for the nuclear potential, which contains the main features predicted
by the liquid-drop model. By combining exchange nonlocal effects and the liquid-drop
model [31], it is possible to describe the heavy-ion nuclear potential in a much larger
energy range than that considered in this work.
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An unfolding method is proposed to extract ground-state nuclear matter densities from heavy-ion elastic
scattering data analyses at low (sub-barrier} and intermediate energies. The consistency of the resalts is fully
checked. The method should be of value in determining densities for exotic nuclei.
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A long-standing question of nuclear structure concerns the
determination of heavy-ion neutron densities, which are far
from being as well known as the proton densities that have
been extracted from electron scattering experiments. It is
worth mentioning the importance of the determination of
nuclear densities to distinguish among different nuclear
structure theoretical approaches. Several probes (pion, pro-
ton, alpha, etc.) have been used in order to determine nuclear
matter densities, with different sorts of limitations [1]. For
instance, the use of the strong interacting probes 7" and 7~
is usually accompanied by the need to “calibrate” the
method, which means that only average radii and differences
in densities are the most reliable results. In 2 more funda-
mental philosophy, the possibility of extracting information
on nuclear distributions from heavy-ion elastic scattering is a
question of using the folding model for the interaction, in-
cluding all the important effects from first principles and
avoiding the use of adjustable parameters as much as pos-
sible.

In the present work, a method of determining matter den-
sities from heavy-ion elastic scattering data at sub-barrier
and intermediate energies is proposed. It is based on the
parameter-free nonlocal energy-independent bare potential
(NLM3Y potential), recently developed [2-5] for the real
part of the nucleus-nucleus interaction. The NLM3Y poten-
tial has been tested for several systems [3,4} and gives ex-
cellent reproductions of measured elastic and inelastic cross
sections in a large energy range, particularly at intermediate
energies where the refractive elastic data are very sensitive o
the real part of the interaction [6]. The model (for details see
[3]) takes into account the Pauli nonlocality involving the
exchange of nucleons between the target and the projectile.
The energy-independent real part of the interaction is given
by

o~ UR=RY0Y )

. R+R'} 1
VRK)= Vil —5— VTS
where b= by /p is the range of the Pauli nonlocality, by
=0.85 fm, m, and u are the nucleon mass and the reduced

mass of the system, respectivety. The nonlecal interaction is
connected to the usual folding potential {7] through
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where py(r() and p,(r,) are the ground-state nuclear densi-
ties of the colliding partners, and v(F) is the M3Y effective
nucleon-nucleon interaction. The corresponding energy-
dependent local equivalent potential is given by [3]

L= VI -4y Vi (R)e” 7 Ve
2y

Vip(R;E)= ., (3

with y= wb*/2k%. We mention in passing that other ap-
proaches for the finite range exchange term (for example see
[8—10]) are more complicated to calculate and therefore Jess
suitable for extensive studies of nuciear densities.

Within the model above, the central idea of the method
proposed is to extract ground-state nuclear distributions from
elastic scattering data analyses, with the densities as the re-
sult of best fits in an unfolding procedure involving expres-
sions (2) and (3). The data analyses at intermediate energies
give information about the total (neutron -+ proton) distribu-
tions in a region close to the root-mean-square radius (r,),
while at sub-barrier energies the surface is the region sensi-
tive to the data fits.

To characterize the absorption from reaction channels, at
intermediate energies we have used an imaginary potential
based on the Lax-type interaction {11]:

E - - -
W(R;E)=~k—NU‘;‘~W(E)j pi([R=rl}palr)dr,  (4)

where o (E) is the average nucleon-nucleon total cross
section with Pauli blocking. For the sub-barrier case, we
have selected elastic scattering experimental angular distri-
butions at energies sufficiently below the Coulomb harrier,
that couplings to reaction channels are very small. In this
case, we have used an inner imaginary potential with Woods-
Saxon shape, which takes into account the small internal
absorption from batrier penetration. The values adopted for
the parameters of this potential result in small strengths at
the surface region. This procedure must be used in the sub-
barrier data analyses due to the small cross sections of pe-
ripherical reaction channels. No sensitivity in the cross sec-

©200!1 The American Physical Society
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FIG. 1. Top: Examples of the determination of the sensitivity
radii, r,, and the corresponding experimental values for the 150
nuclear matter density, o(r,), using two-parameter Fermi distribu-
tions which give equivalent elastic scattering data fits for angular
distributions of the "0+ 190 (E;,,= 1120 MeV) and 'O+ Mo
(Ep=49 MeV) systems. Bottom: The sensitivity regions for the
160 nuclear matter density characterized by notch tests.

tion predictions has been detected related to depth variations
of this absorptive potential. We point out that the polarization
potential that arises from reaction channel couplings (Fesh-
bach nonlocality) has been estimated [12-14] through exten-
sive coupled channel calculations for the sub-barrier data set,
and represents less than 10% in comparison with the bare
(folding) interaction,

We have chosen 60 as a test case, due to the extensive
experimental and theoretical information available about this
nucleus, and, as discussed in Ref. [12], because different
approaches give quite different results for the %0 nuclear
density, particularly at the suiface region. In the analyses, we
have assumed a two-parameter Fermi model (2PF) for the
160 density, with diffuseness (a) and radius (R) searched
for the best data fits, and with the p, parameter determined
by the normalization condition

® Po

4ar "R

rldr=16. (3)
‘ 1+ exp( )

In Fig. | is presented, as an illustration of our method, the
determination of the total (neutron + proton) density for the
180 nucleus at the r,,,, radius and surface regions, by using
elastic scattering data analyses at intermediate and sub-
barrier energies, respectively. For each angular distribution,
we have found a family of densities which give equivalent
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FIG. 2. Experimental nuclear density values for the 180 (semi-
closed symbols) and "0 (open symbols) nuclei, as obtained from
sub-barrier elastic scattering data analyses for different systems and
bombarding energies. The closed symbols represent density values
(1%0) from intermediate energy dala analyses ('°0+ "0, Ey,,
=1120 MeV), using different models for the shape of the 'O
density (2PF or HO) and for the imaginary potential {WS or Lax).
The lines correspond to theoretical Dirac-Hartree-Bogoliubov
{DHB) calculations for the 160 nucleus, and a two-parameter Fermi
distribution (2PF) with or without a damped oscillatory correction.

data fits. These densities cross (Fig. 1 top) at a particular
radius r, , hereafter referred to as the sensitivity radius. Simi-
lar behavior has been observed in the determination of bare
potentials from sub-barrier data analyses [12-15), but in that
case only one crossing was detected for each angular distri-
bution. In the density case, two crossings are observed (Fig.
1) due to the particular shape and normalization condition
imposed on the nuclear density. Thus, the determination of
the sensitivity radius is also accompanied by a notch test
{Fig. 1 bottorn), in which a spline with Gaussian shape is
included in the 'O density, and the varation of the chi-
square is studied as a function of the position of this pertur-
bation. The notch test guarantees that r; is in a density region
important for the data fit, and does not arise from spurious
crossing. Since the data fits depend only on the density in a
small range of nuclear radii, the determination of the sensi-
tivity radius and corresponding density value is rather inde-
pendent of the shape assumed for the nuclear distribution
(2PF, harmonic oscillator — see example in Fig. 2). For the
160+ 150 gystem at the energy of 1120 MeV, besides the
Lax interaction we have also used a three free parameter
imaginary potential, with Woods-Saxon shape, with the aim
of evaluating any possible change in the sensitivity radius.
The r, and corresponding density values obtained in this case
are quite similar to those from the Lax interaction (see
Fig. 2).

The 'O experimental density values at the sensitivity ra-
dii obtained from heavy-ion data analyses are shown in Fig.
2. For the sub-barrier energies, the elastic scattering data
[12-15] are from 40 angular distributions of 11 systems like
603+ A, where A is a magic or semimagic target nucleus
with mass number ranging from 58 (Ni} to 208 (Pb). In the
data analyses, we have used Hartree-Fock, Dirac-Hartree-
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Bogoliubov, and shell-model densities for the target nuclei
(see Refs. [12—16]). In this sub-barrier region the position of
the sensitivity radius is energy-dependent, with variation
connected to the classical turning point of the effective po-
tential. This fact allows us to characterize the !0 nuclear
distribution (semiclosed symbols in Fig. 2) in a large and
superficial region. The data (from Ref. [17]) analyses at
E;p=1120 MeV for the 0+ 1°0 system have provided
information of the '°0 density in a much inner region
(closed symbols in Fig. 2}. A theoretical prediction for the
160 density derived from the Dirac-Hartree-Bogoliubov
(DHB) model [18] using NL3 potential parameters [19] is
also shown in Fig. 2. In the surface region, the experimental
150 density is much greater than the theoretical prediction.
An analysis of the single-particle levels of the theoretical
calculation shows, as one might expect, that the falloff of the
density in the surface region is determined by the least bound
levels. Although the NL3 parameter set was adjusted to re-
produce binding energies and charge and neutron radii across
the periodic table, it did net take into account single-particle
properties, which suggests a direction for future improve-
ments in such a parameter set.

For the purpose of comparison and demonstration of the
sensitivity of the method, we have also shown in Fig. 2 the
experimental density values for the *O nucleus (open sym-
bols) obtained with the same method through optical model
analyses of sub-barrier elastic scattering data for the e
+ BON; systems. As theoretically expected [20] and clearly
demonstrated by our results, the two extra neutrons of the
180 (25,5, ldap, and 1dsy, orbitals) increase the 'O den-
sity at the surface region in comparison to that for the 160
nucleus.

In our method, the experimental density values have been
extracted based on very fundamental grounds. The
parameter-free real part of the interaction contains as basic
inputs just the well-known M3Y effective nucleon-nucleon
interaction and the model for the Pauli nonlocality, which has
been tested extensively [2—5]. Also the imaginary part of the
interaction has been based on general assumptions: the lack
of superficial absorption at sub-barrier energies and the
parameter-free Lax-type interaction (for the '*O+1°0 sys-
tem at E,,,= 1120 MeV), which is known to be appropriate
for high energies [11]. The adjustable parameters of the
method (R, and a) are connected only with the quantity to
be determined: the projectile nuclear density, and the results
obtained are rather insensitive to the (realistic) shape as-
sumed for the distribution. We mention that other experimen-
tal data for the '°O density in the region 2<r=<4.5 fm could
be found through the analyses of other angular distributions
in energies above the barrier, but in this case the imaginary
potential must have adjustable parameters and the reliability
of the results for the density should be studied very carefully
[21]. Thus, we consider the theoretical densities for the target
nuclei (in the sub-barrier data analysis) as the only assump-
tion of our method that needs to be checked. The good agree-
ment among the results for the 10 density obtained using
different target nuclei indicate that any possible deviation in
such theoretical calculations would be systematic.
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FIG. 3. Experimental electron scattering cross sections for the
(top) 'S0 and {bottom) *®Ni nuclei as a function of the momentum
transferred. The dotted lines in the figure are theoretical predictions
using charge distributions from Dirac-Hartree-Bogoliubov (DHB)
calcufations in the plane-wave Born approximation. The other lines
(top} are the results for charge distributions derived from experi-
mental nuclear matter densities, using 2PF shapes {as shown in
Fig. 2) with (dashed line} or without (solid linc} a damped oscilla-
tory correction.

Thus, as a test of the consistency of the assumed hypoth-
esis of the method, we compare in Fig. 3 the data (from Refs.
[22,23]) with predictions for electron scattering cross sec-
tions. We have used charge distributions obtained by folding
the proton density of the nucleus with the intrinsic charge
distribution of the proton. For the doubly-magic '°O nucleus,
the proton density is quite close to one-half of the total den-
sity (see the theoretical neutron and proton distributions in
Fig. 2). The electron scattering cross sections have been cal-
culated in the plane-wave Born approximation, which, for
light nuclei such as '®0, should produce cross sections close
to the exact phase-shift method, except for momentum trans-
ferred near a minimum of diffraction.

Considering a best fit 2PF distribution (Ry=2.49 fm and
a2=0.55 fm — solid line in Fig. 2) to describe the 'O den-
sity, a reasonable description of the electron scattering {solid
line in Fig. 3 top) is obtained, with some discrepancies in the
momentum transferred region 1.5=¢=3.0 fm~!. Based on
the theoretical calculations for the 'O density (see Fig. 2),
such discrepancies are understood considering the decreasing
contribution of the lp4, and lp;, components for the
nuclear density in the inner radius region. We have taken this
into account by adding a damped oscillatory function to the
2PF distribution (2PF+correction in Fig. 2), resulting in a
better overall description of the electron cross section
(dashed line in Fig. 3 top). As reported earlier [22], a similar
procedure has been adopted to improve 0 electron scatter-
ing data fits that have been obtained by using fenomenologi-
cal charge densities. These fits [22] have precision compa-
rable to those of the present work. We point out that the
disagreement between predicted and measured cross sections
near the minima of diffraction (g~1.5 fm~' and ¢
=~3 fm~ ") is due to the use of the Born approximation in
the cross section calculations. Thus, for the first time, it is
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possible to describe electron scattering cross sections from
an experimental '°0 nuclear density obtained through heavy-
ion elastic scattering data analyses. The theoretical Dirac-
Hartree-Bogoliubov (DHB) charge distribution predicts elec-
tron scattering cross sections which are in disagreement with
the data for large g values (see Fig. 3 top). We point out that,
as a further test of the consistency of the assumed hypothesis
of the method, the theoretical DHB distributions for the tar-
get nuclei used in this work predict electron scattering cross
sections in agreement with the data {as illustrated in Fig. 3
bottom for the Ni).

In conclusion, using the progress reached in the last 20
years to describe heavy-ion elastic scattering, it is possible to
determine ground-state nuclear matter densities. The method

PHYSICAL REVIEW C 65 014602

presented in this work should be of value in studying densi-
ties of exotic nuclei, particularly at the surface region
through sub-barrier heavy-ion elastic scattering. We point out
that the difference between densities of exotic and neighbor-
ing stable nuclei is much emphasized in the surface region.
This seems to be borne out by preliminary results {24] for the
SHe nucleus in comparison to “He.
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Extensive systematizations of theoretical and experimental nuclear densitics and of optical potential
strengths extracted from heavy-ion elastic scattering data analyses at low and intermediate energies are pre-
sented. The energy dependence of the nuclear potential is accounted for within a model based on the nonlocal
nature of the interaction. The systematics indicates that the heavy-ion nuclear potential can be described in a
simple global way through a double-folding shape, which basically depends only on the density of nucleons of
the partners in the collision. The possibility of extracting information about the nucleon-nucleon intéraction

from the heavy-ion potential is investigated.

DOI: 10.1103/PhysRevC.66.014610

L INTRODUCTION

The optical potential plays a central role in the description
of heavy-ion collisions, since it is widely used in studies of
the elastic scattering process as well as in more complicated
reactions through the distorted-wave Bom approximation
(DWBA) or coupled-channel formalisms. This complex and
energy-dependent potential is composed of the bare and po-
larization potentials, the latter containing the contribution
arising from nonelastic couplings. In principle, the bare {or
nuclear) potential between two heavy ions can be associated
with the fundamenta! nucleon-nucleon interaction folded into
a product of the nucleon densities of the nuclei [1]. Apart
from some structure effects, the shape of the nuclear density
along the table of stable nuclides is nearly a Fermi distribu-
tion, with diffuseness approximately constant and radius
given roughly by R=rsA'", where A is the number of nucle-
ons of the nucleus. Therefore, one could expect a simple
dependence of the heavy-ion nuclear potential on the number
of nucleons of the partners in the collision, In fact, analytical
formulas have been deduced [2—4] for the folding potential,
and simple expressions have been obtained at the surface
region. A universal (system-independent}) shape for the
heavy-ion nuclear potential has been derived [5] also in the
framework of the liquid-drop model, from the proximity
theorem which relates the force between two nuclei to the
interaction between flat surfaces made of semi-infinite
nuclear matter. The theorem leads [5] to an expression for
the potential in the form of a product of a geometrical factor
by a function of the separation between the surfaces of the
nuclei.

The elastic scattering is the simplest process that occurs in
a heavy-ion collision because it involves very little rear-
rangement of matter and energy. Therefore, this process has
been studied in a large number of experimental investiga-
tions, and a huge body of elastic cross section data is cur-
rently available. The angular distribution for elastic scatter-
ing provides unambiguous determination of the real part of
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the optical potential only in a region around a particular dis-
tance 6] hereafter referred as the sensitivity radius (Rg). At
energies close to the Coulomb barrier the sensitivity radius is
situated in the surface region. In this energy region, the sys-
tematization [7,8] of experimental results for potential
strengths at the sensitivity radii has provided a universal ex-
ponential shape for the heavy-ion nuclear potential at the
surface, as theoretically expected, but with a diffuseness
value smaller than that originally proposed in the proximity
potential.

In a recent review article 6] the phenomenon of rainbow
scattering was discussed, and it was emphasized that the real
part of the optical potential can be unambiguously extracted
also at very short distances from heavy-ion elastic scattering
data at intermediate energies. Such a kind of data has been
first obtained for a-particle scattering from a variety of nu-
clei over a large range of energies [9-11] and later for sev-
eral heavy-ion systems. However, differently from the case
for the surface region (low energy), a systematization of po-
tential strengths at the inner distances has not been per-
formed up to now, probably because the resulting phenom-
enological  interactions have presented  significant
dependence on the bombarding energies. Several theoretical
models have been developed to account for this energy de-
pendence through realistic mean field potentials. Most of
them are improvements of the original double-folding poten-
tial with the nucleon-nucleon interaction assumed to be en-
ergy and density dependent [6]. Another recent and success-
ful model [12-14] associates the energy dependence of the
heavy-ion bare potential with nonlocal quantum effects re-
lated to the exchange of nucleons between target and projec-
tile, resulting in a very simple expression for the energy de-
pendence of the nuclear potential. Using the model of Refs.
[12-14}, in the present work we have realized a systemati-
zation of potential strengths extracted from elastic scattering
data analyses, considering both low (near-barrier) and inter-
mediate energies. The systematics indicates that the heavy-
ion nuclear potential can be described in a simple global way

©2002 The American Physical Society
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FIG. 1. Nuclecon density for the Fe nucleus represented
through Dirac-Hartree-Bogoliubov calculations (DHB) and a two-
parameter Fermi distribution (2pF), with =05 fm and Ry
=417 fm. The small difference between the 2pF distribution and
the function paC{(r — Rg ) a) [Bqs. (12), (13), and (14)] is hardly
seen in the figure.

through a double-folding shape, which basically depends
only on the number of nucleons of the nuclei.

The paper is organized as follows. In Sec. Ii, as a prepa-
ratory step for the systematization of the potential, an exten-
sive and systematic study of muclear densities is presented.
This study is based on charge distributions extracted from
electron scattering experiments [15,16] as well as on theoret-
ical densities derived from the Dirac-Hartree-Bogoliubov
medel {177 In Sec. I, analytical expressions for the double-
folding potential are derived for the whole (surface and in-
ner} interaction region, and a survey of the main character-
istics of this potential is presented. Section IV contains the
nonltocal model for the heavy-ion bare interaction, including
several details that have not been published before. Section
V is devoted to the nuclear potential systematics. In Sec. VI,
we discuss the role played by the nucleon-nucleon interac-
tion, and we present, in a somewhat speculative way, an
alternative form for the effective nucleon-nucleon interac-
tion, which is consistent with our results for the heavy-ion
nuclear potential. Finally, Sec. VII contains a brief summary
ard the main conclusions.

[, SYSTEMATIZATION OF THE NUCLEAR DENSITIES

According to the double-folding model, the heavy-ion
nuclear potential depends on the nuclear densities of the nu-
clei in collision. Thus, a systematization of the potential re-
quires a previous systematization of the nuclear densities. In
this work, with the aim of describing the proton, neutron,
nucleon (proton-+neutron), charge, and matter densities, we
adopt the two-parameter Fermi (2pF) distribution, which has
also been commonly used for charge densities extracted from
electron scattering experiments [ 15]. The shape, Eq. (1) and
Fig. 1, of this distribution is particularly appealing for the
density description, due to the flatness of the inner region,
which is associated with the saturation of the nuclear me-
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dium, and to the rapid falloff (related to the diffuseness pa-
rameter @) that brings out the notion of the radius Ry of the
nucleus:

plr)=

r—RO) ‘ (1)

The pg, a, and Ry parameters are connected by the normal-
ization condition

47rfowp(r)r2dr=X, (2)

where X could be the number of protons Z, neutrons N, or
nucleons A=N+2Z. In our theoretical calculations, the
charge distribution (p_,) has been obtained by folding the
proton distribution of the nucleus (p,) with the intrinsic
charge distribution of the proton in free space (p.pp):

pes(1)= | P paaylF =71, 3)

where p.;, is an exponential with diffuseness a.,
={.235 fm. In an analogous way, we have defined the mat-
ter density by folding the nucleon distribution of the nucleus
with the intrinsic matter distribution of the nucleon, which is
assumed to have the same shape of the intrinsic charge dis-
tribution of the proton. For convenience, the charge and mat-
ter distributions are normalized to the number of protons and
nucleons, respectivety.

In order to systematize the heavy-ion nuclear densities,
we have calculated theoretical distributions for a large num-
ber of nuclei using the Dirac-Hartree-Bogoliubov (DHB)
model [17]. The DHB calculations were performed using the
NL3 parameter set [18]. This set was obtained by adjusting
the masses and the charge and neutron radii of ten nuclei in
the region of the valley of stability, ranging from %0 to
21%py, using the Dirac-Hartree-BCS (DH-BCS) model. For
the cases in which they have been performed, calculations
using this parameter set and either the DHB [17] or the DH-
BCS [18-20] mode] have shown very good agreement with
experimental masses and radii. The quality of the description
of nuclear masses and charge radii, calculated in various mi-
croscopic approaches, has been presented in a recent paper
[21]. In this work, the difference between experimental rms
charge radii of stable nuclet with the corresponding theoret-
ical predictions has been found to be around 0.05 fm for all
models, including the DH-BCS model with the NL3 param-
eter set. This precision is quite satisfactory taking into ac-
count our purpose of systematizing the optical potential
strengths. In the present paper, we have also used the results
of previous systematics for charge distributions [15,16], ex-
tracted from electron scattering experiments, as a further
check of our DHB results. All the theoretical and most of the
“experimental” densities are not exact Fermi distributions.
Thus, with the aim of studying the equivalent diffuseness of
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FIG. 2. Equivalent diffuseness values obsained for charge distributions extracted from electron scattering experiments and for theoretical

densities obtained from Dirac-Hartree-Bogoliubov calculations.

the densities, we have calculated the corresponding logarith-
mic derivatives [Eq. (4)] at the surface region (at r~R,
+2 fm):

p{r)
= — —

dp '
dr

(4)

Figure 2(a) shows the results for the experimental charge
distributions: the diffuseness values spread around an aver-

age diffuseness a,=0.53 fm, with standard deviation
0.04 fm. Most of this dispersion arises from experimental
errors. Indeed, we have verified that different analyses (dif-
ferent electron scattering data set or different models for the
charge density) for a given nucleus provide diffuseness val-
ues that differ from each other by about 0.03 fm. Therefore,
the experimental charge distributions are compatible, within
the experimental precision, with a constant diffuseness value.
The theoretical charge distributions present similar behavior
[Fig. 2(b)], with an average value slightly smaller than the
experimental one. In this case, the observed standard devia-
tion, 0.02 fm, is associated with the effects of the structure
of the nuclei, Despite the trend presented by the neutron and
proton diffuseness [Fig. 2(c)], all the nucleon distributions
result in very similar diffuseness values (ay=0.48 fm),
with standard deviation 0.025 fm. As a result of the folding
procedure, the matter distributions present diffuseness values
significantly greater (a,=0.54 fm) than those for the
nucleon distributions. Taking into account that the theoretical

calculations have slightly underestimated the experimental
charge diffuseness, we consider that more realistic average
values for the nucleon and matter density diffuseness are
0.50 and 0.56 fm, respectively. A dispersion {o,) of about
0.025 fm around these average values is expected due to
effects of the structure of the nuclei.

The rms radius of a distribution is defined by Eq. (5}

j rzp{r)d;
fp(r)dF |

We have determined the radii Ry for the 2pF distributions
assuming that the corresponding rms radii should be equal to
those of the experimental (electron scattering) and theoretical
{DHB) densities. The results for Ry from theoretical charge
distributions [Fig. 3(b)] are very similar to those from elec-
tron experiments [Fig. 3(a)]. This fact indicates that the radii
obtained through the theoretical DHB caiculations are quite
realistic. The nucleon and matter densities give very similar
radii [Fig. 3(d}], which are well described by the following
linear fit:

(5)

Frms ™=

Ry=1314"7-0.84 fm. (6)

As a result of effects of the structure of the nuclei, the Ry
values spread around this linear fit with dispersion op,

=007 fm, but the heavier the nucleus is, the smaller is the
deviation. In Fig. 4 are shown the theoretical (DHB) nucleon
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FIG. 3. The Ry parameter obtained for charge distributions extracted from electron scattering experiments and for theoretical densities
obtained from Dirac-Hartree-Bogoliubov calculations.

densities for a few nuclei and the corresponding 2pF distri-  where R is the distance between the centers of the nuclei, p;
butions with @=0.50 fm and Ry values obtained from Eq.  gre the respective nucleon distributions, and vyy(r) is the
(6). effective nucleon-nucleon interaction. The success of the
folding model can only be judged meaningfully if the effec-

T ESSENTIAL ng}‘g;{f&gﬁ‘ THE FOLDING tive nucleon-nucleon interaction employed is truly realistic.

The most widely used realistic interaction is known as M3Y
[1,6], which can usually assume two versions: Reid and
Paris.

_ T For the purpose of illustrating the effects of density varia-
VF(R)_J, Pilr)pa(r2omd R —ritry)drdra, () tions on the folding potential, we show in Fig. 5 the results

The double-folding potential has the form

p (%)

FIG. 4. Nucleon densities from Dirac-
Hartree-Bogoliubov  calculations  (solid  lines)
compared with the corresponding two-parameter
Fermi distributions {(dashed lines), with «
=0.50 fm and R, obtained through Eq. (6}.

p (i)

r{fm) r{fr)

0146104
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FIG. 5. Folding potential for different sets of 2pF densities that
may represent the %0+ Ni system. The approximate position of
the s-wave barrier radius (Rp) is indicated in the figure.

obtained for different sets of 2pF distributions. In Sec. II, we
have estimated the dispersions of the R, and a parameters,
O'RG"‘""-'O.O’J' fm and o,~0.025 fm, that arise from effects of

the structure of the nuclei. Observe that these standard de-
viations are one-half of the corresponding variations consid-
ered in the example of Fig. 5, ARy=0.14 fm and Aa
=0.05 fm. The surface region of the potential (R=R,
+ R,) is much more sensitive to small changes of the density
parameters than the inner region. Our calculations indicate
that, as a result of such structure effects, the strength of the
nuclear potential in the region near the barrier radius may
vary by about 20%, and the major part of this variation is
connected to the standard deviation of the parameter a.
Therefore, concerning the nuclear potential, the effects of the
structure of the nuclei are mostly present at the surface and
mainly related to the diffuseness parameter.

The six-dimensional integral [Eq. (7)] can easily be
solved by reducing it to a product of three one-dimensional
Fourier transforms [1], but the results may only be obtained
through numerical calculations. In order to provide analytical
expressions for the folding potential, we consider, as an ap-
proximation, that the range of the effective nucleon-nucleon
interaction is negligible in comparison with the diffuseness
of the nuclear densities. In this zero-range approach, the
double-folding potential can be obtained from

UNN{;)“V()&;)
=Ve(R)

2wV, [ R+ry
= f”:Pl(”l) LR !rzpz(fz)dfz dry.

R 0 -y
(8)

As discussed in Sec. II, the heavy-ion densities involved in
Eq. (8) are approximately 2pF distributions, with Re2a. In
the limit ¢ —0, the double integral resuits in
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4
VF(RSRz—Rl)zVoPmPozﬁ"’"'Rf’ )

Vi(Ry—R,<R<R,+R,)

4 . r"
=V0P01P02§7TR e

3 7 T~

gtatite)
(10)

Vie(R=R, +R,)=0, {11)

where S=R_(R|+R2), R=2R1R2/(R1+R2), ;=R/(R]
+R,), r=s/R, and R and R, are the radii of the nuclei
{hereafter we consider R,= R ). We need a further approxi-
mation to obtain analytical expressions for the folding poten-
tial in the case of finite diffuseness value.

The Fermi distribution may be represented, with precision
better than 3% for any r value (see Fig. 1), by

p r—R
" %p00< - “), (12)
1+exp ~———-——0-)
7 x 3 2x
C(x50)=1—§e +—8-e , (13)
—x 7 —-x 3 —2x
Clx=0)=e lmge +§e . (14)

This approximation is particularly useful in obtaining ana-
lytical expressions for integrals that involve the 2pF distri-
bution. If both nuclei have the same diffuseness a, the double
integral [Eq. {8)] can be solved analytically using the ap-
proximation represented by Eq. (12}, and the result ex-
pressed as a sum of a large number of terms, most of them
negligible for a<R;. Rather simple expressions can be
found after an elaborate algebraic manipulation:

VF(RSRZ_Rl‘*'(I)

4 al? R}
fand V0p01p02§ 'TJ'RI 1+ 9.7 k"’;‘ —1{ 0.875 ﬁ”é"-‘ 1
t

L
R,

R% —~(Rq—R:}a
24+ | e RamRuey (15)

Ri

VF{RZMR1+05R~<_R|+R2)

3

1 r
T2[§+2+€T€}

4 s
g VoPmPozg TR 7¢r

5 5 1
I Y e 1ot
+ 249 1 7 (7-2+(477 z)e
5
+ 1+§77 e—(a"'ml"”)”. (16

Ve(R= R+ Ry}~ Vopgipema®Rg{(7) f(sla), (17}
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R (fm)

EIG. 6. Folding potential in the zcro-range approach calculated
from numerical integration of Eq. (8) (solid line), for 2ZpF densities
that may represent the '%0+°*Ni system. The dashed line repre-
sents the approximate analytical expressions, Egs. (15), (16), and
(17), while the dotted line concerns the exact result for a=0, Egs.
(9, (10), and (11). The approximate positions of the s-wave barrier
radins (R ) and of the distance R =R+ R, (=0} are indicated in
the figure.

with #=a/R, e=s/a. The functions g and f are given by

Mt 2B gt 12)e "
g(T)_ 1+§T )

(18)

f(s/a)w(1+sfa)e"““. (19)

If the nuclei have slightly (about 10%) different diffuseness,
the formulas are still valid with a=~(a;+a3)/2. As an ex-
ample of the precision of the analytical expressions above,
we exhibit in Fig. 6 the results of numerical calculations [Eq.
(8)] and compare them with those from Egs. (15), (16), and
(17) and also with the exact expressions for a =0, Egs. (9),
(10), and (11).

Equation (17) presents some similarity with the proximity
potential {5}

Vp=2mlRdP{s/d), {20}

where ¢ is the “surface width” and & is an universal
(system-independent) function. For a 2pF distribution, the
surface width is related to the diffuseness parameter through
d==(m//3)a [22]. The theoretical value adopted for d is
1 fm [5], which corresponds to a diffuseness a=~0.55 fm.
Taking into account that the I" value is rather system inde-
pendent [3], systematizations of heavy-ion potential
strengths extracted from elastic scattering data analyses have
been performed by using the following expression, which
should be valid for surface distances:

VP(S>O)

= Ve I @n
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FIG. 7. Normalized folding potential V,/(VyR) in the zero-
range approach [Eq. (8)] as a function of the distance s=R— (R,
+ R,), for several sets of 2pF distiibutions (with @=0.50 fm) that
may represent the systerns indicated in the figure. The proximity
universal function & is also presented in arbitrary units.

The resulting experimental e values are quite similar, o
=0.62 fm {7,8], but smaller than the theoretical prediction
of the proximity potential, 2=0.75 fm [5]. Such systematics
have included only experimental potential strengths in the
surface region, in contrast to the case of the proximity po-
tential where V/R should be a universal function of s also
for inner distances. The proximity potential does not fully
agree with our results for the double-folding potential in the
zero-range approach (see Fig. 7). In fact, Bg. (17) indicates
that a better choice for a universal quantity at the surface
region would be

Vi

e {22)
porpea Re(7)

V,ed(.f?o) =

which results [from Egs. (17), (19), and {22)] in the system-
independent expression

V,eal s20)=Vo( 1 +s/a)e ™. (23)

However, it is not clear that one can find a simple form for
such a universal quantity at inner distances from Eqgs. (15)
and (16). In Sec. V, the reduced potential V,,, is useful for
addressing the potential strength systernatization. Thus we
define V,,, for s=0 through the following trivial form:

Vrer.'(sso):V(}' (24)

The end of this section is devoted to the study of the
effect on the folding potential of a finite range for the effec-
tive nucleon-nucleon interaction. The tridimensional delta
function Voc?(;-) can be represented through the limit o—0
applied to the finite-range Yukawa function

—rio

Y (r)=V,

. 25
dmrro? (@5
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FIG. 8. Double-folding potentials for 2pF distributions with dif-
ferent diffuseness values () that may represent the 80+ 5Ni gys-
tem. The potentials have been calculated in the zero-range approach
(ZR) or with a finite-range (FR) Yukawa function for the effective
nucleon-nuclecn interaction.

Figure 8§ shows a comparison of folding potentials in the
zero-range approach [Eq. (8)] with the result obtained {from
Eq. (7)] using an Yukawa function for the effective nucleon-
nucleon interaction. The finite range is not truly significant at
small distances and can be accurately simulated at the sur-
face, within the zero-range approach, just by slightly increas-
ing the diffuseness of the nuclear densities.

1V. NONLOCAL DESCRIPTION OF THE NUCLEUS-
NUCLEUS INTERACTION

Before proceeding with the systematization of the poten-
tial, we first set the stage for the model of the heavy-ion
nuclear interaction [12—[4]. When dealing with nonlocal in-
teractions, one is required to solve the following integro-
differential eqguation:

#2 . .
= 5 VR IVER) Vot RE)F Wi (RE)VE(R)
+j U(R,R'YW(R")dR'=EV¥ (R). (26}

V¢ is the Coulomb interaction assumed to be local. V,,; and
W, are the real and imaginary parts of the polarization
potential, and contain the contribution arising from nonelas-
tic channel couplings. The corresponding nonlocality, called
the Feshbach nonlocality, is implicit through the energy de-
pendence of these terms, consistent with the dispersion rela-
tion [23]. U(R,R") is the bare interaction, and the nonlocal-
ity here, the Pauli nonlocality, is solely due 1o the Pauli
exclusion principle and involves the exchange of nucleons
between target and projectile.

Guided by the microscopic treatment of the nucleon-
nucleus scattering [24-28], the following ansatz is assumed
for the heavy-ion bare interaction [13}:

PHYSICAL REVIEW C 66, 014610 (2002)

e-(|§+§'!.'b)2’ a7

- R+R"Y |
URR) = V| —5— 2p3
where b is the range of the Pauli nonlocality. Introduced in
this way, the nonlocality is a correction to the local model,
and in the b— 0 limit, Eq. (26), reduces to the usual Schro-
dinger differential equation. The range of the nonlocality can
be found through b==bomgy/p [29], where bg=0.85 fm is
the nucleon-nucleus nonlocality parameter [24], my is the
nucleon mass, and w is the reduced mass of the nucleus-
nucleus system. This type of very mild nonlocality in the
nucieon-nucleus and nucleus-nucleus interaction is to be
contrasted with the very strong nonlocality found in the pion-
nucjeus interaction in the A region [30]. In such cases, even
the concept of an optical potential becomes dubious. In our
case, however, we are on very safe ground.

The relation between the nonlocal interaction and the
folding potential is obtained from [13]}

Vau {R)=Vg(R). (28)

As a result of the central nature of the interaction, it is con-
venient to write down the usual expansion in partial waves,

V(R)= 2, zf(zz+1)i‘%1),[cos(a)], (29)
v =3 2Ly R PLcosi#)),  (30)
RI= 2 g VIR RO PiLcos( @),
, R+R'\ 1
Vi(R,R )=Vy, T YT
2RR' R=R'\*} .,
X\ Qy Y exp) —| —p -y o,
—2RR' R+R'\?
X - expl —| — ) (B

where @, are polynomials and ¢ is the angle between R and

R’ [24} Thus, the integro-differential equation can be recast
into the following form:

A% d*u(R)
m g | B VAR = Vo RE) = Wy (R.E)
I+ A2 ®
T uz(R):J Vi(R.RVu(R")dR'. (32)
2uR 0

When confronting theory and experiment, one usually re-
lies on the optical model with a local potential. This brings
into light the issue of extracting from Eq. (32) a local-
equivalent (LE) potential
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FIG. 9. Double-folding (V) and {-dependent local-equivalent
{V,z) potentials for the a+¥Ni system at Epp= 139 MeV. The
sofid line represents the approximate expression, Eq. (34), for the
local-equivalent potential.

Vip(REY+1W, (R, E)

1 o
= WJO V{(R,R )HI(R )dR . (33)

The presence of the wave function in Eq. (33) indicates that
the LE potential is complex and also [ and energy dependent.
Despite its complex nature, the LE potential is not absorp-
tive, (W| W, z|"¥)=0; this statement can be demonstrated by
considering that the nonlocal interaction is real and sym-
metrical, V,(R,R")=V,(R',R). For neutron-nucleus sys-
temms, the LE potential is only weakly ! dependent, and an
approximate relation to describe its energy dependence has
been obtained [24]. A generalization of this relation for the
ion-ion case is given by [12,13]

VLE(R,E)%VF(R).G,'-YEE_Vc(R)_Vf-E(R'E”, (34)

with y=ub?2A%. In order to provide an example of the
precision of expression (34), in Fig. 9 the corresponding re-
sult is compared to the exact LE potential [Eq. {33)] obtained
from the numerical resolution [13] of the respective integro-
differential equations [Eq. {32)]. The local-equivalent poten-
tial is quite well described by Eq. (34) for any ! value, except
at very small distances (R=={}), which are not probed by
heavy-ion experiments.

Expression {(34) has accounted for the energy dependence
of experimentally extracted potential strengths for several
systems in a very large energy range [12—14]. At near-barrier
energies E~V-(Rp)+ Ve(Rg), the effect of the Pauli non-
locality is negligible and V; z(R,E)=~ V(R), but the higher
the energy is, the greater is the effect. At energies about 200
MeV/nueleon the local-equivalent potential is about one or-
der of magnitude less intense than the corresponding folding
potential (see examples in Refs. [12,13]). In a classical phys-

PHYSICAL REVIEW C 66, 014610 (2002)

ics framework, the exponent in Eq. (34) is related to the
kinetic energy (E;) and to the local relative speed between
the nuclei (v) by

2 2
vzzﬁgk(m T E-VeR)=Vis(REY],  (35)

and Eq. (34) may be rewritten in the following form:

VLE(R,E)m VF(R)E —[rr:ot,iou.f(iaﬂ)lzm VF('R)e—thlcl,
{36)

where ¢ is the speed of light. Therefore, in this context the
effect of the Pauli nonlecality is equivalent to a velocity-
dependent nuckear interaction [Eq. (36)]. Another possible
interpretation is that the local-equivalent potential may be
associated directly with the folding potential [Bg. (37}], with
an effective nucleon-nucleon interaction {Egq. (38)] depen-
dent on the relative speed (v) between the nucleons:

Vil RE) = Vp= j Pr(r1)pa(ra)
Xoyn(0 R+ ry)drdry, (37)
vanlv,F) = F)e "4 (38)

V. SYSTEMATIZATION OF THE NUCLEAR POTENTIAL

As already mentioned, the angular distribution for elastic
scattering provides an unambiguous determination of the real
part of the optical potential in a region around the sensitivity
radius {Rg). For bombarding energies above (and near) the
barrier, the sensitivity radius is rather energy independent
and close to the barrier radius (Rg), while at intermediate
energies many inner distances are probed. At subbarrier en-
ergies, the R is strongly energy dependent, with its variation
connected to the classical turning point; this fact has allowed
the determination of the potential in a wide range of near-
barrier distances, Rp=Rg=Rp+2 fm. With the aim of
avoiding ambiguities in the potential systematization, we
have selected “experimental” (extracted from elastic scatter-
ing data analyses) potential strengths at the corresponding
sensitivity radii, from works in which the Rg has been deter-
mined or at least estimated. In several articles, the authors
claim that their data analyses at intermediate energies have
unambiguously determined the nuclear potential in a quite
extensive region of interaction distances. In such cases, we
have considered potential strength “data’ in steps of I fm
over the whole probed region. Tables I and U provide the
systems included in the nuclear potential systematics for the
subbarrier and intermediate energies, respectively. For the
energy region above (and near) the barrier, the present sys-
tematics contains potential strengths for a large number of
different heavy-ion systems from the previous Christensen-
Winther systematization {7]. Our systematics is not even near
to being complete, but it is rather extensive and diversified
enough to account well for the very large number of data that
have been obtained in the last decades.

The experimental potential strengths represent the real
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TABLE I. Systems, sub-barrier bombarding energies, and corre-
sponding references that have been included in the nuclear potential
systematics.

System Epap MeV) Reference
160438 35, 35.5, 36, 36.5, 37, 38 [8,32]
150+ 0N 35, 35.5, 36, 37, 38 [31,32]
160+ G264 34, 35, 36 32]
160y 885 43, 44, 45 33]
60+ 207 46, 47, 48 [33]
60y 927 45, 46, 47, 48 [8,33
50+ Mo 48, 48.5, 49 [33]
160+ 298y 53, 54, 55 [8]
160+ 38R, 54, 55, 56, 57 [8]
160y4 208py, 74, 75,76, 77, 18 (8]
B+ 58Nj 35.1, 35.5, 37.1, 38 [34]
B0+ ONj 34.5, 35.5, 3.1, 38 [34]

part of the optical potential, which corresponds to the addi-
tion of the bare and polarization potentials. The contribution
of the polarization to the optical potential depends on the
particular features of the reaction channels involved in the
collision and is therefore quite system dependent. If this con-
tribution were very significant, it would be too difficult for
one to set a global description of the heavy-ion nuclear in-
teraction. In the present work, we neglect the real part of the
polarization potential and associate the experimental poten-
tial strengths (V,,,) with the bare interaction (V). The
success of our findings seems to support such a hypothesis.

In analyzing experimental potential results for such a
wide energy range and large number of different systems, we
consider quite appropriate the use of system- and energy in-
dependent quantities. We have removed the energy-
dependence from the experimental potential strengths
through the calculation of the corresponding folding poten-
tial strengths, Vp.e., . based on Eq. (34). The system depen-
dence of the potential data set has then been removed with
the use of the experimental reduced potential, V,,p.exp - FOT

PHYSICAL REVIEW C 66, 014610 (2002)
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FIG. 10. Experimental and theoretical reduced potentials in the
context of the zero-range approach, with {top) or without (bottom)
considering in the calculations the energy dependence of the local-
equivalent potential {Eq. (34)] that arises from the Pauli nonlocality.

520 this quantity was calculated from Eq. (22), and for
inner 5 values we have adopted the following simple
definition:

VF -expt

Vrea'-cxpl= VU (39)

VF‘:heo’
Wwith Vpheo calculated through Eq. (8). The other useful
quantity is the distance between surfaces: s=Rg— (R
+ R5), where R is associated with the sensitivity radius and
the radii of the nuclei have been obtained from Egq. (6).

In Fig. 10 (wop), the experimental reduced potential
strengths are confronted with the theoretical prediction [Egs.
(23) and (24)] for different diffuseness values. The fit to the

TABLE 1. The same as Table I, but for intermediate energies.

System £, (MeV} Reference
p+%Ca, 2%pb 30.3 [35]
d+"Ca, 8ph 52 (35]
4He+40Ca, *%ph 104 [35]
SLi+2C, g 210, 318 {36,37]
SLi+Ca, %N, *%Zr, %Pb 210 [38]
i+ P, B 350 [39]
By 2c 300, 360, 1016, 1440, 2400 [40-42]
12¢.1 208py, 1440 [42]
B¢ 4 208pp 390 [41]
16y 160 250, 350, 480, 704, 1120 [44,45]
g 12, 2854, “0Ca, *%7Zr, %ph 1504 [43]
®par 4 ONj, 1208n, Wepy 1760 (46}
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data in the inner region (s=0) results unambiguously in the
value Vo=—456 MeV fm® and is quite insensitive to the
diffuseness parameter, in agreement with the discussion
about the folding features of Sec. III. The fit for s=0 is
sensitive to both: V¥ and e, and the corresponding best fit
values are a=0.56 fm and the same V¥ found for the inner
region. The standard deviation of the data set around the best
fit {solid line in Fig. 10, top) is 25%, a value somewhat
greater than the dispersion (20%) expected to arise from ef-
fects of the structure of the nuclei (as discussed in Sec. III).
We believe that the remaining difference comes from two
sources: uncertainties of the experimentally extracted poten-
tial strengths and the contribution of the polarization poten-
tial that we have neglected in our analysis. We point out that
the best fit diffuseness value ¢=0.56 fm is equal to the av-
erage diffuseness found (Sec. 11} for the matter distributions
and greater than the average value (a=0.50 fm) of the
nucleon distributions. This is a consistent result becanse we
have calculated the reduced potential strengths based on the
zero-range approach (through Egs. (8), {22), {23), and {24)].
As discussed in Sec. II1, the effect of a finite range for the
effective nucleon-nucleon interaction can be simulated,
within the zero-range approach, by increasing the diffuseness
of the (nucleon} densities of the nuclei. This subject is dealt
with more deeply in the next section.

In order to characterize the importance of the Pauli non-
tocality, in Fig. 10 (bottom) are shown the results for the
reduced potential through calculations performed without the
correction [Eq. (34)] due to the energy dependence of the LE
potential, i.e.,, associating the experimental potential
strengths directly with the folding potential. The quality of
the corresponding fit (Fig. 10, bottom) is similar to that ob-
tained with the nonlocality (Fig. 10, top), but the V, and a
parameters are significantly different. In the next section, we
show that the values found without considering the nonlocal-
ity, « = 0.61 fm and Vy=—-274 MeV fm?, seem to result in
an unrealistic nucleon-nucleon interaction.

VL EFFECTIVE NUCLEON-NUCLEON INTERACTION

After removing the energy dependence of the experimen-
tal potential strengths, the corresponding results are compat-
ible with the double-folding potential in the zero-range ap-
proach [Eq. (8)], provided that the matter densities of the
nuclei be adopted in the folding procedure instead of the
nucleon densities. In this section, we study the consistency of
our results for the nuclear potential in the case that the
double-folding model is treated in the more common inter-
pretation: the nucleon distributions and a finite-range
nucleon-nucleon interaction are assumed in Eqg. (7). With the
purpose of keeping the comparison between experimental
and theoretical results through the use of system-independent
quantities, it is necessary to change the definition of the ex-
perimental reduced potential:

VF-expi

red-theoy, (40)
ed-th VF—Uleo

vred-cxpi= 14
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TABLE IHl. The width, volume integral, and root-mean-square
radius for several effective nucleon-nucleon interactions considered
in this work.

Intcraction o ora, (fm) Vo (MeVim') ., (fm)
M3Y-Reid - —408 1.62
M3Y-Paris - —447 1.60
Yukawa 0.58 439 142
Gaussian 0.90 —448 1.56
Exponential 0.43 —443 1.49
Folding-type 0.30 —456 1.47

where Ve .o 18 now calculated through Eq. (7). V..yheo 18
still obtained from Eqs. (23) and (24), with the V; parameter
being associated with the volume integral of the effective
nucleon-nucleon interaction (actually, this same procedure
has also been adopted in the zero-range case):

V0=4fn'f vl r)ridr. (41)

The effective nucleon-nucleon interaction should be based
upon a realistic nucleon-nucleon force, since our goal is to
obtain a unified description of the nucleon-nucleon, nucleon-
nucleus, and nucleus-nucleus scattering (a discussion about
the “realism™ of the interaction is found in Refs. [1,6]). For
instance, a realistic interaction should match the empirical
values for the volume integral and root-mean-square radius
of the nucleon-nucleon interaction, Vy=~—430 MeV fm3
and r,,.~ 1.5 fm, which were extrapolated from the main
features of the optical potential for the nucteon-nucleus scat-
tering at E,,c100n=10 MeV [1,47-49]. The M3Y interac-
tion has been derived [1] with its basis on the G matrix for
two nucleons bound near the Fermi surface and certainly is
representative of realistic interactions. In Table III are pre-
sented the volume integral and root-mean-square radius for
several nucleon-nucleon interactions used in this work, in-
cluding the M3Y at 10 MeV/nucleon.

The M3Y interaction is not truly appropriate for use in the
context of the nonlocal model, because it already contains a
simulation of the exchange effects included in its knock-on
term. Furthermore, according to the nonlocal model the en-
ergy dependence of the local-equivalent potential should be
related only to the finite range of the Pauli nonlocality, but
the knock-on exchange term in the M3Y interaction is also
energy dependent. Therefore, the use of the M3Y in the non-
local medel would imply a double counting of the energy
dependence that arises from exchange effects. In Sec. IV, we
have demonstrated that the LE potential is identical with the
double-folding potential for energies near the barrier, which
are in a region around 10 MeV/nucleon. In this same cnergy
range, the folding potential with the M3Y interaction has
provided a very good description of elastic scattering data for
several heavy-ion systems [1]. Thus, we believe that an ap-
propriate nucleon-nucleon interaction for the nonlocal model
could be the M3Y “frozen” at 10 MeV/inucleon [13], ie.,
considering the parameters of the Reid and Paris versions as
energy-independent values. Figure 11 {top) shows a compari-
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FIG. 11. Comparison between experimental and theoretical re-
duced potentials in the context of the finite-range approach, with a
M3Y-Reid (top} or folding-type (bottom) effective nucleon-nucleon
interaction.

son between experimental and theoretical heavy-ion reduced
potentials, in which the “frozen” M3Y-Reid was considered
for the nucleon-nucleon interaction. We emphasize that no
adjustable parameter has been used in these caiculations, but
even so good agreement between the data and theoretical
predictions has been obtained. The “frozen” M3Y-Paris pro-
vides similar results.

With the aim of investigatiog how much information
about the effective nucleon-nucleon interaction can be ex-
tracted from our heavy-ion potential systematics, we have
consideredt other possible functional forms for this effective
interaction, Besides the Yukawa function [Eq. (25)], we have
also used the Gaussian [Eq. (42)] and the exponeatial [Eq.
(43)], which reduce to the tridimensional delta function in
the lmit o—0,

w2zt
G ) =Vy———, 42
0’( 0 (217)3,5‘203 ( )
—rio
E (r)=Vo—s. (43)
gmro

The fits obtained with all these functions are of similar qual-
ity and comparable with that for the M3Y interaction (Fig.
11, top). The resulting best fit widths (g}, volume integrals,
and corresponding root-mean-square radii are found in Table
I All the Vy and r,,,, values, including those of the M3Y,
are quite similar. Also the “experimentally’’ extracted inten-
sity of the nucleon-nucleon interaction in the region l<r
=3 fm seems to be rather independent of the model as-
sumed for this interaction (see Fig. 12).
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FIG. 12. The complete set of cffective nucleon-nucleon interac-
tions considered in this work.

In Sec. V, we have demonstrated that the major part of the
“finite range” of the heavy-ion nuclear potential is related
only to the spatial extent of the nuclei. In fact, even consid-
ering a zero range for the interaction vyy in Eq. (8), the
shape of the heavy-ion potential could be well described just
by folding the matter densities of the two nuclei. One would
ask whether the finite-range shape of the effective nucleon-
nucleon interaction can be derived in a similar way. Thus, we
have considered a folding-type effective nucleon-nucleon in-
teraction built from

vnnl(r)=vr)

=f pm(rl)pm(rz)vﬂa(ﬁ_F1+;‘Z)d;ld;2

ZqTVO B rtr)
= f ripm(rl) jl IrZPm(rZ)er df‘l,

¥ 0 rery

(44)

where V= —456 MeV fm” as determined by the heavy-ion
potential analysis and p,, is the matter density of the
nucleon. Based on the intrinsic charge distribution of the
proton in free space, which has been determined by electron
scattering experiments, we have assumed an exponential
shape for the matter density of the nucleomn:

pm(r) = pne-—n'am‘ (45)
Of course, p, and «,, are connected by the normalization
condition, Eq. {2). The integration of Eq. (44) results in

Vo

3
64ra;,

—rlay,

velr)= €

py 3a

r rt
1+—+—2). (46)

m

With this finite-range folding-type effective nucleon-nucleon
interaction, a good fit of the reduced heavy-ion potential
strengths is obtainted (see Fig. 11, bottom), with realistic vol-
ume integral and root-mean-square radius (see Table III).
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The folding-type interaction is quite similar to both versions
of the M3Y interaction in the surface region (see Fig. 12),

The folding-type interaction in the context of the nonlocal
model provides a very interesting unification between the
descriptions of the nucleus-nucleus, nucleon-nucleus, and ef-
fective nucleon-nucleon interactions. This can be appreciated
through the comparison between Egs. (36) and (38), with the
subtle detail that V- [in Eq. (36)] and v, [in Eq. (38)] can
both be calculated by folding the matter densities in the zero-
range approach and with the same Vy, value. Therefore, the
interaction between two nuclei {or nucleons) can be obtained
from

P IE T R
VLE(R)=I pilri)palr) VoS(R—ri+ry)e ™ ’deﬁd"z,
(47)

where Vo= —456 MeV fm?®, p; are the matter densities, and
v is the relative speed between the nuclei (or nucleons). An
alternative way to calculate the heavy-ion interaction is with
Eq. (37) fand Eq. (38)], but in this case the nucleon distribu-
tions must be used [in Eq. (37)] instead of the matter densi-
ties. All these findings seems to be quite consistent. How-
ever, the best fit value obtained for the diffuseness (a,,
=030 fm) of the matter density of the nucleon inside the
nucleus is considerable greater than that (a.,,=0.235 fm)
found for the charge distribution of the proton in free space.
This finding is consistent with the swelling of the nucleon
observed in the EMC effect [50], but should be contrasted
with the opposite picture of a smaller nucleon inside the
nucleus as advanced within the concept of color transparency
[51%

Finaliy, we mention that, if the energy dependence of the
Pauli nonlocality is not taken into account and the experi-
mental potential strengths are associated directly with the
folding potential, our calculations indicate that the corre-
sponding effective nucleon-nucleon interaction should have
the following unrealistic values: Vy=—270 MeV fm® and
Fras™ 1.9 fm,

PHYSICAL REVIEW C 66, 014610 (2002}

VIL CONCLUSION

The experimental potential strengths considered in the
present systematics have been obtained at the corresponding
sensitivity radii, a region where the nuclear potential is de-
termined from the data analyses with the smallest degree of
ambiguity. The Fermi distribution was assumed to represent
the nuclear densities, with parameters consistent with an ex-
tensive amount of theoretical (DHRB calculations} and experi-
mental (electron scattering experiments) results. The poten-
tial data set is well described in the context of the nonlocal
model by the double-folding potential in the zero-range as
well as in the finite-range approaches. The dispersion of the
potential data around the theoretical prediction is 25%,
which is compatible with the expected effects arising from
the variation of the densities due to the structure of the nu-
clei. If the nonlfocal interaction is assumed, the heavy-ion
potential data set seems to determine a few characteristics of
the effective nucleon-nucleon interaction, such as volume in-
tegral and root-mean-square radius, in a model-independent
way.

The description of the bare potential presented in this
work is based only on two fundamental ideas: the folding
model and the Pauli nonlocality. We have avoided as much
as possible the use of adjustable parameters, and in the case
of the “frozen” M3Y interaction no adjustable parameters
were necessary to fit the experimental potential strengths.
Nowadays, the other important part of the heavy-ion interac-
tion, the polarization potential, is commonly treated within a
phenomenotogical approach, with several adjustable param-
eters which usually are energy dependent and vary signifi-
cantly from system to system. The association of the nonlo-
cal bare potential presented in this work with a more
fundamental treatment of the polarization should be the next
step toward a global description of the nucleus-nucleus inter-
action.
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1. Introduction

In this work we present quasi-elastic, inelastic, one- and two-neutron transfer differen-
tial cross sections for the 180 + “860Nj systems at sub-barrier energies. The purpose of
the experiments was the determination of the corresponding nuclear potentials in an inter-
action region near the respective barrier radii. The method was earlier applied to several
systems involving the '°0O nucleus as projectile [1-4]). The quasi-elastic cross section is
defined as the sum of the elastic scattering with all peripheral reaction channels. No extra
peripheral absorption should be expected in analysing the quasi-elastic data set, and there-
fore the imaginary part of the optical potential must be negligible at the surface region.
Thus, the optical model quasi-elastic data analysis unambiguously determines the real part
of the interaction. The optical potential is composed of the bare and polarization potentials,
the latter containing the contribution arising from nonelastic couplings. The real part of the
polarization has been estimated earlier [1-3] through extensive coupled-channel calcula-
tions for the '°0 sub-barrier data set, and represents about 10% in comparison with the
bare (nuclear) interaction. Therefore, in the '°0O case the experimentally extracted optical
potential strengths at sub-barrier energies can be associated with the bare potential within
10% precision. In the present work, we demonstrate that the real part of the optical po-
tential extracted from quasi-elastic data analysis for the 80 4- 38:%ONj systems can also be
associated with the bare potential within a similar precision.

In a recent work [3], an extensive systematics of optical potential strengths extracted
from heavy-ion elastic scattering data analyses at low and intermediate energies was
presented. The energy-dependence of the nuclear potential has been accounted for within a
model based on the nonlocal nature of the interaction [5-8]. The systematics indicates that
the heavy-ion potential can be described in a global way, through a double-folding shape
which basically presents a simple dependence only on the densities of the partners in the
collision. In the present work, by assuming this nonlocal model for the interaction and
considering the detected difference between the nuclear potentials for systems involving
180 and '°0 as projectiles, we have obtained information about the nuclear density that
corresponds to the two extra neutrons of the 80 nucleus.

The paper is organized as follows. In Section 2, we present the experimental results.
The determination of the bare potential strengths from optical model data analyses for
the 180 4 38,60 systems is described in Section 3. A brief summary of the nonlocal
model, and the comparison between the present results with those for systems with 0
are contained in Section 4. Section 5 is devoted to the study of the nuclear densities for the
16.180) nuclei. Section 6 contains a brief summary and the main conclusions.

2. Experimental results

The measurements were made at the S3o Paulo 8UD Pelletron Accelerator, Brazil. The
thickness of the targets was about 60 ug/cm?. The detecting system is composed (see
Fig. 1(a)) of nine surface barrier detectors (SBD) and three position sensitive detectors
(PSD). The data acquisition has been performed through two modes: with and without
coincidence of lighter particles in the SBD with heavier recoil particles in the PSD (see
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Fig. 1. (2) The detecting system used in the experiments, with the surface barrier detectors (SBD), position
sensitive detectors (PSD) and electrostatic deflector. (b) Schematic view of the collision for one-neutron transfer,
showing the detection of the lighter particle in the SBD and the heavier particle in the PSD.

Fig. 1(b)). As the PSD have been positioned at forward angles, an electrostatic deflector
has been used to decrease the number of 180 nuclei elastically scattered by the nickel target
that reach the detectors. The electrostatic potential between the plates of the deflector was
chosen to allow the detection of the heavier recoil particles. The kinematics of the reaction
provides the following expression for the mass of the lighter particle detected in the SBD:

_ EpaApsin®(6r)
Ey sin’(6g + Ospp)’
where Epa, = bombarding energy, Ap = mass of the projectile, £, = lighter particle
energy, Ospp = angle of the SB detector, Or = angle of the heavier recoil particle detected
in coincidence at the PSD. Fig. 2 presents a typical mass versus energy spectrum for the
lighter particle, and also a projection of all events on the energy axis. The coincidence mode
has been used only to identify the different processes (elastic, inelastic and transfer) that

occur in the collision (see Fig. 2). The corresponding cross sections have been obtained
by considering events in the no-coincidence mode energy spectra. This procedure is

(1)
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Fig. 2. Typical mass versus energy spectrum for the lighter particle and the projection of all events on the energy
axis. The mass regions A = 16, 17 and 18, and the energy region of relevant channels, including the elastic and
quasi-clastic processes, are indicated in the figure.

appropriate to obtain experimental cross sections without the inclusion of an efficiency of
detection in the calculations, which should be included if the cross sections are calculated
considering events obtained in the coincidence mode.

We define the quasi-elastic cross section as the sum over all channels with energy be-
tween the inelastic excitation of the 180 21'“ state and the ground-state (E* = 0 MeV) two-
neutron transfer, including the elastic scattering (see Fig. 2). Our experiments indicate that
all reaction channels with significant cross section are included in the quasi-elastic process
as defined above. Figs. 3 to 6 present the data sets obtained for several sub-barrier energies.

3. Data analysis

The determination of the bare potential has been performed by first analysing only the
quasi-elastic data. In the optical model calculations, we have adopted a procedure similar
to that described in the analysis of the sub-barrier data for the 100 + 58.60.62,64N; 885,
90.927r, 92Mo, 1208n, 13884, 20%pb systems [1-4]. We have adopted a Woods—Saxon shape
for the optical potential, with an inner imaginary part which takes into account the rather
small internal absorption from barrier penetration. The valucs assumed for the parameters
of the imaginary part of the potential result in very small strengths at the surface region.
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Fig. 3. Quasi-elastic cross sections for the 180 + 98.00N; systems at several sub-barrier energies. The lines
represent the results of optical model (dashed lines) and coupled-channel (solid lines) calculations using
energy-independent bare potentials.
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the results of channel-coupled calculations using an energy-independent bare potential.
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Fig. 6. Two-neutron transfer cross sections for the 180 4 33.69Ni systems at sub-barrier energies. The data include
transitions to the set of states with excitation energy from 0 to 6.5 MeV (see Tables 1 and 2). The lines represent
the results of channel-coupled calculations using energy-independent bare potentials,



E.S. Rossi Jr. et al. / Nuclear Physics A 707 (2002) 325-342 331

Table |
The inclaslic, one- and two-neutron transfer channels considered in the coupled-channel
caleulations for the 130 + 38Ni system. The excitation energy is quoted in MeV

180 SBNi 170 59Ni 160 GUNi
0t(gs)  OF(gs) $T@es) 1) Otgs)  Ot(gs)
0t(gs)  2+(1.45) STgs) 37034 0t(gs)  27(1.33)
2198 0F(gs) $Tws) 14 OtEs) 216
1Y087) 37 (gs) 0t(gs)  0F(2.28)
sy 37089 otgs)  4T@5D)
$t@Es) 31 0t(gs)  4(3.12)

otgs)y 2t (3.12)
ot(gs) 232D
0t (gs)  27(33.38)
0t(gs)  0F3.53)
ot(gs) 47367
0t gsy 2V3G.8D
0 (gs) 2P @E.01D
07 (gs) 21 (4.08)
0t(gs) 2t@.32)
oF(gs)  2F{4.50)
07 (g.s.) 2+¢4.5%)
ot(egs)  4t.02)
0f(gs)  4T(E.1D
0 (g.s) 41 (5.24)
0Ft(gs)  21(5.43)
0t(gs)  01(5.53)
0Ftgs)  21(5.58)
o+(6.05) Ot (gs)

376.13)  0f(gs)

This procedure must be adopted in the analysis because peripheral reaction channels that
were not included in the quasi-elastic data present negligible cross sections. Concerning
depth variations of this absorptive potential, no sensitivity in the quasi-elastic cross section
predictions has been detected. The depth and diffuseness parameters of the real part of the
optical potential were searched for the best data fits. For each angular distribution, we have
found a family of potentials which give equivalent fits. These potentials cross (see Fig. 7) at
a particular distance Rg, hereafter referred as the sensitivity radius. Therefore, the nuclear
potential is determined without ambiguity at Rs from the optical model quasi-elastic data
analysis.

The sensitivity radius is energy-dependent, because at sub-barrier energies it is related
to the classical turning point. We have used this fact to characterize the nuclear potential in
the surface region (see Fig. 8). For such large interaction distances, the shape of the poten-
tial is nearly an exponential (solid lines in Fig. 8), with a diffuseness value about 0.77 fm,
and with strength values at R = 10.5 fm of 1.02 and 1.17 MeV for the 80 4 38.60N;
systems, respectively. Considering energy-independent nuclear potentials (Woods—Saxon
shape) with such characteristics, good predictions for the quasi-elastic cross sections are
obtained (dashed lines in Fig. 3).
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Table 2
The inelastic and twe-neutron transfer channels considered in the coupled-channel
calculations for the 30 + ONj system. The excitation energy is quoted in MeV

180 GONi 160 GZNi

0t (g.s) 0*(g.s) 0 (g.s) ot (gs)

0t (g.s.) 2F(1.33) 0" (gs.) 27(1.17)

2+(1.98) 0t(g.s.) 0% (g.s) 0+ (2.0
07 (g.s.) 27(2.30)
01 (g.s.) 47(2.34)
07 (g.s5.) 0% (2.89)
0+ (g.s.) 2+(3.06)
0t (g.s.) 2+(3.16)
0F(g.s) 4+ (3.17)
0F(gs.) 2%(3.26)
0 (gs.) 2+(3.27)
ot (gs.) 4+ 327
0t {gs.) 2¥(3.37)
ot {g.s) 2T(3.52)
0t (gs.) 2+{3.86)
0 (g.s.) 2t¢3.97)
0t (gs) 4%(3.99)
0 (g.s.) 47 (4.05)
0" (g.s.) 2+ (4.06)
0t (gs) ot (4.23)
ot (zs) 21(4.32)
0t (gs.) 2+ (4.42)
0t (gs) 2+ (5.00)
0t (6.05) 0t(gs)
37(6.13) 0t (gs)

From a theoretical point of view, the nuclear potentials extracted from our optical
model quasi-elastic (OMQE) data analysis would be expected to be different from the
bare potentials used in a full coupled-channel (CC) calculation. However, as commented
in Section 1, CC calculations for systems with '°0 have indicated that the real part of
the polarization represents about 10% of the bare potential in the sub-barrier energy
region that corresponds to our data analysis. Thus, we have investigated whether the
potentials extracted from the OMQE analysis might represent a good approximation
to the real CC bare potentials in the present case of the '80 + 869Nj systems.
We remind the reader that only an inner imaginary potential (Wp = 50 MeV, rip =
1.06 fm, a; = 0.2 fm) has been used in the OMQE analysis because the peripheral
reaction channels that were not included in the guasi-elastic data present negligible
cross sections. The same consideration (no surface imaginary potential) must be applied
to a complete CC calculation because in this case the relevant reaction channels are
explicitly considered. In Tables | and 2 we present the channels included in the CC
calculations, which have been performed using the FRESCO code [9]. In order to
test our hypothesis, the diagonal potentials were assumed to have a Woods—Saxon
shape, with diffuseness value 0.77 fm, radii given by Ro = ro(A}/3 + Aéﬂ), with rg =
1.06 fm, and depth of Vo = 113 and 122 MeV for the *0 + **Ni and 80 + ®Ni
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Fig. 7. The real part of the optical potential for the B +58Ni system at two different energies, as obtained by
optical-model quasi-elastic data fits for several values of the diffuseness parameter. The potentials cross at the
sensitivity radius, Rg, where the corresponding potential strength is determined without ambiguity.

systems, respectively. In the entrance channel, these potentials are the same as those
obtained in the OMQE analyses. For transfer processes, the small variation of Ry for
the entrance and exit channels, due to the different number of nucleons of the nuclei
(A;), provides a small variation of the corresponding diagonal potentials. The inelastic
couplings were treated within the vibrational model, with deformation lengths (see
Table 3) obtained in Refs. [2,10]. A one step cluster transfer of an s = 0 neutron
pair was assumed for the two-neutron transfer process. Due to the large number of
states for neutron transfer, most of them with unknown spectroscopic factors, we have
assumed in the calculations an energy-independent average spectroscopic value for all
the states, which has been searched in the data fits. Under such conditions, we have
found reasonable values (= 0.87) for the spectroscopic factors for both systems. The
CC calculations have provided good descriptions for the cross sections of all measured
channels (see Figs. 3 to 6). We consider this result a demonstration that the potentials
extracted from the OMQE analysis actually represent a good approximation to the
CC bare potentials. Obviously, the quasi-elastic cross section has been obtained in
the CC calculations by adding the cross sections of all channels including the elastic
scattering. Note the very similar results obtained for the quasi-elastic cross section
from the optical model (dashed lines in Fig. 3) and the CC calculations (solid lines in
Fig. 3). This means that, at sub-barrier energies, the optical model quasi-elastic data
analysis incorporates in an approximate way the main contributions of the couplings,
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Fig. 8. The nuclear potential strength as a function of the sensitivity radius for the 180 4 38.60N; systems. The
bombarding energies of the angular distributions in which the sensitivity radii have been determined are indicated
in the figure. The lines represent exponentials with diffuseness 0.77 fm.
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Table 3
The Coulomb (d.) and nuclear (3,;) deformation lengths, B(E2) and excitation energies
for inclastic excitation considered in the coupled-channel] calculations

Nucleus 8¢ (fm) 8 {fm) B(E2) (*b%) E* (MeV)
180 1.26 1.26 45.1 1.98
58Ni 0.96 0.90 688 1.45
S0 1.10 1.08 931 1.33

which mostly represent loss of flux from the elastic to the peripheral reaction channels,
but with conservation of the quasi-elastic cross section. This should be valid if the
couplings are not too strong and for energies not too close the barrier. An inspection
of Fig. 3 indicates that the bombarding energy of 38 MeV seems to be the limit for
which the optical model and the coupled-channel calculations give similar predictions
for the quasi-elastic cross sections. This energy is about 4 MeV below the fusion
barrier for both systems. The two approaches would probably result in different data-
extracted potentials if the data analyses had been realized at higher energies. Very similar
results have also been obtained in the case of systems with '°0 as the projectile [11]
(see Fig. 9). Therefore, our studies have indicated that two methods can be used o
determine the bare potential in this sub-barrier energy region: an optical model quasi-
clastic data analysis or a full coupled-channel data analysis, the latter being more
precise.
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Fig. 9. (a) Inclastic {cxcitation of the ZTNi state) and (b) quasi-elastic (elastic + inefastic) cross sections for the
160 + 38Nj system in several sub-barrier energies. In the CC data analysis, the parameters of the bare potential
have been searched for the best data fits. The solid lines in the figure represent the result of these CC caiculations.
The open symbols represent optical model (OM) predictions for the quasi-elastic (QE) cross sections. The OMQE
calculations have been performed by assuming that the corresponding optical potentiaf is very similar to the bare
potential obtained in the CC data analysis.

4. Comparison between potentials for systems involving the 1°0 and 30 nuclei

The elastic scattering data analyses for different systems in a very large energy range
have resulted in phenomenclogical optical potentials with significant dependence on the
bombarding energy [12]. Several theoretical models have been developed to account for
this energy-dependence; one of these associates the energy-dependence with nonlocal
quantum effects related to the exchange of nucleons between target and projectile [5--8].
Within this model, the bare interaction Vi is connected with the folding potential Vg
through

V(R E) & Ve(R)e™4v"/¢", 2)



336 E.S. Rossi Jr et al. / Nuclear Physics A 707 (2002) 325-342

where c is the speed of light and v is the local relative speed between the two nuclei,
2
v (R, Ey=~]

“
For the Coulomb interaction, V¢, we have used the expression for the double sharp cutoff

potential [13].
The folding potential depends on the densities of the two partners in the collision

E - Vc(R) — VR, B)]. (3)

VE(R) = fp;(fl)m(fz)uo(ﬁ — Py + F2) dry drs. (4)

With the aim of providing a global description of the nuclear interaction, a systematiza-
tion of nuclear densities has been proposed in Ref. [5], with basis on an extensive study
involving charge distributions extracted from electron scattering experiments and theo-
retical densities calculated through the Dirac—-Hartree—Bogoliubov model. This study has
indicated that the two-parameter Fermi (2pF) distribution can be adopted to describe the
nuclear densities, and a useful distinction between nucleon and matter distributions has
been made. The radii of the 2pF distributions are well described by

R =131A% ~0.84 fm, (5)

t
where A is the number of nucleons of the nucleus. The nucleon and matter densities present
average diffuseness values an = 0.50 fm and ap = 0.56 fm, respectively. Due to effects of
the structure of the nuclei, along the table of stable nuclides the R; and ¢ parameters vary
around the corresponding average values. However, concerning the nuclear potential, the
effects of the structure of the nuclei are mostly present at the surface and mainly related
only to the diffuseness parameter [3].

Within this context, an extensive systematization of optical potential strengths extracted
from heavy-ion elastic scattering data analyses at low and intermediate energies was
performed [5]. The experimental potential strengths have been described within 25%
precision, by combining Egs. (2) and (4) through two different and equivalent methods.
In the first alternative, the double-folding potential is treated in the usual interpretation:
the nucleon densities and an effective nucleon—nucleon interaction for uo{#) are adopted
in Eq. (4). The standard M3Y interaction “frozen” at 10 MeV /nucleon {5,7] has been
assumed for the effective nucleon—nucleon interaction. In the other alternative, the matter
densities are adopted in Eq. (4), with a zero-range delta function assumed for wo(r):

ug(F) = Vod(7), (6)

with Vg == —456 MeV fm>. This zero-range alternative is interesting because it results in
approximate analytical expressions for the folding potential {5]. For example, in the surface
region

VR(R 2 Ry + Ro) = Vopor poaraig Re (1) (1 -+ s /ap)e /M, 7
withs = R — (R| + R2), R=2R | R2/{R1 + R2), r =5/ R. The py; are obtained from the

normalization of the densities
o0

poi o
o / TR = A .
0



E.S. Rossi Jr. et al. / Nuclear Physics A 707 (2002) 325-342 337

and the function g is defined by:

1+7+12¢/3+am/R + (am/R+ 1/2)e~ /™
g(r) = T : (9)

¢ =R/(R + Ry).

Expression (2) has accounted for the energy-dependence of experimentally extracted
potential strengths for a large number of different systems in a very wide energy range
[5-8]. At sub-barrier energies and for radii close to the barrier radius, Eq. (2) indicates that
Vi = VE. In order to compare potentials from different systems, we have defined a reduced
quantity, Vreq, which removes the dependence of the sub-barrier potential strengths on the
radii of the nuclei,

"~ VopoipezReg(t)’

Taking into account Eqs. (7} and (10), the reduced potential should be a universal function
of s

Vred ( 10)

Vied(s 20)%7:1&1%[(1 + i)e—s/am’ (11)
am
with the matter diffuseness close to the average value ay ~ 0.56 fm [3].
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Fig. 10. The experimental reduced potential strength as a function of the reduced distance, «, for several systems
involving the 160 (semi-closed symbols) and 180 {open symbols) nuclei as projectiles. The lines represent
theoretical predictions, Eq. (11), with different diffuseness values.
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In Fig. 10, the experimental reduced potential strengths (calculated from Eq. (10))
are presented for several systems involving the '°0 and '®O nuclei, as obtained from
sub-barrier data analyses. The experimental results are in agreement with the theoretical
prediction, Eq. (11), but different matter diffuseness values aym = 0.57 fm and 0.60 fm are
found for the 160 and 20 sets, respectively (see Fig. 10).

5. Determination of the nuclear density for the two valence neutrons of the 130
nucleus

As we have discussed in Section 4, the experimentally extracted potential strengths for
systems with '&180 as projectiles are compatible with the folding potential, using densities
with the shape of Fermi distributions, radii obtained from Eq. (5), and matter diffuseness
values apm = 0.57 fm and ap = 0.60 fm. In this sense, the analysis presented in Section 4
provides information about the nuclear densities of the partners in the collision. Another
form of analysing the same set of cross section data, which determines the densities in
a more direct procedure than that of Section 4, has been presented in Refs. [14,15]. If the
nonlocal model is assumed for the heavy-ion interaction and the density of one nucleus
is known, an unfolding method can be used to extract the density of the other nucleus
from the data analyses. The density is obtained from a procedure similar to that used
in the determination of potential strengths at the sensitivity radii. Details of the method
can be found in Refs. [14,15). Fig. 11 contains the %0 and 80 experimental density
values at the corresponding sensitivity radii obtained from the data analyses of several
angular distributions for different systems. We mention that the results presented in Fig. 11
refer to the nucleon densities instead of the matter densities. In obtaining the experimental
density values for the projectile through the unfolding procedure, the choice of the density
of the target nucleus is a possible source of systematical errors [14,15]. In our analysis,
we have used different theoretical models to calculate the densities of the several target
nuclei {14]. Taking into account this point, the good agreement among the results for
the density of a same projectile obtained from data analyses for systems with different
targets is indicative of the consistency of our analyses. As a further test of our method,
we also have shown that the theoretical densities assumed for the targets provide good
predictions for electron scattering data [14,15]. We point out that the same theoretical
38,60Ni densities were used in the extraction of the densities for both projectiles 16180
Therefore, even if systematical errors would exist they probably would partly cancel in
the comparison between the results for the 'O and 80 nuclei. The sub-barrier data
analysis gives information about the density at the surface region, while inner distances
are probed through the data at intermediate energies. For example, the analysis for the
160 + 190 system at Eygp = 1120 MeV has provided information (see Fig. 11) about the
160) density at r ~ 2 fm. Eq. (2) shows that at such high energy the nonlocality reduces the
nuclear potential strength by about one order of magnitude in comparison with the folding
potential, and this effect is very important in obtaining a reasonable experimental value for
the density,

Theoretical predictions (dashed lines in Fig. 11} from the Dirac-Hartree—Bogoliubov
(DHB) model [16] do not match the experimental results at the surface region. Consistent
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Fig. 11. Experimental nucleon density values for the 160 (semi-closed symbols) and 120 (open symbois) nuclei,
as obtained from sub-barrier data analyses for different systems and bombarding energies. The closed symbot
represents a density value for the *®0 nucleus from intermediate energy data analyses. The lines comrespond to
theoretical Dirac—Hartree—Bogoliubov (DHB) calculations and two-parameter Fermi (2pF) distributions.

with this fact, theoretical predictions for electron scattering on the ‘%0 nucleus using the
DHB charge distribution also do not fit the data [14]. The solid lines in Fig. 11 represent
Fermi distributions for the 6180 nuclei, with radii obtained from Eg. (5). The diffuseness
found for the 1°0Q nucleus (ay = 0.55 fm) is significantly smaller than that for the '8Q
{an = 0.60 fm). The DHB theoretical calculations indicate that the difference between the
180 and 180 total nucleon densities is mainly due to the corresponding difference between
the respective neutron distributions (see Fig. 12). Fig. 13 presents the contributions to the
180 neutron density of different DHB wave-function components. The results for the *°0Q
nucleus are very similar to those for the 20, but without the d5/2% component. We have
found experimental values for the d5/2 component by considering the difference between
the total %130 nucleon densities at the sensitivity radii. In such a subtraction, we have
assumed that the Fermi distribution with an = 0.55 fm (see Fig. 11) is representative of
the experimental 190 density. The experimental results for the d5/2% component present
a similar slope but larger density values in comparison with the theoretical DHB prediction
{see Fig. 13). An analysis of the single-particle levels of the theorctical calculations
shows, as one might expect, that the falloff of the density in the surface region is roughly
determined by the least bound levels. The NL3 potential parameters {17,18] that have
been used in the Dirac-Hartree~-Bogoliubov calculations [16] were adjusted to reproduce
binding energies and charge and neutron radii across the periodic table. It did not take into
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account single-particle properties, which suggest a direction for future improvements in
such a parameter set.

6. Conclusion

In this work, we have presented quasi-elastic and reaction channel data at sub-barrier
energies for systems involving the 130 as projectile and we have extended our study to
other data sets earlier obtained for systems with the ®0 nucleus. In our optical model
quasi-elastic data analysis, the imaginary part of the potential is based only on very
fundamental grounds: the lack of extra surface absorption. A nonlocal model is assumed
to describe the real part of the interaction, which at sub-barrier energies can be associated
directly with the folding potential. The energy-dependence of the sensitivity radius has
permitted the determination of the nuclear potential over a large range of distances
around the barrier radius. The experimental diffuseness value found for the potentials of
systems with 180 is significantly larger than that for the '®O nucleus. Within this context,
a significant difference between the diffuseness for the densities of the '®180 nuclei is
expected.

If the target densities are known, the density of the projectile can be extracted from the
data analysis in a more direct procedure. In these cases, the results for the 1180 nuclear
densities are consistently independent of the target nucleus. The extracted value for the
diffuseness of the 180 nucleus is significantly larger than that for !80. The corresponding
difference gives information about the contribution of the two '*Q extra neutrons, in
particular that in the d5/27 level.
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Precise elastic scattering ditferential cross sections have been measured for the 2C+ %8Ni, 2%ph systems at
sub-bairier energies. The corresponding bare potentials have been determined at interaction distances larger
than the respective barrier radii, and the resuits have been compared with those from an early extensive
systematics for the nuclear potential. The present data have been combined with others for the '°C
+ 1%C, %8Py systems at intermediate energies, in order to extract the '*C ground-state nuclear density through

an urfolding method.

DOQT; 10.1103/PhysRevC.65.044314

I. INTRODUCTION

In this work, we present elastic scattering differential
cross sections for the *C+53Ni,?®Pb systems at sub-barrier
energies. One of the purposes of the experiments was the
determination of the corresponding nuclear potentials in a
surface region near the respective barrier radii. The method
was earlier applied to several systems involving the 0
nucleus as projectile [1-4]. As discussed in these previous
works, the imaginary part of the optical potential is negli-
gible at sub-barrier energies due to the corresponding very
small reaction cross sections. Thus, provided that a realistic
shape in the surface region is assumed for the potential, the
elastic scattering data analysis in this sub-barrier energy re-
gion unambiguously determines the real part of the interac-
tion. The optical potential is composed of the bare and po-
larization potentials, the latter containing the contribution
arising from nonelastic couplings. The real part of the polar-
ization has been estimated earlier [1-3] through extensive
coupled-channel calculations for the '°0 sub-barrier data set,
and represents about 10% in comparison with the bare inter-
action. A quite complete coupled-channel calculation has
also been performed for the *C+°%Pb system [5], and a
good description of elastic, inelastic, transfer, and fusion
cross section data has been obtained for energies above the
barrier. An extrapolation of the caleulation (see Fig. 8 of Ref,
[SD to 54.5=<E,=57 MeV, an energy region which corre-
sponds to the data of the present work, indicates that the
polarization represents about 13% of the real part of the op-
tical potential. Therefore, it is reasonable to assume that the
experimentally extracted potential strengths for the '2C
+%Ni,?8Pb systems at sub-barrier energies can be associ-
ated to the bare potential within about 10% precision.

In a recent work [G], an extensive systematics of optical
potential strengths extracted from heavy-ion elastic scatter-
ing data analyses at low and intermediate energies was pre-
sented. The energy dependence of the nuclear potential has
been accounted for within a model based on the nonlocal
nature of the interaction [6-9]. The systematics indicates

0556-2813/2002/65(4)/044314{7)/$20.00

65 044314-1

PACS number(s): 24.10.Ht, 21.10.Ft, 21,10.Gv

that the heavy-ion potential can be described in a global way,
through a double-folding shape which basically presents a
simple dependence only on the number of nucleons of the
colliding nuclei. The results for the nuclear potential of the
120+ N1, 2%%Pb systems obtained in the present work are in
good agreement with such systematics for the bare interac-
tion.

If the nonlocal modei is assumed for the interaction, an
unfolding method can be used to extract ground-state nuclear
densities from heavy-ion elastic scattering data analyses, The
method has been successfully applied in the experimental
determination of densities for the '®'%0 nuclei [10]. In the
present work, we apply the same procedure in the data analy-
ses for the '2C-+Ni,?®pb systems at sub-barrier energies,
with the aim of obtaining the '*C nuclear density at the sur-
face region. The method is extended to the 2C + 'C,%%py
systems at intermediate energies, and in this case information
about the '2C density at much inner distances is obtained.

The paper is organized as follows. In Sec. I, we present
the experimental results and the determination of the bare
potential strengths from optical model data analyses for the
20+ %8Ni, 8Py systems, A brief summary of the nonlocal
model, and a comparison between the present results and the
eatly systematics for the nuclear potential are contained in
Sec. II1. The extraction of the '2C density and the lmitations
of the method are discussed in details in Sec. I'V. Section V
contains the main conclusions.

II. EXPERIMENTAL RESULTS AND DATA ANALYSIS

The measurements were made at the Sao Paulo 8UD Pel-
letron Accelerator, Brazil. The detecting system has already
been described in Ref. [1]. The thickness of the targets were
abowt 60 ug/em?®. Figure | exhibits the elastic scattering
cross sections for the '2C+7*Ni,2®Pb systems in scveral
sub-barrier energies.

In the optical model calculations, we have adopted a pro-
cedure similar to that described in the analysis of the sub-
barrier data for the 16038606264y 88g, -~ 90927, npe

©2002 The American Physical Society
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FIG. 1. Elastic scattering angular distributions for the "C
+%Ni, ¥®Pb systems at several sub-bartier energies. The solid
lines represent optical model predictions, in which the nonlocal
model is assumed for the real part of the interaction. Note that the
cross section is represented in a linear scale.

12080, 'Ba, ™®Pb systems [i1-4]. We have adopted a
Woods-Saxon shape for the optical potential, with an inner
imaginary part which takes into account the rather small in-
ternal absorption from barrier penetration. The values as-
sumed for the patameters of the imaginary part of the poten-
tial result in very small strengths at the surface region. This
procedure must be adopted in the sub-basrier data analysis
due to the negligible cross sections of peripheral reaction
channels. Concerning depth variations of this absorptive po-
tential, no sensitivity in the elastic scattering cross section
predictions has been detected. The radius parameters of the
real part of the optical potential were fixed at ro(A}”’
+A3?), with rg=1.06 fn, and the depth and diffuseness
parameters were searched for the best data fits. For each
angular distribution, we have found a family of potentials
which give equivalent fits. These potentials cross (see Fig, 2)
at a particular distance Rg, hereafter referred to as the sen-
sitivity radius,

The heavy-ion elastic scattering is sensitive to averages of
the potential over distances comparable to the wavelength of
the relative mation; therefore the determination of a sharply
defined sensitivity radius presents some dependence on the
shape assumed for the real part of the optical potential [I1].
In most cases, including those of the present work, the scat-
tering of heavy ions is sensitive only to the potential for a
very restricted range of surface distances around the sensi-
tivity radius. In this region, a realistic potential, such as the
double folding, should present an approximately exponential
shape with diffuseness vatues around 0.6 fm [12]. Thus, in
order to avoid ambiguities in the potential determination, we
have assumed a realistic shape for the potential in the surface
region. Indeed, such an exponential behavior with realistic
diffuseness values is presented by the Woods-Saxon potential
adopted in our analyses (see Fig. 2).

The sensitivity radius is energy dependent (see Fig. 2),
because at sub-barrier energies it is related to the classical
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FIG. 2. The real part of the optical potential for the '2C+ ¥3Nj
system at two different cnergies, as obtained by optical model data
fits for several values of the diffuseness parameter. The potentials
cross at the sensitivity radii Ry, where the corresponding potential
strengths are determined without ambiguities.

turning point. We have used this fact to characterize the
nuclear potential in the surface region (see Fig. 3). For such
large interaction distances, the shape of the potential is
neatly an exponential (solid lines in Fig. 3), with a diffuse-
ness value about 0.64 fm. Similar behavior has been ob-
served for systemns with '°0 as the projectile [1-4]. The
nuclear potentials equal 1 MeV at =97 fm and R
=125 fm (see Fig. 3) for the 2C+%Ni and 2C+ 25pp
systems, respectively. As discussed in the next section, this
difference between the nuclear potentials is directly con-
nected with the corresponding different densities of the ¥Ni
and 2®Pb nuclei.

T T T ! T ) T
Em = 28.5 MaV Em = 57.0 MaV
28.0

1,Qfereeeees i

0.8}
3
S 06
= o BG4+ Nj

| » 12C + EOSPb
0.4} ]
3 1
9 10 11
R {(fm)

FIG. 3. The nuclear potential strength as a function of the sen-
sitivity radius for the '*C+%Ni, 2™Pb systems. The bombarding
energices of the elastic scattering angular distributions in which the
sensitivity radii have been determined are indicated in the figure.
The solid lines represent exponentials with diffuseness value 0.64
fin. The radii at which the potentials equal 1 MeV are indicated in
the figure,
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I, COMPARISON WITH THE NONLOCAL MODEL

The elastic scattering data analyses for different systems
in & very large energy range have resulted in phenomenologi-
cal optical potentials with significant dependence on the
bombarding energies [13]. Several theoretical models have
been developed to account for this energy dependence; one
of them associates this dependence with nonlocal quantum
effects related to the exchange of nucleons between target
and projectile [6-9]. Within this model, the bare interaction
Vy is connected with the folding potential V through

V(R EY=Vp(R)e 4", (1)

where ¢ is the speed of light and v is the local relative speed
between the nuclei

2
vz(R,E)m;[E—Vc(R)*"VN(R,E)]- 2)

For the Coulomb interaction V. we have used the expression
for the double sharp cutoff potential [14)].

The folding potential depends on the densities of the two
partners in the collision

VAm=fpmnmﬂnmaﬁ—A+éma&; 3

With the aim of providing a global description of the nuclear
interaction, in Ref. [6] a systematization of nuclear densities
has been proposed, based on an extensive study involving
charge distributions extracted from electron scattering ex-
periments and theoretical densities calculated through the
Dirac-Hartree-Bogoliubov model. This study has indicated
that the two-parameter Fermi (2PF) distribution can be
adopted to describe the nuclear densities, and an useful dis-
tinction between nucleon and matter distributions has been
made. The radit of the 2PF distributions are well described
by

R;=1.31A/*~0.84 fm, {4

where 4 is the number of nucleons of the nucleus. The
nucteon and matter densities present average diffuseness val-
ues ay=0.50 fm and a,,=0.56 fm, respectively. Due to ef-
fects of the structure of the nuclei, along the table of stable
nuclides the R; and o parameters vary around the corre-
sponding average vatues . However, concerninig the nuclear
potential, the effects of the structure of the nuclei are mostly
present at the surface and mainly related only to the diffuse-
ness parameter [6].

Within this context, an extensive systematization of opti-
cal potential strengths extracted from heavy-ion elastic scat-
tering data analyses at low and intermediate energies was
performed [6]. The experimental potential strengths have
been described within 25% precision, by combining Egs. (1)
and (3) through two different and equivalent methods. In the
first alternative, the double-folding potential is treated in the
usual interpretation [12]: the nucleon densities and an effec-

tive nucleon-nucleon interaction for uy(r} are adopted in Eq.
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(3). The standard M3Y interaction ‘“‘frozen” at 10 MeV/
nucleon [6,8] has been assumed for the effective nucleon-
nucleon interaction. In the other alternative, the matter den-
sities are adopted in Eq. (3), with a zero-range delta function

assumed for ug(r):

wo(F) = Vyd(r), (3)

with Vy= —456 MeV fm’. This zero-range alternative is in-
teresting because it results in approximate analytical expres-
sions for the folding potential [6]. For example, in the sur-
face region

VF(RBRI +R2)w VOPUIPOZ"TQ%,,«RS(T)( 1 +S/£IM}€_‘”'“M,

(6)

with s=R—(R{+R,), R=2RR;/(R,+R,), 7=5/R. The
Po; are obtained from the normalization of the densities

® Poi 2
417[0 1+e(f"Rr)MM’ dr=A4,;, 7

and the function g is defined by

LT B ay IR (ay IR+ U2)e ™M
gim= I+¢r ’
(8}

{=TIR,+Ry).

Expression (1) has accounted for the energy dependence
of experimentally extracted potential strengths for a large
number of different systems in a very wide energy range
[6-9]. At sub-barrier energies and for radii close to the bar-
rier radius, Eq. (1) indicates that Vy= V. In order to com-
pare potentials from different systems, we have defined a
reduced quantity V4, which removes the dependence of the
sub-barrier potential strengths on the radii of the nuclei:

v Yu
Yoo Rg (1)

Taking into account Egs. (6) and (9), the reduced potential
should be a universal function of s

@)

de(sBO)w'rmi,(l+s/aM)e_”"M, (10}

with the matter diffuseness approximately system indepen-
dent and close to the average value ay=~=0.56 fm [6].

The experimental reduced potential strengths for the 2C
+*8Ni, 3Pb systems, calculated through Eg. (9), are in good
agreement (see Fig. 4) with the predictions [Eq. (10) with
ay =036 fm] of the early systematics for the bare potential.
Assuming the nonlocal model with the densities proposed in
such a systematics, good predictions for the elastic scattering
cross sections are obtained (see the solid lines in Fig. 1),

In order to extend the analysis to higher energies, experi-
mental elastic scattering angular distributions (from Refs.
[15-17]) at several intermediate energies for the '*C
+12C, 298P systems have been included in our study. In the
sub-barrier case the imaginary potential used in the optical
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FIG. 4. The experimental reduced potential strength as a func-
tion of the reduced distance s for the '2C+%5Ni, *Pb systems. The
solid line represents the theoretical prediction, Hq. (10} with ay
=056 fm.

model calculations is based on very fundamental ground: the
lack of surface absorption. Provided this condition is as-
sumed, the results of the analyses at sub-barrier energies are
independent of the parameters adopted for the imaginary po-
tential. With the purpose of treating the absorptive part of the
potential within a fundamental context also for intermediate
energies, we have assumed [Eq. (11}] the Lax-type interac-
tion with Pauli blocking [18], which is the single-scattering
term of the Glauber multiple scattering theory [19]

E . -
WR,E) =~ o} (B) j piR=palrdr, (1)

where of"(E) is the average nucleon-nucleon total cross
section. In Fig, 5, a comparison between data and theoretical

T T T T T T T v 7 T T T F 1T

12 203 ]
Te - 1080 MeVC P

By, = 1016 MoV § Eiy= 10301

gl o vuamd oiiued

1449 MeV

2400 MaV

L 1 " " n 1 PR W W ST | Il .
o 3 6 9 12 15 18 1 2 3 4 5 8 7
8 (degree} & {degree)

cm e,

FIG. 5. Elastic scattering angular distributions for the “C
+1¢, Pph systemns at several intermediate energics. The solid
lines represent optical model predictions, in which the free-
parameter nonlocal model and the Lax-type interaction are assumed
for the real and imaginary parts of the potentiai, respectively.
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predictions (solid lines) for the angular distributions at inter-
mediate energies is presented. Again we have assumed the
nontocal model for the real part of the interaction with the
densities proposed in the systematics of Ref. [6]. Although
the calculated cross section shows stronger oscillatory be-
havior, the magnitude, however, is in reasonable agreement
with the data. Part of the theoretical oscillatory pattern could
be damped in the data due to the angular aperture of the
collimation system used in the experiments. We point out
that no adjustable parameter has been used in either of the
real and imaginary parts of the potential. It must be also
remembered that only the single-seattering term of the mul-
tiple scattering series of Glauber has been included in the
absorptive part of the potential, although higher order terms
are quite likely to contribute significantly to the cross sec-
tion. As we showed before [8], better fits can be obtained
using a Woods-Saxon shape for the imaginary potential with
three adjustable parameters. However, we regard the present
approach as more fundamental.

IV. DETERMINATION OF THE *C NUCLEAR DENSITY

As we have discussed in Sec. III, the experimentally ex-
tracted potential strengths for the '2C-+*Ni,?®pb systems
are compatible with the systematics for the nuclear potential
of Ref. [6]. That systematics is based on densities with the
shape of Fermi distributions, radii obtained from Eq. (4}, and
average diffuseness values a,,=0.56 fm and ay=0.50 fm
for the matter and nucleon distributions, respectively. In this
sense, the analysis presented in Sec. III provides information
about the nuclear densities of the partners in the collision. In
this section, we present another form of analyzing the same
set of cross section data, which determines the densities in a
more direct manner than that of Sec. IIL. If the nonlocal
moadel is assumed for the heavy-ion interaction and the den-
sity of one nucleus is known, an unfelding method can be
used to extract the demsity of the other nucleus from the
elastic scattering data analyses. In Fig. 6, we compare the
data (from Refs. [20-22]) with predictions for electron scat-
tering cross sections on several nuclei. In the theoretical cal-
culations, we have used charge distributions derived from the
Dirac-Hartree-Bogoliubov (DHB) modef [23]. The predic-
tions are in good agreement with the data for the heavier
nuclei, but discrepancies are observed for the '?C and '%0.
This fact is an indication that the heavier the nucleus is, the
more realistic is the theoretical density calcuiated through
the DHB model. Therefore, we consider that the Ni and
208py densities are well described by the DHB calculations,
and we have used the unfolding method to determine the '*C
nuclear density.

In this section, the double-folding potential is considered
in the usual interpretation: the nucleon densities and the
M3Y effective nucleon-nucleon interaction are adopted in
Eq. (3). The '*C density is extracted from data analyses
within a procedure similar to that used in the determination
of potential strengths at the sensitivity radii. We have as-
sumed the Fermi distribution to describe the '*C nucleon
density, with diffuseness (ay) and radius {R;) searched for
the best data fits, and with the pg; parameter determined by
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FIG. 6. Experimental electron scattering cross
sections for the *C, 190, 5®Ni, and ***Pb nuclei
as a function of the effective momentum trans-
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dictions using charge distributions derived from
Dirac-Hartree-Bogoliubov  calculations.  The
dashed line in the '*C case represents calcula-
tions based on a 2ZPF distribution (see text for
details).
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the normalization condition [Eq. (7)]. The real part of the
optical potential is obtained from Eqs. (1) and (3), and has no
adjustable parameters except those (ay and R;) connected
only with the quantity to be determined: the '*C nucleon
density. For each angular distribution, we have found a fam-
ily of densities which give equivalent data fits. These densi-
ties cross at two particular radii (see Fig. 7, top), and we
associate only one of these radii to the sensitivity radius (rg)
for the density. To choose rg, we have used the notch test
(Fig. 7, bottom), in which a spline with a Gaussian shape is
included in the 'C density, and the variation of the chi-
square is studied as a function of the position of this pertur-
bation. The crossing chosen as the sensitivity radiug is that
closest to the center of the region which affects significantly
the slastic scattering data fit.

The determination of the error bar for the density at the
sensitivity radius is illustrated in Fig. 8 for a particular elastic
scattering angular distribution. At ry the data extracted den-
sity value does not depend on the diffuseness assumed for
the distribution. Thus, the dependence of the total chi-square
on R; is studied for a fixed ay value, and the parameters that
correspond to the minimum value xZ;, and to xZ, -+ xZ:./n
are found [see the determination of Ry, Ro-, and Ry, in
Fig. 8(a)}; n is the number of experimental data points of the
angular distribution. Figure 8(b) presents the Fermi distribu-
tions for the Ry, Rp— , and Ry, values, and the respective
determination of the error bar for the density at rg.

Similar to the case of the potential determination, the sen-
sitivity radius for the density is energy dependent and this
fact allows the characterization of the density over a large
range of distances. Figure 9{a) contains the '*C experimen-
tal nucleon density values at the corresponding sensitivity
raclii obtained from data analyses of several angular distribu-
tions. The sub-barrier elastic scattering data gives informa-
tion about the density at the surface region, while inner dis-
tances are probed through the data at intermediate energies.
We point out that data analyses for different systems provide

05 1.8 15 20 25 30 25 40

consistent similar results for the '>C density. The theoretical
prediction from the DHB model (see Fig. 9) does not match
the experimental results at the surface region. Taking into
account the discussion about the nuclear potential of Sec. I,
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p (r){m®
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FIG. 7. (Top) Exampie of the determination of the sensitivity
radius r; and the corresponding experimental value for the '*C
nucieon density, using two-parameter Fermi distributions which
give equivalent data fits for the angular distribution of the '*C
+3Ni system at £,,=28.5 MeV. (Bottom} The sensitivily region
for the '*C nucleon density characterized by the notch test.
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FIG. 8. The figure presents an example of the determination of
the error bar for the 2 density at rg for the angular distribution of
the "2C+3Ni system at Eyy=27 MeV. (a) The total chi-square as
a function of the radius of the Fermi distribution for the fixed dif-
fuseness parameter 2 =0.5 fm, and the determination of the Ry, .
Ro-, and Ry, values, (b} The Fermi distributions which corre-
spond to the Ry, Ro- . and Ry, values, and the determination of
the error bar for p at rg.

another consistent result of our analysis is the agreement (see
Fig. 9) between the Fermi distribution that has been assumed
in the potential systematics of Ref. [6] and the experimental
density values from sub-barrier data analyses. We mention
that other experimental data for the '2C density in the region
2=r=4 fm could be found through the analyses of other
angular distributions in an energy region in between the sub-
barrier and intermediate energies analyzed in the present
work, but in this case the imaginary potential would have

10"
5
£
o
— 107
«, . 120 + 120
o C+ N
A 120 * 208Pb
‘ IZC ¥ ZDﬂPb
104 b 3 t 1
0 1 2 3
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FIG. 9. Experimental nucteon density values for the XC
nucieus, as obtained from elastic scattering data analyses for differ-
ent heavy-ion systems at sub-barrier (open symbols) and intermedi-
ate {closed symbols) energies. Parts (a) and (b) of the figure concern
the results of analyses considering the Fermi or harmonic oscillator
shapes for the ‘2C density, respectively. The lines correspond to
theoretical Dirac-Hartree-Bogoliubov (DHB) calculations, and to
the Fermni distribution {2PF) proposed in Ref. [6].
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adjustable parameters and the reliability of the results for the
density should be studied much more carefully.

Now we evaluate the effects of two possible sources of
systematical errors in the density determination: the polariza-
tion potential and the shape of the density distribution. As
discussed in Sec. I, coupled-channel calculations have indi-
cated that the polarization represents about 10% of the real
part of the optical potential at sub-barrier energies. In the
data analysis, we have neglected the polarization and associ-
ated the real part of the optical potential only with the bare
interaction, which is directly proportional to the nuclear den-
sities. Thus, a systematical error of about 10% is expected in
our results for the density in the surface region, due to the
procedure of neglecting the polarization potential for sub-
barrier energies. The threshold anomaly [24] indicates that
the contribution of the polarization to the real part of the
optical potential should be more significant in the region of
the Coulomb barrier, so we estimate this contribution at in-
termediate energies {inner density distances) to be even less
than 10%. Another source of systematical errors is the shape
assumed for the density distribution. Similar to the case of
the potential determination, the notch test indicates that the
data fit is sensitive fo a density region of width (o
=2.5 fm, see Fig. 7) comparable to the wavelength of the
relative motion. However, in contrast with the potential case,
in such a region (2.5=r<5.0 fm) a realistic shape for the
density may present a significant deviation from a pure ex-
ponential form (see Fig. 7). Therefore, cne could expect
some dependence of the results for the sensitivity radius on
the shape adopted for the density distribution, particularly for
intermediate energies in which inner distances are probed.
Thus, in order to investigate the dependence of the method
on the shape assumed for the '?C distribution, we have also
performed data analyses using the harmonic oscillator (HO)
shape [Eq. (12)], with two adjustable parameters (w and a):

."2 —rszz
plr)=p; I-i—cx—‘;z- e . {12)

The corresponding results for the densities at the sensitivity
radii are presented in Fig. 9(b). At the surface region an
average difference of 22% between the HO and 2PF results
has been found. Therefore, within this precision, our studies
indicate that the results for the '>C density at the surface
region are rather independent of the model assumed for the
shape of the distribution. The results from intermediate en-
ergies are more sensitive to the shape, but even in this case
the different modeis (HO and 2PF) provide similar overall
trends for the density.

As a further test of the consistency of our results for the
2C density, in Fig. 6 we compare the data with predictions
for electron scattering cross sections. In the theoretical cal-
culations, we have obtained the '*C charge distribution by
folding the proton density of the nucleus {p,) with the in-
trinsic charge distribution of the proton in free space (p )

p(,‘h(r)= j pp(Fr)Pchp(;_ ;’)d;r’ (13)
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whete p.,, is an exponential with diffuseness a,y,
=0.235 fm. We have estimated the '*C proton distribution
as one half of the total (proton + neutron) nucleon distribu-
tion. The dashed line in Fig. 6 represents the results for the
cross sections obtained by considering the 2PF distribution
of Ref. [6] for the total '2C density (solid lines in Fig. 9).
Such results are much closer to the data than the DHB pre-
dictions.

V. CONCLUSION

In this work, we have presented elastic scattering data at
sub-barrier energies for systems involving '*C as projectile,
and we have extended our studies to other data sets earlier
obtained at intermediate energies. In our optical model data
analysis, the imaginary part of the potential is based only on
very fundamental grounds and has no adjustable parameters.
The nonlocal model is assumed to describe the energy de-
pendence of the real part of the interaction, which is con-
nected to the folding potential through the very simple Eq.
{1). Within this context and assuming the systematics of Ref,
[6] for the nuclear densities, a reasonable prediction of the

PHYSICAL REVIEW C 65 044314

elastic scattering cross sections is obtained for the whole data
set without the use of any adjustable parameter.

If the target densities are known, we have shown that the
density of the projectile can be extracted from the data analy-
sis in a direct procedure. The sub-barrier elastic scattering
data gives information about the density at the surface re-
gion, while inner distances are probed through the data at
intermediate energies. The results for the "*C nuclear density
are consistently independent of the target nucleus, and in
reasonable agreement with the Fermi distribution resulting
from the systematics of Ref. [6]. We estimate in 20 to 30 %
the overall systematical error in the density results, from two
main sources: the polarization potential and the shape as-
sumed for the density of the projectile. The method should
be a powerful tool to determine densities of exotic nuclei,
particularly at the surface region where the difference be-
tween the densities of exotic and neighboring stable nuclei is
emphasized,
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A parameter-free optical potential for the heavy-ion elastic scattering
process
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Thirty elastic scattering angular distributions for seven heavy-ion systems, in wide energy ranges,
have been studied with the aim of systematizing the optical potential, real and imaginary parts,
in a global way. The framework is: i} an extensive systematization of nuclear densities, i) the
energy dependence of the bare potential accounted by a model based on the nonlocal nature of the
interaction, and iit} the real and imaginary parts of the optical potential assumed to have the same
radial shape.

PACS: 24.10.Ht, 25.70.-3, 25.70.Bc¢
Keywords: Heavy-lon optical potential. Heavy-ion elastic scattering.

Elastic scattering is the simplest and most direct process involved in a nuclear reaction, and it can be used as
the starting point to understand more complicated reaction channels. Over the last decades, different models were
used for the real and imaginary parts of the optical potential to reproduce a large number of elastic scattering data
involving heavy-ion systems. The optical model analysis using the conventional Woods-Saxon (WS) shape for the
real and imaginary parts of the potential, although far from being fundamental, has presented the best means for the
reproduction of the elastic scattering angular distributions, with six free parameters used in the data fits. However,
there are problems in terms of obtaining a simple model for systematizing the WS optical potential parameters, in
order to take into account the energy dependence, refractive effects in light heavy-ion systems, exotic nuclei systems
etc. Particularly, for some systems the variation with the bombarding energy requires arbitrarily different sets of
parameters, with different shapes and strengths for the potential. This arbitrariness calls for a more realistic model
for the optical potential, which has been accomplished to a large extent by our work [1-5] on the noulocal model for
the real part of the nucleus-nucleus interaction. The central idea of the present work is to perform a further test of
consistency of this model for the real part of the interaction, by using a very simple form to describe the imaginary
part of the optical potential, and avoiding as much as possible the use of free parameters in accounting to the data.

A previous investigation [6-8] to identify similarities between the real and imaginary parts of the potential has been
performed by considering the realistic Lax-type interaction, which has provided satisfactory fits of elastic scattering
data at intermediate energies [6,7]. The Lax interaction [9] (Eq. 1) is the optical limit of the Glauber high-energy-
approximation [10,11], and it is essentially the zero-range double-folding potential used for both the real and imaginary
parts:

“mx‘§”fm+”ﬁ”wWMﬂﬁwﬁdﬁ (1)

where v 1s the relative velocity between the nuclet, crgN is a spin-isospin-averaged total nucleon-nucleon cross section,

pp and pp are the projectile and target nuclear densities, and « is a known energy-dependent quantity that determines
the real part of the nucleon-nucleon forward elastic amplitude fan (£,0). Eq. (1) is obtained from the optical theorem
applied to fyvn{E,0). The Lax-type interaction is not valid for low energies where collective reaction processes are
important. Thus, the parameter-free description of low energy data is an open question in the determination of a
fundamental potential, However, the procedure of using the same radial shape for the real and the imaginary parts
of the potential has successfully been used in the present work.

In [1-5], we have developed another realistic model for the heavy-ion bare interaction, which takes into accouns
the Pauli nonlocality involving the exchange of nucleons between the target and projeciile. This model has presented
the same validity at low and high energies, and has already been tested for a large number of systems [1-3,5,12-15].
Within the nonlocal model, the bare interaction Viy is connected with the folding potential Vg through (5]

VN(R, B}~ Vp(R)e ™'/ (2)

where ¢ is the speed of light and v 1s the local relative velocity between the two nuclei,

ﬂ&m:%wm%W%WM&M] (3)



The folding potential (Eq. 4) can be obtained in two different ways [51: 1) using the nucleon distributions of the nuclei
and an appropriate form for the nucleon-nucleon interaction, and 1) using the matter distributions of the nuclei with
a zero-range approach for v(#}. By matter distribution we mean taking into account the finite size of the nucleon.
Both alternatives are equivalent in describing the heavy-ion nuclear potential [5], and in the present work we have
adopted the zero-range approach.

Ve (R) = fm(m) p2(r2) v(R — Fl + 73) dri drig (4)

For the Coulomb interaction, Vi;, we have used the expression for the double-sharp cutoff Coulomb potential [16].
This procedure is important in caleulating cross sections at intermediate energies, where the internal region of the
interaction is probed.

With the atm of providing a global description of the nuclear interaction, a systematization of nuclear densities
has been proposed in Ref. [5], based on an extensive study involving charge distributions extracted from electron
scattering experiments and theoretical densities calculated through the Dirac-Hartree-Bogoliubov model. In that
study, we have adopted the two-parameter Fermi (2pF) distribution to describe the nuclear densities. The radii of
the 2pF distributions are well described by

Ry = 1.314"% — 0.84 fm, (5)

where A is the number of nucleons of the nucleus. The matter densities present an average diffuseness value g =
0.56 fm. Owing to specific nuclear structure effects (single particle and/or collective), the parameters Ry and «
show small variations around the corresponding average values throughout the periodic table. However, as far as the
nuclear potential is concerned, the effects of the structure of the nuclei are mostly present at the surface and mainly
related only to the diffuseness parameter [5}. This systematization of the nuclear distributions is essential to obtain a
parameter-free interaction, since the folding potential depends on the densities of the partners in the collision. Within
this context, an extensive systematization of optical potential strengths extracted from heavy-ion elastic scattering
data analyses at low and intermediate energies was performed [5], and the experimental pctential strengths have been
described within 25% precision.

As mentioned above, an important point that stands out in obtaining a description of the optical potential in a
global way is the difficulty encountered in describing the imaginary part of the interaction within a simple model. A
fully microscopic description based on the Feshbach theory is very difficult, and basically out of reach at low energies
where collective as well as single particle excitations are involved in the scattering process. In previous works involving
elastic scattering data fits [2,3,12~15], we have already used the nonlocal model for the real part of the interaction,
and adopted a more modest procedure for the imaginary part by assuming two different models: WS with three free
parameters, which has presented an excellent description of the data; and the parameter-free Lax-type approximation,
which is based on a more fundamental theory but has not been used to describe low energy data. Motivated by the
concept from the Lax approximation of using similar shapes for the real and imaginary parts of the potential, in this
work we have extended Eq. (2), developed for the real part of the interaction, to the imaginary part of the potential,
by simply multiplying it by Ny, where N; is a number to be fixed by adjusting the data,

W(R, B) = N; Vy(R, E) (6)

We have chosen the 'C 4 12C, 160, 40C,, 9097; 208pp. 16() 4 208py, 14 404, + 298Ph systems as test cases
due to the extensive experimental data available {17-26] over wide energy ranges, and principally because the special
refractive characteristics involving some of these systems which makes them more sensitive to the real part of the
tnteraction. In Figures (1) to (7) the solid lines correspond to the best data fits obtained by searching the MN;
parameter. We have opted for keeping the average density diffuseness value o = (.56 fm in the calculations, even
though we could improve the quality of the data fits by allowing the diffuseness to be a free parameter. As one can
cbeerve {see Fig. 8), the N; parameter is approximately system-independent, with an average value N; = (.78, Good
elastic scattering cross section predictions are obtained using this average value for the whole data set {see the dotted
lines in Figs. 1 to 7).

In surnmary, using the procedure described above we have obtained a good description of the whole data set, which
has further validated our assumption for the real part of the interaction: the nonlocal model. We have alse assumed
a very simple model for the imaginary part of the potential, with only one, system- and energy-independent, free
parameter: the average value for ¥; a2 0.8. In fact, the details of the imaginary part of the interaction seems not
to be of much importance to the data ft. For example, in Fig. 7 {bottom) quite different values for Ni (N; = 0.44
and N; = 0.78) provide very similar predictions for the elastic scattering cross sections. The same behavior can be



cbserved for the other systems (see Figs. 1 to 7). At a first glance this result seems to be surprising, but upon
second thought one does expect that the data are more sensitive to the real part of the potential, which determine
the quantal transmission through the £-dependent barriers. In order to confirm this point, we have compared (se
table 1) the reaction cross sections resulting from our optical model (OM) calculations (using the average value fc
N;} with those from the geometrical limit of the barrier penetration model (Eq. 7)

opp =Ry (1-Vg/E) (7

In most cases both forms of calculating the reaction cross section agree within about, 20% precision. However, th
values obtained from the OM calculations are more realistic. Indeed the reaction cross section values obtained wit
our OM calculations are very similar {see table I} to those obtained through different methods in earlier work
[6,17,18,22-24,27-32]. Our results suggest using the present parameter-free model to get reliable estimates for heavy
jon elastic scattering and reaction cross sections., Extension of our findings to halo-nuclei is being pursued and wi
be presented elsewhere.
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Table 1: The optical model (gpar) and geometrical (opp) reaction cross sections cbtained in this work for severa
systems and bombarding energies. The table also presents the values (and corresponding references) for the reactios
cross sections (ogr) obtained through different methods in earlier works.

System Ere (MeV)looy (mb)|ogp (mb)|lor {mb)|Ref.
16 543 508 600 | 30
112 1477 1759 1444 | 32
204 i 300 1374 1834 1296 | 31
1016 1055 1680 1000 | 24
1449 910 1560 907 | 24
21 209 167 - -
0 4 12¢ 260 1560 1877 1481 | 18
608 1420 1881 1374 | 18
1503 1143 1716 1136 | 23
180 2022 2083 2165 | 22
20 + ¥Ca 300 2015 2168 2030 | 22
420 1969 2180 2000 | 922
120 2310 9113 2215 | 22
20 4 07y 180 2540 2406 2297 | 22
300 2652 2610 2415 | 22
420 2650 2670 2840 | 22
96 1854 1498 1791 | 28
116 2323 1944 2235 | 28
300 3205 3013 3300 | 22
120 4 298pp 420 3611 3393 3561 | 22
480 3634 3441 - -
1030 3566 3501 - -
1449 3344 3331 3136 | 6
2400 2905 2882 2060 | 27
1295 1963 1553 2023 | 28
16() 4. 208pY, 192 2878 2408 2847 |28
312.6 3504 3067 3432 | 29
1500 3708 3530 3485 | 23
WAL + 9¥Ph 302 2476 1740 : -
1760 4783 4059 - -
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FIG. 1. Elastic scattering angular distributions for the **C + '>C system in several bombarding energies. The solid lines
correspend to the best fit using the same radial shape for both the real and imaginary parts of the optical potential, with the
N; parameter searched for the best data fits. The dotted lines correspond to the predictions obtained with the average value
Ni = 0.78 (see text for details).
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Angular distributions for the elastic scattering of *®He
on **Ni have been measured at near-barrier energies. The
present data, combined with others for the *He + *®Ni sys-
tem at intermediate cnergies, allowed the determination of
the *®He ground-state nuclear densities through an unfolding
method. The experimentally extracted nuclear densities are
compared with the results of theoretical calculations.

PACS Numbers: 21.10.Gv; 25.70.Bc; 24.10.Ht.

One of the most exciting recent events in nuclear
physics has been the discovery of extended neutron dis-
tributions in exotic neutron-rich nuclei, as e.g. *'Li, ' Be
and 93He. The advent of facilities that produce radiocac-
tive ion beams made possible the search for experimental
evidence of thick neutron skins and halees for nuclei near
the drip line. This phenomenon was first observed by ob-
taining the interaction radii from reaction cross section
measurements for systems involving exotic nuclei {1}, fol-
lowed by the experimental determination of transverse
momentum distributions from the breakup products [2}.
Several recent works with radioactive beams use the elas-
tic scattering process at intermediate energies to demon-
strate the existence of such extended neutron distribu-
tions. However, from a theoretical point of view, the
near-barrier energy region should be more appropriate
for studying the densities in the surface region, where the
difference between exotic and neighbouring stable nuclel
is much more emphasized. In fact, for distances close to
the barrier radius, the nuclear potential is mostly deter-
mined by the folding of the nucleon-nucleon interaction
with the surface region of the densities. This idea has al-
ready been successfully applied to determine densities of
stable nuclei [3-5]. Taking this point of view, we present
elastic scattering differential cross sections for the »%He
+ P8Ni systems at near-barrier energies, with the aim of
obtaining the “®He densities in the surface region. The
analysis is extended to the 4He + 58Ni system at inter-
mediate energies, and in this case wnformation about the
9He density at much smaller distances is obtained.

The experiment was carried out at the Nuclear Struc-
ture Laboratory of the University of Notre Dame. The
SHe secondary beam with Epq, = 9.0 MeV was produced
using the TwinSol radioactive ion beam facility {6}, In
this system, two superconducting solenoids act as thick
lenses to collect and focus the secondary beam ento the
target. The *He beam was produced using the proton

transfer process of the "Li primary beam at an energy
of 19.95 MeV incident on a 12.7 um thick ?Be produc-
tion target ®Be("Li,°He}. Tons with the same magnetic
rigidity of the ®*He were present in the secondary beam.
The detection system was composed of four telescopes
consisting of thin Si detectors (energy loss), backed by
thicker Si detectors (remaining energy), making it possi-
ble to identify particles with different charges and masses.
A typical AE us E spectrum for the *He + 5®Ni system
is shown in Fig. la. The elastic *He group is clearly
visible and scattered *He ions can also be easily identi-
fied. In recent works [7,8], a strong “He group resulting
from transfer and/or breakup modes has been observed
in the scattering of °He on ?°°Bi in energies below the
nominal Coulomb barrier. With the purpose of investi-
gating the importance of such channels for the *He +
"N systern, we have also performed measurements for
the °He + '*7Au system (see Fig. 1b), with the same
secondary beam conditions as those for the 8He + 58Ni.
For the SHe + '°7Au system, the contributions arising
from other reaction channels, besides the elastic scat-
tering, are expected to be negligible, since the 9 MeV
bombarding energy corresponds to about 10 MeV bhe-
low the Coulomb barrier. Indeed, the elastic scattering
cross section for this system is in agreement with the
corresponding Rutherford cross section. The energy pro-
jection spectra corresponding only to “He ions are also
shown in figure 1{c,d). The very similar background for
both targets (!1°7Au and *®Ni) indicates that no signifi-
cant transfer and/or breakup contributions were present
in our experiment. We estimate the contribution of these
processes for the He + *3Ni system as less than 2% of
the elastic scattering cross section, by comparing the *He
background for both targets. Due to the energy resolu-
tion of our experiment, any contribution of inelastic scat-
tering to low-lying states is included in our “elastic scat-
tering” data. The secondary beam of *He was produced
in a similar way, but using the elastic scattering process
of the "He primary beam. In this case, the secondary
beam is much more intense than that for ®He, since the
cross section for elastic scattering is much greater than
that for the transfer process. Fig. 2 exhibits the elastic
scattering cross section for the *®He -+ ®Ni systems at
several near-barrier energies. Contributions to the count
rate 1n the region of the elastic scattering process can also
arise from: the compound-elastic (CE) decay. Since this



process is mixed (experimentally) with the elastic chan-
nel, in our analyses the Hauser-Feshbach theory has been
used to estimate the CE cross section. We checked that
the contribution of the CE cross section for the *He +
53Ni system at interrnediate energies and for the $He +
%8Ni system at the near-barrier region is negligible. Fig.
3 exhibits the elastic scattering data {from Refs. [9-12])
for the “He + ®Ni system at intermediate energies.

The extraction of information on nuclear densities from
elastic scattering is a question of using the folding model
for the interaction, including all the imporiant effects
from first principles and avoiding the use of adjustable
parameters as much as possibie. In this work, we use
a model for the real part of the potential that is based
on nonlocal quantum effects related to the exchange of
nucleons between the target and the projectile [13-16].
The nonlocal model has provided a good description of
the elastic scattering for several systems in a very wide
energy range [4,5,14-17]. It also has been successful
checked for inelastic scattering and transfer processes
at sub-barrier and intermediate energies [5,15-17]. We
also point out that the nonlocal model has provided
good predictions for a very extensive systematic of po-
tential strengths extracted from heavy-ion elastic scatter-
ing data analyses at low and intermediate energies [13%
Within this model, the bare interaction is connected with
the folding potential Vp through

Vn(R, B) m Vi(R) e % (1)

where ¢ 18 the speed of light and v is the local relative
speed between the two nuclei,

(R, E) = %w CVe(R) - Vn(RE)] . ()
For the Coulomb interaction, Vo, we have used the ex-
pression for the double sharp cutoff potential [18]. This
procedure is important in calculating cross sections at
intermediate energies, in which the internal region of the
potential is probed. The folding potential depends on the
densities of the two partners in the collision

Vel = f’”(“) pa(ra) (R — 7 +73) drii dv  (3)

—

where wo(R — 71 + 72) is the “frozen” M3Y effective
rucleon-nucleon interaction {13,15].

The imaginary part of the interaction used in our cal-
culations has also been based on general assumptions.
For the angular distributions at intermediate energies, we
have used the imaginary part of the parameter-free Lax-
type interaction, which is known to be guite appropriate
in this energy region [19,20]. At near-barrier energies we
tave used a Woods-Saxon {WS) shape for the imaginary
patential, with parameters that result in complete inter-
nal abscrption from barrier penetration, but with small
strengths o the surface region. Within these conditions,
the results obtained for the experimental density values

from data analysis are quite insensitive to variations of
the WS potential parameters. This result should be con-
trasted with the strong dependence on the imaginary part
of the potential in the data analysis for the *He + 209B;
system [7,8]. In that case, very large cross sections for
transfer and/or breakup processes have been detected at
sub-barrier energies, and an imaginary potential that re-
suits in strong surface absorption was used in the elastic
scattering data analysis. However, no significant trans-
fer and/or breakup contributions were detected for the
8He - ®®Ni systemn here, and possible inelastic contribu-
tions are already included in the “quasi”- elastic data.
Thus, there are no extra significant peripheral reaction
processes to be accounted for in the present case, and the
use of optical potentials with strong surface abserption
clearly would be a mistake in the present data analysis.

If the nonlocal model is assumed for the interaction,
and the density of one nucleus is known, an unfolding
method can be used to extract the ground-state nuclear
density of the other nucleus from the elastic scattering
data analyses. The method has already been success-
fully applied in the experimental determination of den-
sities for the **C and %180 nuclei [3-5]. In the present
paper we describe the method in a quite concise form,
and we invite the reader to obtain further details of the
method in & complete discussion presented in the ref-
erences above. In the data analyses, we have used a
theoretical Dirac-Hartree-Bogoliubov density for the 58Nj
nucleus [21], since the corresponding predictions for elec-
tron scattering cross sections are in very good agreement
with the data [3,4]. This theoretical density was also as-
sumed in the previous works for stable nucleus systems
and the corresponding results obtained for the densities
were quite satisfactory. For obtaining the *He densi-
ties, we have assumed the two parameter Fermi (2pf)
distribution to describe the #°He densities. The diffuse-
ness (a) and radius {Ry) were searched for the best data
fits, with the pg parameter determined by the normal-
ization condition. For each angular distribution, we have
found a family of densities which give equivalent data fits,
These densities cross at the sensitivity radius, where the
value of the density is determined without ambiguity. To
ensure that the sensitivity radius is in a region that is
important to the data fits, we have used the notch test,
in which a spline with a gaussian shape is included in
the “®He densitics, and the variation of the chi-square is
studied as a function of the position of this perturbation.

The sensitivity radius is energy-dependent and there-
fore the density can be obtained over a large range of
radial distances. Fig. 4 contains the experimental nu-
cleon density values for the *®He at the corresponding
sensitivity radii cbtained from data analyses of several
angular distributions. Information about the density at
the surface region is obtained through the near-barrier
elastic scattering data analyses, while the data at inter-
mediate energies probes the density in the inner region.
The statistical error bars for the density values have been
determined using the procedure described in [4]. In ear-



lier works [3,4], we have demonstrated for stable nuclei
that the results obtained for the density values at the
sensitivity radil are rather independent of the shape as-
sumed for the density distribution. However, as He is
expected to be an exotic nucleus with an extended neu-
tron tail, in the present work we have also used ancther
shape to describe the ®He density, the harmonic oscillator
(HO) shape, with the aim of further checking the validity
of our results. Fig. 4 shows that the two models for the
distribution result in sensitivity radii only slightly dif-
ferent (about 0.3 fm), with corresponding experimental
density values compatible with the expected behaviour
(slope) of the He density in the surface region. Actually,
the dependence of the experimental results on the model
assumed for the distribution is expected to be weak, since
the near-barrier data analysis is mostly sensitive to the
surface region of the density, where any realistic model
provides a shape close to an exponential (see the theo-
retical calculations for the ®He density in Fig. 4). For
intermediate energy data analyses, besides the Lax inter-
action we have also used a Woods-Saxon shape imaginary
potential with three free parameters, in order to evalu-
ate any possible change in the sensitivity radius. The
different models for the imaginary potential provide very
similar results for the 4He density.

The solid and dotted lines in Fig. 2 represent opti-
cal model predictions for the elastic scattering cross sec-
tion, with (solid) or without (dotted) the CE contribu-
tion. For the *He + ®8Ni system, these theoretical pre-
dictions were obtained by using the best fit 2pF distri-
bution with Ro = 1.64 fm and « = 0.28 fm (sce Fig. 4).
Fig. 3 shows that the elastic scattering data fits using a
Woods-Saxon shape for the imaginary petential are bet-
ter than those obtained using the Lax-type interaction.
Despite the differences in the elastic scattering data fits,
we stress that both models for the imaginary part of the
interaction provide very similar values for the density.

In this paper, we have studied the *He nucleus with
the purpose of comparing the results for the 1He and
SHe densities, and also with the aim of checking the va-
lidity of the method in this light mass region. Thus, in
Fig. 4 we have compared our *He experimental density
values with the total {proton + neutron) alpha density
cerived from the charge distribution obtained in *He elec-
tron scattering experiments. We have estimated the total
cdistribution as twice the proton distribution. We have
obtained the *He proton distribution (ps) by unfolding
the charge density of the nucleus (p.s) with the intrinsic
charge distribution of the proton in free space (peap)

Pch(r) = / pp(ﬁ) Pcf:p(F"“ 7:;) di:; \ (4)

where pepp 18 an exponential with diffuseness achp, =
(.235 fin. In Fig. 4 we also present the results of theoret-
ical caleulations {22] for the *He nuclear density, which
have been performed in the context of the generator co-
ordinate method, with the Skyrme SIII nucleon-nucleon

effective interaction and elimination of center of mass ef
fects. We estirnate the overall systematical error of ou
“He surface density values to be about 20%, by compar
ing our experimental results at the surface region witl
those from electron scattering and with the theocretica
prediction. A similar estimate for systematical errors wa:
already obtained in the previous works using the sam
method for the 2C, 1180 stable nuclei [3,4].

We have obtained the *He experimental density (se
Fig. 4) from the data analyses of the angular distribu.
tion for the He + 8Nj systemn at Epq = 9.0 MeV. Ir
Ref. 23], the #5He nuclear densities were obtained froir
elastic scattering data analyses for the #°He + p sys
tems at 700 MeV/nucleon, using the Glauber multiplke
scattering theory for the interaction. In that work, dif.
ferent parametrizations for the $He density have beer
tested: symmetrized Fermi (SF) distribution; Gausstar
with halo {(GH); a gaussian for the core and two differ-
ent models for the valence nucleons, Gaussian (GG) and
1p-shell harmonic oscillator-type density (GO). All these
distributions provided very similar density values (fron
data analyses) for the ®*He density in the radial distance
region 0 < r < 5 fm. For the purpose of comparison
the corresponding SF distributions for the “®He nuclei
are included in Fig. 4 (solid lines}. The experimentally
extracted densities of that work are in good agreement
with our density values at the sensitivity radii, in spite
of the very different energies, systems, and assumptions
of the two works.

In Fig. 4, we also show two theoretical calculations
(from [24,25]), using Faddeev wave function models, for
the ®He density. These models incorporate different n-
n and n-p potentials with variation of the two-neutron
binding energy. The different shapes (2pF or HO) as-
sumed for the distribution in the present work provide
results for the $He density that approach both theoret-
ical calculations at different sensitivity radii (see Fig.
4). Thus, the statistical and systematical errors of our
method do not allow one to distinguish which theoreti-
cal calculation for the ®He is better. However, the good
agreement belween experimental and theoretical resuits
is evident, corroborating that the effect of the two ex-
tra neutrons of the SHe greatly increases the density at
the surface region in comparison with that of the 1He
nucleus.

In Ref. [13], with the aimn of systernatizing the heavy-
ion nuclear densities for stable nucle1, we have calculated
theoretical distributions for a large number of nuclet us-
ing the Dirac-Hartree-Bogoliubov model. We have deter-
mined that the average value for the density diffuseness is
0.50 fmm and the dispersion associated with this value, due
to effects of the structure of the nuclei, is about 0.025 fm.
The value for the diffuseness of the exotic "He, obtained
from the theoretical calculations {24,25] (sce Fig.4), is
about 0.65 fm, very far from the average value for stable
nuclel. Within this context, we could also say that the
*He is an eccentric nucleus, since the corresponding 2p¥
and SF distributions (see Fig. 4) provide e 2 0.3 fm.



In summary, in this work we have obtained experimen-
tal density values in the surface region for the #%He nuclei
from low energy data analyses. The assumptions of the
method have been fully discussed and several checks of
the results have been provided. The parameter-free real
part of the interaction used in this work contains as basic
inputs just the well known M3Y effective nucleon-nuclecn
interaction and our model for the Pauli nonlocality, which
has been extensively tested. Also the bmaginary part of
the interaction has been based on very general assump-
tions: the lack of surface absorption at low energies and
the parameter-free Lax type interaction, which is known
to be quite appropriate for intermediate energies. We
have also determined statistical and systematical errors
for the experimental density values. The systematical er-
rors arise from several possible sources: the dependence
of the position of the sensitivity radius on the shape
assumed for the projectile distribution; the theoretical
density assumed for the target; the contribution of the
real part of the polarization potential, that arises from
nonelastic couplings, which has not been included in our
analysis; etc. The value of about 20% obtained for the
systematical error in the *He case is very similar to those
found for other nuclei in previous works. Thus, we con-
sider that the systematical error for the ®He should also
be about 20%, or even somewhat greater because in this
case the effect of the reaction channels on the real part
of the polarization might be more significant. Therefore,
efforts to decrease cross section data uncertainties would
not be very useful in the present case. Even so, for pur-
pose of comparison between the %He and “He densities,
this systematical error {= 20%) is actually not very sig-
nificant, because at the surface region the He density
is about two orders of magnitude greater than that for
*He. Finally, within the precision of the method, our ex-
perimentally extracted result for the *He density in the
surface region is in very good agreement with theoretical
predictions, and it is also compatible with other experi-
mental results obtained under quite different conditions
in a previous work.
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FiG. 1. Typical AE wvs E spectra obtained using {a) **Ni
and (b) '*7 Au targets. The corresponding energy projections
for the *He ions are shown in (c) and {d), respectively. The
arrows in {c} and {d) indicate the energy region that corre-
sponds to the elastic scattering of the ®He.
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FIG. 2. Elastic scattering angular distributions for ths
“He + °®Ni systems at several near-barrier energies. The
lines represent optical model predictions with (solid lines) o
without {dotted lines) considering the compound-elastic con.
tribution.
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FIG. 3. Elastic scattering angular distributions as a func-
tion of the momentum transferred for the *He 4 **Ni system
at several intermediate energies. The lines represent optical
model predictions, in which the nonlocal model has been as-
sumed for the real part of the interaction, with a Lax-type
(dashed lines) or & Woods-Saxon shape (solid lines) for the
imaginary part of the potential.
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FIG. 4. Experimental nuclear density values at the sensi-
tivity radii for the **He nuclei (open symbols), as obtained
from near-barrier elastic scattering data analyses for the *¢He
+ *8Ni systems. The closed symbals represent density val-
ues (*He) from intermediate energy data analyses, using the
nonlocal model and the Lax-type interaction for the real and
imaginary parts of the potential. Also presented in the fig-
ure are our best fit two-parameter Fermi (2pF) distribution
for the *He, the experimentally extracted symmetrized Fermi
(SF) distributions from Ref. [23], theorelical densities for the
"He (Ref. [22]) and *He (Refs. [24,25]), and a total nucleon
density for * He obtained from electron scattering experiments.



