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RESUMO

Neste trabalho, apresentamos wm modelo tedrico e um método
experimental para a determinagdo do potencial nuclear em sistemas de ions
pesados. A interacdo foi construida considerando os efeitos da ndo-localidade
de Pauli, advinda do carater de identidade dos nucleons que constituem a
matéria nuclear. O modelo tém sido aplicado com sucesso na analise de dados
experimentais de espalhamentos eldstico e ineldstico para vérios sistemas e em
uma ampla regifo de energia. O método experimental ¢ baseado na analise de
dados de espalhamento elastico em energias subcoulombianas e ja foi aplicado
na obtencdo do potencial nuclear para os sistemas 180y 98806264\ 88g

2
20927+ Mo.
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I- INTRODUCAO

Um tratamento exato para uma colisdo entre nicleos pesados envolve a
resolucdo de um problema de muitos corpos (ndcleons) extremamente
complexo. Assim, a descrigdo desse processo se faz de maneira aproximada,
utilizando um potencial médio de interagéo entre os fons e algum modelo para
os canais de reagfio. Dessa forma, o estudo do potencial médio entre nicleos
em colisdo (potencial ion-ion) é um dos problemas fundamentais na 4rea de
Reacdes Nucleares entre fons Pesados. Ainda devido ao nimero de graus de
liberdade envolvido neste tipo de colisdo, existe grande dificuldade na
determinacdo experimental do respectivo potencial. Neste trabalho serd
apresentado um método experimental para a determinagio da parte nuclear do
potencial ion-ion (potencial nuclear), através de medidas de espalhamento
eldstico em energias subcoulombianas, e também um modelo tedrico para esse
campo médio, que incorpora os efeitos da ndo-localidade intrinseca da
interacao, devido a identidade das particulas que constituem a matéria nuclear.

Em energias préximas da barreira coulombiana, o espalhamento eldstico
entre nicleos pesados € o processo dominante em termos da se¢@o de choque,
o que faz com que este seja uma importante fonte de informac@o a respeito do
mecanismo de rea¢do. Um dos modelos mais utilizados para a anélise de
dados experimentais de espalhamento eldstico ¢ o Modelo Otico. Nesse
modelo, os graus de liberdade internos dos ions sdo considerados congelados e
0 potencial de interacdo, denominado potencial &tico, torna-se complexo,
sendo que o potencial nuclear estd representado na parte real, e a parte
imagindria simula a absor¢do de fluxo devida aos diversos canais de reagdo. E

bastante conhecido [Sa74] que o ajuste de dados experimentais de
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espalhamento eldstico, em energias pouco acima da barreira coulombiana, sé
consegue determinar o potencial dtico numa pequena regiao de distincias de
interagdo, em torno de um ponto conhecido como raio de absorgdo forte.
Como serd discutido adiante, a origem desta ambigiiidade na determinagéo do
potencial estd na forte absor¢do caracteristica de sistemas entre nicleos
pesados, representada pela parte imagindria do potencial. Por simular um
processo muito complexo de absor¢do de fluxo do canal eldstico, esta parte
imagindria carrega pardmetros que podem variar amplamente no ajuste de
dados experimentais.

Dados de espalhamento ineldstico e de reagdes com transferéncia de
nticleons sao analisados através de calculos tipo DWBA ou Canais Acoplados;
sendo que, em geral, em ambos sdo utilizados potenciais Sticos. Portanto,
também resultam ambigiiidades com relag@o & determinacdo da parte nuclear
do potencial fon-fon através da andlise deste tipo de dados experimentais.

No caso da fusfo nuclear € possivel mostrar [Wo073] que, para energias
acima da barreira, a secdo de choque de fusdo depende apenas de dois
pardmetros: o raio da barreira ¢ o valor do potencial no raio da barreira.
Assim, os dados de fusdo somente determinam o potencial em um Unico
ponto, de maneira andloga ao que acontece com o espalhamento elastico. Para
energias abaixo da barreira existem importantes contribuicdes para a fusfo
devido ao acoplamento com outros canais de reagdo [Be85], tomando
novamente dificil a obteng¢?io do potencial nuclear.

Alguns autores t8m mostrado a necessidade de uma anélise conjunta e
consistente entre os diversos canais de reagdo. Alguns trabalhos envolvem a
andlise simultanea do espalhamento eldstico e da fusfo com potenciais 6ticos
[Ud89, Ho89, Ch92]. Célculos mais elaborados, do tipo canais acoplados

[Ta65], em principio poderiam levar em conta todos os canais de reagdo,



tornando desnecessdria a utilizagdo da parte imagindria do potencial 6tico. Na
prética, porém, a solugdo completa do conjunto de todos os canais de reagdo
acoplados é de dificuldade equivalente a resolugdo exata para o problema de
colisdo entre muitos corpos (nicleons). Assim, na maioria das aplicagdes tais
célculos sdo realizados com apenas alguns canais acoplados, sendo que ainda
mantém uma parte imagindria do potencial para simular os efeitos de canais de
réagﬁo que ndo entraram explicitamente nos acoplamentos. Quando um
nimero muito grande de canais acoplados € considerado, a solu¢do numérica
das muitas equacdes diferenciais torna o resultado dos cédlculos impreciso,
prevendo corretamente o comportamento dos dados experimentais do ponto de
vista qualitativo, mas deixando a desejar no que diz respeito ao ajuste
quantitativo ‘(‘veja exemplo na referéncia Th835).

Em resumo, a determinacdo da parte nuclear do potencial fon-ion,
através da andlise de dados experimentais em energias préximas (acima) da
barreira coulombiana, € sujeita a ambigiliildades devido a grande complexidade
dos muitos canais de reagdo envolvidos neste tipo de colisdo. Nos tltimos
anos tém sido obtidos, também, dados experimentais de espalhamento eldstico
em altas energias (até centenas de MeV/niicleon). Em alguns casos, tais dados
permitem a extracdo do potencial com menor grau de ambigiiidade [Br97]. As
andlises tém mostrado que a intensidade do potencial nuclear decresce com o
aumento da' energia de bombardeio. Vdrios modelos teéricos tém sido
propostos para descrever essa variacdo [Ko82, Ko&4, Kh93, Kh94, Kh95a,
Kh95b]. No entanto, a consisténcia desses modelos na andlise conjunta de
dados de alta e baixa energia ainda ndo € clara, devido a ji comentada
ambigiiidade na extracdo do potencial através de experimentos em energias

préximas da barreira coulombiana.
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O plano de pesquisa que tenho desenvolvido nos ultimos anos no
Laboratério Pelletron do IFUSP, esta baseado, em parte, num programa de
obteng@o de dados experimentais em energias subcoulombianas, que permite
extrair o potencial nuclear entre ions pesados de forma muito menos ambigiia
do que vinha sendo feito anteriormente. Para energias de alguns MeV abaixo
da barreira coulombiana, quase todos os canals de reagdo tém se¢des de
choque despreziveis. Assim, nessa regido de baixas energias, a complexidade
do tratamento teérico advinda dos canais de rea¢do ¢ muito diminuida em
comparagdo com regides de energia acima da barreira. Isto permite que o
potencial de interagdo entre ions pesados seja extraido sem ambigiiidade da
andlise de dados experimentais de espalhamento elastico (e, eventualmente,
dos' poucos canais de reagdo relevantes). Para essas energias, o potencial
nuclear pode ser considerado como uma pequena perturbagdo do potencial
coulombiano, e a se¢do de choque de espalhamento eldstico ¢ muito préxima
da secdo de choque de Rutherford. Assim, os dados experimentais devem ser
obtidos com grande precisdo, de maneira a extrair o potencial nuclear com boa
definicdo. Até o momento, esse método ja foi aplicado com sucesso no estudo
do potencial ion-ion para os sistemas 160 + 38606264\ 88gr 90927p I\fo
[Ch95, Ch96, Al199].

Também tenho trabalhado no desenvolvimento de um modelo teérico
para a interagao entre fons pesados. Esse modelo [Ri197, Ch97, Ch98, Ga98]
leva em consideragdo a natureza fermidnica da matéria nuclear, que implica
numa nao-localidade aa interacdo, denominada ndo-localidade de Pauli. Esse
tipo de interag¢@o ndo-local ja havia sido empregado em 1962 por Perey e Buck
[Pe62], na descrigdo do processo de espalhamento elastico para sistemas
néutron-niicleo. A interagdo que propomos para sistemas niicleo-nicleo altera

0 ja conhecido- potencial local Double-Folding [Sa79], levando-se em



consideragdo os efeitos da ndo-localidade de Pauli. O modelo tem sido bem
sucedido na déscrigio de dados experimentais de espalhamento elastico e
inelastico, para diversos sistemas e numa vasta regido de energia [Ch97,
Ch98].

O meétodo experimental que desenvolvemos para a determinagdo do
potencial {on-ion e o modelo tedrico de interagdo ndo-local sdo
complementares no estudo do potencial nuclear em colisdes entre jons
pesados. O potencial Folding € baseado numa convolugdo das densidades
nucleares com a interagdo nucleon-nucleon. Assim, efeitos da estrutura dos
nucleos sobre as densidades se refletem no potencial nuclear. Esses efeitos
podem ser estudados através da comparagdo de calculos tedricos, oriundos de
nosso modelo, com resultados obtidos utilizando o método experimental
acima citado. Este trabalho de Livre Docéncia trata desse método
experimental e do modelo tedrico, sendo baseado em grande parte em resenha
de sete artigos que temos publicado nos ultimos anos. No préximo capitulo,
sera exposio um breve resumo, com enfoque critico, do Modelo Otico. O
modelo teérico sobre interagGes ndo-locais sera abordado no capitulo III. O
meétodo para determinagdo experimental do potencial ion-ion serd objeto do
capitulo IV. O {ltimo capitulo sera dedicado a um resumo e as principais
conclusdes. Copias das sete referéncias: Ch95, Ch96, Al99, Ri97, Ch97, Ch98
e Ga98, que serviram de base para o presente trabalho, encontram-se em
anexo no final do texto. Devo salientar que nem sempre a notagdo e a

nomenclatura utilizadas neste trabalho correspondem as adotadas nos artigos.



Il - O MODELO OTICO

Ao tratar o espalhamento eldstico entre ions pesados com interagdes

nao-locais, deve-se resolver a seguinte equacg@o integro-diferencial [Ch97]:
2

— Z—VZ\P(R') + [UR, RY¥(R)dR' =E¥(R), (IL.1)
A

onde W(R) é a fungdo de onda que descreve o espalhamento eldstico do
sistefna nicleo-nicleo. Por consideracdes fisicas [Pe80], a interacio efetiva
entre os nicleos deve ser simétrica, U (f?, f?') =U (R", f?). Essa interagdo pode
ser escrita, em uma forma esquematica, como:

URR,RY=V(R,R)+YV,(R G (R R, E)V,(R). (11.2)

" O primeiro termo, V(fé, R"), que denominamos interacao fon-fon, representa o
valor esperado do operador de interacdo, o qual contém, basicamente, a forca
efetiva média nicleon-niicleon. A ndo-localidade neste termo € devida a
natureza de identidade fermidnica dos nicleons que constituem a matéria
nuclear. No que ségue, denominamos esse tipo de ndo-localidade como “de
Pauli”. O segundo termo, chamado termo de Feshbach, contém as
contribui¢Bes oriundas dos canais de reagdo e de excitagdes virtuais para
estados intermedidrios (canais ineldsticos, de transferéncia de nﬁcleons,-etc.).
A correspondente nao-localidade, denominada “de Feshbach”, provém de

polarizagdes devido a propagacdo nos canais Intermedidrios. Isto fica
estabelecido pela fungdo de Green G;‘(fé, R E), a qual contém uma explicita
dependéncia em energia.

Ao confrontar teoria e experiéncia, normalmente se utiliza o Modelo

Otico com um potencial local. Para esse fim, definimos o potencial local-



equivalente através da equacdo: U(R, E)¥(R) = _[U (R, RYV(RYdR'. (IL3)
O potencial local-equivalente ao termo de Feshbach € denominado potencial
de polariza¢do.

Neste capitulo iremos considerar 2 casos. No primeiro, iremos desprezar
a ndo-localidade de Pauli e tratar a nfo-localidade de Feshbach utilizando um
potencial de polarizagdo médio parametrizado. Esse tipo de abordagem
corresponde ao Modelo Otico em sua forma mais simples. Em seguida,
continuaremos desprezando a nio-localidade de Pauli, mas iremos tratar
explicitamente o acoplamento do canal eldstico com alguns canais de reagao,
através do formalismo de cédlculos de canais acoplados. Entdo, serd mostrado
como obter o correspondente potencial de polarizagdo. No préximo capitulo
iremos discutir o caso em que sdo considerados os efeitos da ndo-localidade de

Pauli.

I1.1 - O Modelo Otico em sua Forma Mais Simples

Uma aproximacdo largamente utilizada consiste em desprezar a nfo
localidade de Pauli, e considerar que a interacdo fon-ion € local, central, e
independente da energia, podendo ser escrita como a soma do potencial

' nuclear, V, (R), com o potencial coulombiano, V.(R). O termo de Feshbach €
tratado através de um potencial de polarizacdo médio, local, central, complexo
e dependente da energia, V, (R, E) +iW(R, E). Nestas condicdes, a interacio
entre os nicleos em colisdo é dada por: U(R,E)=V_.(R)+V (R, E), (IL.4)
onde o termo V,, (R, E)= V(R, E) +iW(R, E) é denominado potencial 6tico, e

V(R,E)=V,(R)+V,

Pol

(R, E) € a parte real do potencial 6tico.



Devido ao carater central da interacfo, com a usual expansdo em ondas

parciais, W(R)=Yi" (2¢+1) uzk(lf)

¢

P,[cos(©)], (I1.5)

a equagdo (II.1) pode ser escrita na forma do conjunto de equagdes:

h d2 £(£+1)
C2uldrR” R

Foi demonstrado [FeSS, Fe62] que a variacdo com a energia das partes

} (R)+|[E-U(R,E)]u,(R)=0. (11.6)

rcal e imagindria do potencial de polarizacdo deve obedecer a uma relagfo,

W(R E)
o =

conhecida como relacio de dispersdo: V, (R, E)= dE’, (I1L.7)

onde P significa o valor principal da integral [Sa91]. Essa relac@o € andloga a
de Kramers-Kronig da Otica. Ela emerge naturalmente de uma teoria
completamente microscépica na interacdo nicleon-nicleon [Ma82, Mag&5]. E
possivel mostrar [Sa91] que a relagdo de dispersdo é uma expressdo da -
causalidade (nesse contexto, causalidade significa que a onda espalhada ndo
pode deixar o alvo antes da chegada da onda incidente).

Curiosamente, na maioria das aplicagdes o potencial (energia potencial)

coulombiano entre dois niicleos de raios R, e R,, e nimeros atdmicos Z, e
Z,, tem sido considerado aproximadamente iguali ao potencial entre uma
carga Z e, puntiforme, e uma esfera uniformemente carregada de raio R, + R,
e carga total Z,e. No entanto, essa aproximacgdo néo € apropriada nos casos de

espalhamento em altas energias, para os quais regides de distdncias de
interacdo bastante internas (ao raio da barreira) sdo testadas. Nesses casos,
temos utilizado [Ch97, Ch98] o potencial entre duas esferas uniformemente
carregadas, para o qual jd foi encontrada uma expressio analitica a mais de

duas décadas [De75].
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A sec¢do de choque de reagdo esta relacionada com a parte imagindria do

potencial 6tico através da expressdo: o, = —i—g (| W | ¥). (11.8)

Na maioria das aplicagdes, essa parte imaginaria tem sido considerada com
forma do tipo Woods-Saxon (expressdo I1.9) ou da respectiva derivada. Esse
procedimento € adotado pela suposi¢do de que o potencial deveria ter
aproximadamente a mesma forma da distribuigio de matéria nuclcar. £
importante ressaltar que, apesar dec 0til devido a stmplicidade, tal
procedimento ndo estd justificado, pois essa parte do potencial otico tem como
fun¢do a simuilagdo de um processo de absor¢do de fluxo bastante complexo, €
nada implica que o respectivo potencial local-equivalente tenha uma forma tio
simples. Por exemplo, ja foi demonstrado [Lo77, Ba79] que o processo de
excitagdes inelasticas coulombianas tem um correspondente potencial de
polariza¢do imaginario, de longo alcance, que ndo pode ser corretamente
representédo utilizando uma forma do tipo Woods-Saxon.

- W, (E)

1+ exp[——R ; ﬁ? ()E):l

W(R,E)=

(IL.9)

Ao utilizar o Modelo Otico, o procedimento normalmente adotado na
analise de dados de espalhamento elastico entre ions pesados € manter alguns
parametros livres no potencial Otico, de maneira a ajustar a distribuigdo
angular experimental. Algumas vezes adota-se uma forma Woods-Saxon
também para a parte real do potencial otico. Tem sido observada [Sa74] a
seguinte caracteristica relativa a esses procedimentos. Para regides de energia
proximas da barreira coulombiana, diferentes “familias” de potenciais 6ticos,

isto €, diferentes valores dos pardmetros livres em V(R,E) e W(R, E),

produzem ajustes de dados experimentais muito semelhantes. Os parimetros
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estdo de tal forma correlacionados, que as diferentes familias correspondentes

a parte real do potencial 6tico, V(R, E), cruzam-se (t&m a mesma intensidade)

somente num ponto conhecido como raio de absorgdo forte. Ou seja, as
previsdes de se¢do de choque tedricas sé sdo sensiveis ao potencial 6tico em
uma pequena régiﬁo de distdncias de interagdo, em tomo do raio de absorgdo
forte, Essa caracterfstica estd ligada ao curto alcance da forca nuclear e i
correspondente absorgio forte nos sistemas de fons pesados [Br97]. Isto &,
“contato” entre os nicleos leva quase inevitavelmente a eventos nio eldsticos
e a perda de fluxo do canal eldstico; consequentemente, o espalhamento
elastico é dominado pelas condicdes da “regido superficial” de distancias de
- interagdo. Além disso, também tem sido observado para diversos sistemas que
as intensidades das partes real e imagindria do potencial 6tico variam
fortemente com a energia, numa estreita regido em tomo da barreira
coulombiana. Esse comportamento, conhecido como anomalia de limiar, tem
sido atribuido & relagdo de dispersdo (para uma discussdo completa da
anomalia de limiar .veja 0 drtigo de revisdo da referéncia Sa91).

Em resumo, a determinagfo da parte real do potencial 6tico, através da
anélise de dados de espalhamento eldstico em energias em torno da barreira
coulombiana, € sujeita a muitas ambigiiidades, com excec¢do de distincias de
interacdo muito préximas do raio de absor¢do forte. Mesmo para essas
distancias, existe uma forte variagdo do potencial 6tico com a energia. Ainda
mais, a parte real do potencial ético € composta da soma do potencial nuclear
com a parte real do potencial de polarizagdo; sendo que sobre essa ultima
contribuicdo as andlises de dados com o Modelo Otico fornecem pouca
informacdo. Assim sendo, fica evidente a grande dificuldade na determinagdo
do potencial nuclear, através da andlise de dados experimentais de

espalhamento eldstico em energias préoximas (acima) da barreira coulombiana.
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IL.2 - Calculos de Canais Acoplados

O formalismo de cédlculos de canais acoplados é utilizado quando é
desejavel cor;siderar com mais exatidao as contribui¢des de alguns especificos
canais de reacdo para o potencial de polarizagio. Como exemplo deste tipo de
célculo, nesta secdo apresentaremos o caso do acoplamento de um estado
excitado 2" (espalhamento ineldstico) com um estado fundamental 0*. Uma
discussdo detalhada e geral (quaisquer spins dos nicleos alvo e projétil), que
inclui o acoplamento de canais de transferfncia, pode ser encontrada na
referéncia Th&8.

.O conjunto de equacdes diferenciais acopladas que se obtém ao realizar
a expansdo da funcdo de onda em ondas parciais é [Bu63]:

(T, —U(R, E)+ E1uS (R) =V s (R)u (RY+ Vi pgya (RY T (R + Vi g2 (RYu 32 (RY, (I1.10)
[T} —U(R, EY—Vy 0, (R) + ETu} (R) = Vi 0, (RS (R) + Vi gy s (RY U 2R+ Va0, 1 (RYF 2Ry, (I1L11)
Ty =URE) =V 02y 2 (R) +E'Juj 7 (R) =V gy (R} (R) + V00, (R) 3 (R, (I1.12)
[Tra2 =UR, B) =Vays2002 (R)+ ETuT"* (R) =V a0, (RY 45 (R) +Vi 00, (R} (R), (I113)
R d> T +1)

2u [dR’ R 1

uf,” =funcio de onda referente ao estado fundamental,

ut uy’ ", ul** =fungdes de onda referentes ao estado excitado,

E'=E—¢g, ¢=energiade excitacdo do estado 2".

onde J =momento angular total, T, =

Os potenciais de acoplamento (termos do tipo V,,,, ) séo obtidos a partir

de algum modelo que descreva o nicleo. Os mais utilizados sdo o rotacional e

o vibracional (vide Bu63, Ta65 e Th8R).
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O potencial de polgdzagﬁo correspondente ao estado 2* € obtido por:

Vosas (R) ”?J (R) +Vj,24-2(R) “?JHI (R) +Vp0,42(R) ”..%Hz(
0/
u; (R)

Vi (R E)+iWy (R E)= R (I1.14)

Através da estrutura dessa equacfo, pode-se verificar que o potencial de
polarizacio depende_ do momento angular, da energia, e € complexo (pois
envolve as fungbes de onda). Essa dltima caracleristica ¢ esperada, lendo em
vista a absorcdo de fluxo do canal elédstico pelo canal 2. Utilizando o
potencial de polarizacio, a equagdo II.10 para o canal eldstico pode ser escrita

mi| 4% JI+D
21| ar? R?

]u?’(R)+[E—U(R.E)—v,i,,,(R,E)—fw;,f(R,E)]u?’(R)=o, (IL.15)

e fica evidente como .o potencial de polarizagdo insere-se no potencial ético.
Na referéncia Th89, € sugerido um potencial de polarizagdo médio que
elimina a dependéncia com o momento angular. Aplicado ao caso que estamos

discutindo, esse potencial médio seria obtido de:

_ _ >w,(R) V2, (R, E)+iW, (R, E)]
V., (R, E)+iW, (R, E)= Z‘wj o

, ({1.16)

com w,(R)=aJ|uf"(R)2, a, =(2J+1)[1—|S,]2] e §, =elemento da matriz S

correspondente ao canal eldstico. Essa média elimina eventuais pélos do
potencial de polarizagdo, atribuindo peso zero a pontos em que %’ (R)=0. Os
coeficientes a, sdo diretamente proporcionais as correspondentes secdes de
choque parciais de reacdo. Apesar de produzir uma boa aproximacgdo, esse
potencial de polarizacdo médio ndo reproduz exatamente a “verdadeira”

(proveniente de cdlculos de canais acoplados) fungiio de onda do canal

eldstico.
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IL.3 — Um Modelo Local para o Potencial Nuclear

Virios modelos t€m sido propostos para a parte nuclear do potencial
ion-ion. Nesta se¢do, vamos apresentar o potencial Double-Folding, pois este
serviu de base para o nosso modelo de interagdo ndo-local que serd discutido
no préximo capitulo.
| O potencial F(')ldingwé construido [Sa79] a partir de uma convolugéo da
interacdo nicleon-ndcleon com as densidades de matéria dos nicleos em

colisdo (figura II.1 e equagdo I1.17).

Ve R = [[ 0, (1) v, (R = F + 7)) p,(r,) dF. dF, (11.17)

Figura II.1 — Esquema da construgdo do potencial Double-Folding. Os
vetores 7, € r, representam a posigdo de dois nicleons nos nicleos em coliséo.

O vetor R liga os centros de massa dos niicleos alvo e projétil.

Na equagdo II.17, v,(¥) € a interagdo efetiva entre dois nucleons. Para

tal interacdo, uma grande variedade de modelos t€m sido propostos, mas
aqueles conhecidos por M3Y (Reid e Paris) sdo representativos de interagdes
“realisticas”, e sdo, também, 0s mais utilizados. Em nossos trabalhos, temos
usado a interagdo efetiva M3Y-Reid (equagdo II.18). Nessa equagfo, os dois

primeiros termos sdo responsdveis pela parte direta da intera¢do nicleon-
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nicleon, enquanto o Ultimo simula efeitos ndo-locais de troca entre nicleons
do projétil e alvo (no-localidade de Pauli), na aproximagéo de alcance nulo (o
alcance da ndo-localidade serd discutido no proximo capitulo). A magnitude

de J, foi determinada empiricamente, através do ajuste de dados

experimentais de espalhamento de protons em diversos nacleos, e para varias
energias (até 80 MeV). Foi obtida a seguinte leve dependéncia com a energia

do préton: J, =-276[1-0.005E] (MeV fm3). Outros detalhes acerca da

interagdo M3Y podem ser encontrados na referéncia Be77.

—4r =2.5r

~ 2134
4r 2.5r

e

v, (F) = 7999 +J,6(7) (IL.18)

No contexto do Modelo Otico, o potencial Folding tem sido usado com
bastante sucesso [Sa79], em andlises de dados experimentais de espalhamento
elastico para energias em torno da barreira coulombiana. Nessas analises, a
parte real do potencial 6tico tem sido assumida igual ao potencial Folding
(que estd associado ao potencial nuclear), multiplicado por um fator de
normalizagdo (que pode variar com a energia), de forma a simular os efeitos
da polarizagdo. O fator de normalizagdo tem sido obtido préximo da unidade
[Sa79]',' que € um indicativo da propriedade desse procedimento. Entretanto,
como passaremos a discutir, o potencial Folding nessa versdo original de
Satchler e Love [Sa79], ndo obteve o mesmo sucesso na descrigao de dados
experimentais em mais altas energias.

O fendmeno do espalhamento arco-iris foi amplamente discutido em
recente artigo de revisdo [Br97]. F oi enfatizado que o potencial nuclear pode
ser extraido sem ambigiiiddades, através de medidas de espalhamento elastico
em energias intermedidrias (varias dezenas de MeV/niicleon). Para ajustar os

dados experimentais, o fator de normalizagdo multiplicativo do potencial
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Folding apresenta grande variagdo com a energia, em alguns casos tornando-
se bastante menor que um. Isso foi inicialmente observado para sistemas com
particulas alpha, onde um fator de normaliza¢8o de aproximadamente % foi
encontrado para energias em torno de 35 MeV/nucleon. Posteriormente,
resultado semelhante foi obtido para varios sistemas de ions pesados. Esse
fator (bastante menor que 1) ndo pdde ser associado aos efeitos do potencial
de polarizagdo, pois estimativas tedricas [Ma77] para essas energias
mostraram que, além de apresentar intensidade muito pequena em comparagao
ao potencial Folding, a correspondente parte real do potencial de polarizagdo €
atrativa (ndo reﬁﬁlsiva COmMO Seria necessario).

Por outro lado, para explicar a saturacdo da matéria nuclear, ji havia
sido proposto [Be71] que a interagdo efetiva entre dois nucleons deveria
depender da densidade do meio. Saturagdo requer que a atragio enfraqueca a
medida que a densidade aumenta. Assim, surgiram vérios modelos para a
intera¢do nuclear entre ions pesados (denominados interacdes dependentes da
densidade), baseados no potencial Folding, em que a interagdo efetiva
ndcleon-nucleon € considerada dependente da densidade. A primeira versédo
[Ko82, Ko84] assume a interagdo M3Y-Reid (equagio II.18) multiplicada
pelo fator:  f(p,E,)=C(E,) 1+ a(E,) e "], (IL.19)
com p=p,(n)+p, (), e E,=E/A= energia de bombardeio por nicleon

do projétil. Os parametros C,a e f, dependentes da energia, foram escolhidos

de forma a fazer com que a integral de volume da interagio se ajustasse, tdo
bem qu’anto possivel, aos resultados de calculos tipo Brueckner, de Jeukenne
et al. [Je77], para o espalhamento de um niicleon pela matéria nuclear. Uma
dificuldade com a equagdo II.19, € que densidades grosseiramente duas vezes

maior do que a da matéria nuclear “normal” sdo encontradas quando ocorre
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grande superposi¢do dos dois fons. Virios modelos mais “realisticos” tém sido
propostos [por exemplo: Kh93, Kh94, Kh95a, Kh95b]. Um aspecto
interessante dessas interagcbes € que diferentes modelos para a fungéo

f(p, E,), fornecem diferentes valores para a incompressibilidade da matéria

nuclear [Kh94, Kh95a, Kh95b]. Na matéria nuclear, a energia de ligacdo por
nticleon, B, deve ter um minimo para a densidade de saturagio p, =0.17 fin™.

A curvatura de B(p) estd conectada com a incompressibilidade por:

K=9pi(d*B/ 8p2)|p=p. Assim, alguns autores acreditam poder extrair

informagdes acerca dessa importante quantidade, através da andlise de dados
de espalhamento eldstico entre fons pesados em energias intermedidrias
[Kh95a]. Tais andlises sdo realizadas com alguns pardmetros livres na fungado

f(p, E.), utilizados no ajuste dos dados experimentais. Aparentemente, o

modelo que fornece melhores ajustes, conhecido como DDM3Y 1, implicaria
numa incompressibilidade de X=270 MeV [Kh95a], que é compativel com o
valor obtido a partir de dados de ressonincias gigantes isoescalares [Y099].
Entretanto, para obter resultados satisfatérios na andlise dos dados, foi
necessario introduzir uma dependéncia adicional em energia [Kh93]. Dessa
forma, consideramos que uma denominagfo mais apropriada para essas
interagBes seria: “interagBes dependentes da densidade e da energia”. Essa
dependéncia “extra” em energia, e 0 modo “um pouco arbitrdrio” pelo qual
sdo assumidas as diferentes formas para a dependéncia de densidade da funcdo

f(p,E ), sdao os pontos mais criticados desses modelos. E necessério

comentar que uma descricdo alternativa da variacdo do potencial nuclear com
a energia, como aquela apresentada no préximo capitulo, pde em didvida os
resultados para a incompressibilidade da matéria nuclear obtidos com as

interagBes dependentes da densidade (e energia).



1)

I - UMA DESCRICAO NAO-LOCAL DA
INTERACAO NUCLEO-NUCLEO

Como discutido nos capitulos anteriores, dados experimentais de
espalhamento elastico, obtidos em energias intermediarias, tém removido as
ambigiiidades na determinagdo do potencial nuclear. Foi observado que os
potenciais fenomenoldgicos introduzidos para descrever os dados sdo
significativamente dependentes da energia. Alguns modelos tedricos foram
construidos para descrever essa dependéncia através de potenciais de campo
médio realisticos. Atualmente, os mais bem sucedidos parecem ser os
potenciais dependentes da densidade. Entretanto, para descrever os dados, tais
potenciais ainda necessitam de um fator de normalizag@o, o qual é bastante
dependente do sistema e ainda apresenta alguma variagdo com a energia.

Neste capitulo, sera mostrado que a dependéncia do potencial nuclear
com a energia é devida, principalmente, a natureza intrinsecamente ndo-local
da interagfo, devido a identidade fermibnica das particulas que constituem a
matéria nuclear. Essa ndo-localidade de Pauli foi inicialmente introduzida no
contexto do espalhamento micleon-nticleo [Pe62]. Também ja foi utilizada
para descrever o comportamento (variacdo com a energia) de potenciais
fenomenologicos em sistemas com particulas alpha [Ja74]. No6s generalizamos
o modelo para descrever os espalhamentos elastico e inelastico em sistemas de
jons pesados. Copias dos artigos de nossa autoria em que esse modelo ¢
apreselntado [referéncias: R197, Ch97, Ch98 e Ga98] estdo anexas no final do

texto.
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II1.1 - O Modelo de Interacao Nao-Local
A ndo-localidade de Pauli estd associada 2 identidade das particulas
(niicleons) envolvidas na colisgo. Um micleon “pertencente” ao niicleo projétil

pode trocar de posi¢do com outro niicleon “do” micleo alvo. Essa troca esté

—

associada 4 uma interaciio, V(R, R'), que é funcdo dos vetores R e R’, oS

quais conectam‘os centros de massa dos dois nicleos antes e depois da troca,

respectivamente (vide figura III.l)..

ALVO PIZOJE/T'IL.

Figura III.1 - Tlustracdo do sistema de coordenadas utilizado. Um niicleon do
alvo (a), de coordenada 7,, troca de posi¢do com um nucleon do projetil (p),

de coordenada r,; sendo que passam a ser representados pelas coordenadas
7, e ¥, , respectivamente. Os centros de massa dos niicleos alvo (a,, ) e projétil

(Pgy, ) 30 movidos conforme indicado.

Motivados pela Fisica do problema, adotamos a seguinte forma para a
interacdo efetiva entre os niicleos: U(R,R") =V (R, R)+i§(R— RYW(R’,E). (II1.1)
Como trataremos do espalhamento em energias bem acima da barreira, o
potencial de péiarizagz"io (considerado local) foi representado apenas pela parte

imaginédria (que simula absorcdo), sendo desprezada a parte real. Vamos
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separar, na interagdo {ion-ion, a contribuigdo nuclear (ndo-local) da
coulombiana (local), como segue: V(R,R) =V, (R, R)+SR-R)V.(R). (1I1.2)
Para a contribui¢io nuclear em sistemas de ions pesados, assumimos o ansatz
de Frahn-Lemmer [Fr57], o qual ja havia sido utilizado por Perey-Buck [Pe62]

na descri¢ao do espalhamento néutron-nucleo,

-7
b

T (R+R 1
VM(R,R)=VM[ > ]7;3%3 e{ ] (I1.3)

Nessa equagdo, b é o alcance da ndo-localidade de Pauli. No limite em que &
tende a zero (alcance nulo), a equagdo integro-diferencial (II.1) se reduz a
usual equagdo diferencial de Schroedinger. Esse ansatz foi justificado no
contexto do espalhamento nucleon-niclec por um tratamento teoérico
microscopico [Ba83]. Para sistemas de ions pesados, o uso dessa forma
gaussiana simples foi justificada por Jackson e Johnson [Ja74], através de um
calculo Single-Folding partindo da mteragdo nucleon-nucleo. Também
mostraram que o alcance da ndo-localidade para sistemas de ions pesados, &,

estd vinculado ao alcance para sistemas nucleon-ndcleo, b, , pela expressao:

b=b,—*, onde x ¢ a massa reduzida do sistema de ions pesados ¢ m, é a

0

massa do nmicleon. O valor b, = 0.85 fm foi obtido através da analise de uma
extensa sistemética de dados de espalhamento elastico para sistemas néutron-
nucleo [Pe62].

Como estamos considerando potenciais centrais, podemos expandir a

fungdo de onda segundo a expressdo II5, ¢ o termo V,,_(R, R") de acordo

2L +1
4;:1;,;3: V.(R,R") P,[cos(#)], (111.4)

com: V..RR)=Y
L
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R-R'Y R+R

onde v, (R, R’)=VNL[R*2‘R’LJE {QL[sz’]e{T] (P QL[— sz']e{TJ } (I11.5)

Q, (z) séo polindmios em 1/z [Pe62], ¢ ¢ é o angulo entre Re R’. Assim, a

equacdo integro-diferencial (II.1) pode ser escrita na forma do conjunto de

equagoes:
R dP E(e+1) . T , N 1o
—E[W—T}u,(m+[E—VC(R)—1W(R,E)]u,(R)=6[V,(R,R)uE(R)dR . (II1.6)

Através da estrutura da equagdo IIL.6, é facil verificar que o potencial local-
equivalente ao termo V, (R,R’) é dependente do momento angular e da

1
(R)

energia, e obtido por:  V, (R, E; £) = [V,(R,R)u,(R)dR’. (LI1.7)
Q

u,

I

R+R

Propomos que o potencial no-local, VNL[ ] tem a seguinte forma:

V,€=V,_,(R=¢g), (II1.8)
na qual V., ,(R) € o potencial Double-Folding “padrao” [Sa79], obtido

conforme a equagdo II.17. Para a interagdo micleon-nicleon usamos a
interacdo efetiva M3Y-Reid (equagdo 11.18). Em nosso modelo,

desconsideramos a variagdo em energia de J,, (cujo valor € assumido igual a

—262 MeV fi’), proveniente da aproximagdo de alcance nulo, pois
acreditamos que quase toda a dependéncia em energia do potencial nuclear
advém do parametro b, o alcance da nao-localidade de Pauli.

Passaremos, agora, a apresentar os resultados obtidos com nosso
modelo na anélise de dados experimentais de espalhamento eldstico. Com a
finalidade de testar quao geral é o modelo, analisamos distribui¢des angulares
para sistemas com alcances de nio-localidade bem diferentes: '*C + **Pb

(b=0.075 fm), 2C+'"*C (b=0.14 fim), ot + **Ni (b=0.23 fim), o + '*C (b=0.28 fim).
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Para os dois primeiros sistemas, os dados foram obtidos numa vasta regido de

energia (1< %/ <200 MeV /nucleon); enquanto os dois ultimos s&o tipicos

representantes de casos de espalhamento arco-iris, que deram origem aos
estudos que levaram ao desenvolvimento dos potenciais dependentes da
densidade. Nos calculos do potencial Folding, utilizamos densidades de
matéria “realisticas” provenientes de célculos tipo Shell-Model (obtidos nas
referéncias Sa79, Fa85 e Ch96). Os Unicos parametros deixados livres no
ajuste de dados foram aqueles vinculados a parte imaginaria do potencial,

W(R,E), cuja forma foi assumida como sendo do tipo Woods-Saxon. As

previsdes teodricas para as secdes de choque de espalhamento elastico foram
obtidas resolvendo o conjunto de equagdes de ondas parciais II1.6, no qual foi
considerado nosso modelo para o potencial ndo-local (equagdes II1.5 e II1.8).
A resolucdo numérica desse conjunto de equagdes foi realizada através de um
processo iterativo.

Os ajustes das distribui¢des angulares sdo apresentados nas figuras II1.2
e III.3. O acordo entre cdlculos teoricos e dados experimentais ¢&
impressionante. Além disso, os valores resultantes para as se¢des de choque
de reagdo sdao compativeis com dados experimentais {e outros calculos de
Modelo Otico) obtidos nas referéncias [Sm73, Go74, St79, Tr80, Bo82, Bug4,
Sa86, Ho88 e Br97]. De nosso conhecimento, esses resultados correspondem a
uma primeira tentativa realizada para reproduzir com tamanha precisdo, dados
de espalhamento eldstico para essa variedade de sistemas, em tal vasta regido
de energia, utilizando uma interagdo nuclear real independente da energia e
sem nenhum parametro livre {os unicos pardmetros livres estdo na parte

imaginaria do potencial). E importante observar que o fator de normalizagao,
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utilizado com potenciais dependentes da densidade, estd totalmente ausente de

nossas analises.

By - 16MeV E = 10BNV

L

AR A

x1°

aasual

d_l

.

Figura IIl.2 - Distribuicbes angulares de espalhamento eldstico para o
sisterna '°C + '2C, para viérias energias de bombardeio (como indicado). Os
dados experimentais foram extraidos das referéncias St79, Tr80, Bo82, Bu84 e
Ho88. As linhas cheias correspondem aos cédlculos para secdo de choque
utilizando o modelo de intera¢do ndo-local.
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Figura ITI.3 - O mesmo da figura III.2, para os sistemas '*C + **Pb e
a + °C, 8Ni. Os dados experimentais foram extraidos das referéncias Sm73,
Go74, Sa86 e Ho&S.
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I11.2 — O Potencial Local-Equivalente

Para ions bastante pesados, a resolugdo numérica das equagdes integro-
diferenciais (II1.6) é de dificil convergéncia para os altos valores de momento
angular envolvidos. Assim, € desejdvel desenvolver um método para obter o
potencial local-equivalente (PLE), com a finalidade de calcular as secoes de
choque solucionando a equacdo diferencial de Schroedinger usual (local). No
inicio dos anos 60, foi mostrado para sistemas néutron-nicleo [Pe62] que o
PLE ¢é apenas fracamente dependente do momento angular, e foi fornecida
uma relagio aproximada para obter esse potencial. N6s generalizamos [Ri97,
Ch97] aquela expressdo para o caso de ions pesados, incluindo o potencial
coulombiano, como segue:

Veo (R, E; )=V, (R, E) =V, (R) e TER®En, (11L9)

;Ibz

onde Y= Essa equagdo pode ser resolvida para V, (R, E) utilizando um

método iterativo (o método converge para |y V, (R, E)|<1).

Para sistemas de ions pesados y € pequeno, por exemplo: para o
sistema '?C + '2C, temos ¥ =0.0014MeV ™. Assim, para energias nio muito
altas podemos expandir a expressdo I11.9 em:

V.(R,E)=V,,(RY1-YE)=V,,(R)(1-BE,), (I11.10)

onde E, € a energia de bombardeio por niicleon do projétil (E,,, /A, ); e

b p . .
2 =0.0086 MeV™" € uma constante independente do sistema. Esse

_M
B 2h

comportamento linear da intensidade do potencial nuclear com a energia ji
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havia sido observado para sistemas alpha-micleo [Ja74], e o valor de y

extraido das analises de dados experimentais concorda com aquele obtido com

nossa expressio tedrica, ¥y = ‘;: 2 (com b=b, % e by =0.85 fm).

Como comentado anteriormente, potenciais nucleares fenomenolégicos
podem ser extraidos sem ambigiiidade da andlise de dados de espalhamento
eldstico em energias intermediarias. Este fato permite que se realize um teste
mais profundo da expressdo I11.9 (conforme discutimos na referéncia Ri97).
De acordo com essa expressdo (II1.9), o Log(lV, (R, E)I) deveria apresentar
um comportamento linear como funcdo de [E -V, (R, E)], e o respectivo
coeficiente angular estaria vinculado ao pardmetro b. Assim, estudamos os
sistemas '°C + "C e 'O + '*C, para os quais foram obtidos dados de
espalhamento eldstico em uma regido de energia bastante ampla

(10<E_, /A, <200 MeV /nucleon). Para esses sistemas em energias

intermedidrias, a regido de distdncias de interagdo que € testada (em que a
intensidade dos potenciais fenomenolégicos € extraida sem ambigiiidade) estd
em torno de R =4 fm [Ho88, Ri%97]. A figura II1.4 mostra que a dependéncia
com a energia dos potenciais fenomenolégicos (extraidos da andlise de dados)
¢ concordante com a expressao I11.9 (dentro de 10% de precisdo). Os valores

extraidos de b (0.14 fm para '’C + *C e 0.11 fim para '°O + '°C) concordam de

forma bastante razodvel com a previsdo tedrica b==b0ﬂ (0.14 fm para
U

2C + '2C e 0.13 fm para '°0 + '*C).
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Figura III.4 - Dependéncia com a energia de potenciais nucleares

fenomenolégicos em R = 4 fin, extraidos da andlise de dados experimentais de
espalhamento eldstico para os sistemas: a) '°C + '*C e b) '°0 + *C. As linhas
cheias representam um ajuste linear, em que foram obtidos os valores dos
respectivos parimetros de alcance da nio-localidade de Pauli (b).

Uma melhor aproximacao da expressao II1.9, vélida inclusive para altas

energias, é obtida por [Ch97]:

I-y 1-47V,,, (R) e "=
2y '

Denominamos ¢ potencial obtido através dessa expressio de interagdo

(IT1.11)

V,(R,E)=

NLM3Y [Ch98]. No limite de alcance nulo (b — 0), o potencial NLM3Y se
reduz ao potencial Folding, V,(R,E)=V_, (R). Com a utilizagdo dessa
aproximagdo para o potencial local equivalente, o problema da resolugdo das
equagGes integro-diferenciais (II1.6) se reduz a resolucdo das equagGes

diferenciais (locais) de Schréedinger em ondas parciais:

Rl dPLe+])
dR* R’

-3 . ]u,(R)+[E-VC (R)=V, (R, E)—iW(R.E)u,(R)=0 (IlI.12)
U
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Noés calculamos o potencial local-equivalente exato (segundo a equagio
I11.7), resolvendo o conjunto de equacfes integro-diferenciais (II1.6) para os
sistemas *C + 12C, 8ph e a +'*C, ®Ni (nas energias correspondentes as
figuras II1.2 e II1.3). O resultado nos convenceu de que a dependéncia desse
potencial com a energia € realmente fraca. Os valores de intensidade obtidos
para a parte lmagindria si0 muito pequenos em comparagdo com o0s
correspondentes valores da parte real. Também, as intensidades da parte real
do potencial local-equivalente concordam com a express3o III.11 (intera¢do
NLM3Y), dentro de aproximadamente 3%, para todo valor de R (com excegao
de regides muito internas, R =0). Ainda mais, as distribuicOes angulares de
espalhamento elédstico obtidas com a resolu¢do da equacdo de Schréedinger
local (II1.12) utilizando o potencial NLM3Y, apresentam valores de secfo de
choque muito préximos daqueles obtidos através da resolucdo exata do
conjunto de equacdes integro-diferenciais (II1.6). Nesse sentido, consideramos
que a utilizacdo do potencial NLM3Y (expressdo III.11) simula com precisdo
satisfatdria os efeitos da ndo-localidade de Pauli em sistemas de ions pesados.

A figura II1.5 mostra o potencial NLM3Y (linhas cheias) para o sistema
"?C + '*C em trés energias e, também, o respectivo potencial Double-Folding
(linha tracejada). Para a mais alta energia (2400 MeV), as intensidades dos
potenciais NLM3Y e Folding diferem de aproximadamente 1 ordem de
grandeza; enquanto que para a energia mais baixa (112 MeV), e grandes

distdncias de interacdo (R=4 fm), tais intensidades sdo aproximadamente

iguais. E importante observar que, para sistemas de fons pesados em energias

em torno da barreira coulombiana, E=V.(R,), e distdncias de interagdo
préximas ao raio da barreira, R=R,, a expressdo IIl.11 implica que

V. (R,E)=V_,(R). Isso fica claro considerando que, para essas distancias, o
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potencial Folding ttém ordem de grandeza de 1MeV e, portanto,

lyV, . (R=R,)I<<]. Nessa regidao de baixas energias, o espalhamento €

determinado pelo potencial em distdncias de interacdo préximas ao raio da
barreira. Ent3o, o efeito da ndo-localidade de Pauli € desprezivel para energias .
préximas da barreira coulombiana, e considerar a parte real do potencial 6tico
igual ao potencial Folding deveria produzir um bom ajuste de dados
experimentais. Isso deveria ser vdlido nos casos em que a parte real do
potencial de polarizacao puder ser desprezada (observe que essa condicfo foi
imposta no inicio desse capitulo, através da expressdo III.1). Essas
consideracdes serdo utilizadas no préximo capitulo, em que apresentaremos
um método experimental para determinagdo do potencial nuclear entre ions
pesados, através da andlise de dados experimentais de espalhamento eléstico

em energias subcoulombianas.

1035'I'I'I'I'l'ﬁl

-V (MeV)

R(fm)

Figura IIL.5 - O potencial NLM3Y (linhas sélidas) para o sistema 2c 4 IC
em trés energias de bombardeio. A linha tracejada corresponde ao potencial
Double-Folding.
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II1.3 - A Parte Imagindria do Potencial Otico

Para testar nosso modelo mais profundamente, buscamos determinar a
parte absortiva do potencial sem a utilizagio de parametros livres para o ajuste
de dados. Um modelo para essa parte imagindria do potencial de polarizagio,
conhecido como teoria de espalhamento multiplo de Glauber [G170], foi
desenvolvido para energias suficientemente altas, em que s3o satisfeitas as
seguintes condi¢des: 1) a energia cinética da particula incidente excede
grandemente a magnitude do potencial, e ii) 0 compﬂn;ento de onda da
particula € muito menor que um comprimento caracteristico do potencial (esse
comprimento € da ordem de magnitude da difusividade do potencial, ou seja,
aproximadamente 0.5 fm). Nestas condi¢des, pode ser considerado que toda a
absorcdo de fluxo do canal eldstico provém de processos elementares de
espalhamento ndcleon-ndcleon, os quais ocorrem na superposi¢do das
densidades dos mnicleos em colisdo. Isto corresponde a desconsiderar
processos de reacdo em que sdo envolvidos mais de dois niicleons, tais como
excitagdes coletivas dos nucleos. Nesta aproximag¢do, os unicos ingredientes
necessarios nos cdlculos sao as se¢des de choque de espalhamento nicleon-

micleon, e as densidades de matéria dos nicleos alvo (p, ) e projétil (p,). O

potencial imagindrio € calculado (vide figura II1.6) por [Ho88, Hu91}:

W (R, E) :—h—z"aw (E) [p.(AR=F 1) p,(r,) dF, (II1.13)

onde v € a velocidade relativa entre os dois ntcleos, ¢ &,, € a segao de

choque total média para espalhamento nicleon-nicleon, obtida das se¢Ges de
choque experimentais dos sistemas préton-préton e proton-néutron, na energia

E, (igual a energia de bombardeio do sistema fon-ion dividida pelo nimero

de nicleons do projetil). Sobre esse calculo devem ser levadas em conta duas



importantes corre¢oes, devido aos efeitos do “Bloqueio de Pauli” e do
“Movimento de Fermi”. O procedimento para realizar tais correcdes estd

amplamente discutido na referéncia Ho88.

A x projectile

beam
direction

(//07)

/|

b
impact

parameter

0

v (R target

Figura III.6 — Vista esquemdtica dos nicleos alvo e projétil em colisdo, e
definicdo das coordenadas para o célculo da parte imaginaria do potencial de
polarizagdo (extraida da referéncia Ho88).

Nesta secao também iremos mostrar andlises de dados de espalhamento
inelastico. As anédlises foram realizadas através de célculos DWBA, com o

seguinte fator de forma para o potencial de acoplamento:

oV, (R.E) . OW(R,E) ] (IIL.14)

F(R)=8
() [ oR R

onde & é o comprimento de deformagio do estado excitado. Como a regido de
energia analisada € bastante alta, nés desprezamos a excitagdo coulombiana.

Na equacdo II1.14, V, (R, E) foi tomado como sendo o potencial NLM3Y, e
W(R, E) corresponde ao potencial imagindrio sem parimetros livres discutido
\

acima.
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A figura II1.7 apresenta dados de espalhamentos eldstico e ineldstico
(estado 2*, com energia de excita¢do de 4.4 MeV) para o sistema '°C + '*C. As
linhas chelas correspondem as previsdes (ndo mais ajustes, pois ndo existem
pardmetros livres no calculo) de se¢des de choque, em que, para compor o
potencial 6tico, foram utilizados o potencial real NLM3Y e o ji discutido
potencial imagindrio sem pardmetros livres. O valor do comprimento de
deformacgdo do estado excitado foi obtido da referéncia Ho88. Para as duas
energias mais baixas, a concordéancia entre valores tedricos e experimentais é
extraordindria (considerando nao haver parametros livres). Para a energia mais
alta (2400 MeV), as previsdes tedricas reproduzem a magnitude dos dados,
porém apresentam um comportamento oscilatorio mais pronunciado.
Acreditamos que efeitos relativisticos, nao incluidos no modelo, poderiam ser
responsdveis por essa discrepincia, pois para essa energia a velocidade

relativa entre os ions é aproximadamente 65% da velocidade da luz.
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Figura II1.7 — Secdes de choque diferenciais de espalhamento eléstico (a) e
inelastico (b) para o sistema '°C + '°C nas energias indicadas. As linhas cheias
sdo previsdes obtidas com o potencial NLM3Y, sem a utilizacdo de nenhum
pardmetro livre para o ajuste dos dados. Os dados foram extraidos das
referéncias Ho88 ¢ Bu84.
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Realizamos [Ch98] cdlculos semelhantes também para o sistema
"1 + 2C, de forma a testarmos nosso modelo para micleos exdticos. Devido a
pouca resolugio em energia do feixe (micleo exdtico), para esse sistema foram
obtidos [K092] dados de espalhamento quase-eldstico (inclui o0 espalhamento
elastico e os espalhamentos ineldsticos para os estados excitados 2" e 3™ do
micleo 'C), na energia de 637 MeV. A figura II1.8 mostra uma comparagio
entre dados experimentais e previsoes tedricas (linha cheia). Nossos resultados
sdo muito semelhantes aos obtidos [Kh95] com a interagdo dependente da
densidade (e energia), em que foram utilizados tr€s parametros livres para
ajuste de dados na parte imagindria do potencial ético. Assim, consideramos
nosso resultado bastante razodvel, sendo que hé espa¢o para aperfeicoamentos
considerando termos de ordem mais alta na teoria de miiltiplo espalhamento
em W(R, E), posto que os néutrons de valéncia do 11i sdo fracamente
ligados. Também € possivel que os dados experimentais incluam secbes de
choque de outros processos de reagdo {Ko98], que ndo foram incluidos em

nossos calculos.

Figura HI.8 -~ Secdes de choque de espalhamento quase-eldstico para o
sistema ''Li + "*C. A linha cheia corresponde 4 soma das previsdes tedricas,
utilizando o potencial NLM3Y, para as secdes de choque de espalhamento
eléstico e ineldstico. As demais linhas correspondem as se¢des de chogue para
cada canal, como indicado.
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Concluimos este capitulo enfatizando que nossas andlises tém
demonstrado a grande importancia de levar em considera¢do a ndo-localidade
de Pauli na descri¢do da interag@o nicleo-nicleo. O potencial NLM3Y parece
adequado como aproximacio para essa interagdo, tendo em vista sua
simplicidade de obtengdo (expressdo III.11) e facilidade de utilizagdo
(resolvendo a equagdo diferencial de Schroedinger), bem como a boa precisao

dos resultados (se¢des de choque) obtidos com seu uso.
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IV - UM METODO EXPERIMENTAL PARA A
DETERMINACAO DO POTENCIAL NUCLEAR

Como discutido nos capitulos anteriores, a determinagdo do potencial
nuclear entre ions pesados, através da andlise de dados experimentais em
energias em torno (acima) da barreira coulombiana, € sujeita a muitas
ambigiiidades, devido a grande complexidade do fratamento tedrico dos
muitos canais de reagdo. Neste capitulo, sera apresentado um método que
permite extrair o potencial nuclear de forma muito menos ambigua. Para
energias de alguns MeV abaixo da barreira coulombiana, quase todos os canais
de reacdo tém sec¢des de choque despreziveis. Assim, nessa regido de energia,
a complexidade do tratamento teérico advinda dos canais de reagdo € muito
diminuida em comparagdo com regides de energia acima da barreira. Isto
permite que o potencial de interacdo entre ions pesados seja extraido da
anilise de dados de espalhamento elastico (e, eventualmente, dos poucos
canais de reagdo relevantes) em energias subcoulombianas. Copias dos artigos
de nossa autoria, em que esse método foi aplicado (referéncias Ch95, Ch96 e

Al99), estdo anexas no final do texto.
IV.1 — Os Dados Experimentais e os Canais de Rea¢@o Relevantes

Os sistemas 0 + %% %% %2 %N foram os primeiros em que foram obtidos
os respectivos potenciais nucleares através do método que estamos discutindo.
Em seguida, também foram estudados os sistemas '°0 + *Sr, **%Zr, “Mo.
Para todos esses sistemas, em energias subcoulombianas, além do canal
elastico somente um canal de reacdo tem secdo de choque relevante: o

espalhamento inelastico para o primeiro estado excitado (2;) do alvo. Os
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dados experimentais foram obtidos no Laboratério Pelletron do IFUSP,
-utilizando um conjunto de nove detectores de barreira de superficie, com
espagamento angular de 5° para cada par. Os alvos eram constituidos de uma
camada de aproximadamente 30 pg/cm’ do alvo correspondente (niquel,
estroncio, zircdnio ou molibdénio), sobre a qual foi aplicada uma camada de
50 pg/cm’ de ouro (‘’Au) com o objetivo de normalizagio dos dados (nas
energias estudadas, a se¢do de choque de espalhamento elastico de oxigénio
em ouro ¢ praticamente idéntica a se¢do de choque de Rutherford). Para
sistemas com nucleos alvo de niquel, os dados foram obtidos na regido de
energia 34<FE, 6 <38 MeV ; para os demais sistemas a regido estudada foi
43< E,, <49 MeV . Para ambos conjuntos de sistemas, a regido de energia de
bombardeio corresponde a uma faixa de 4 até 8 MeJ abaixo da respectiva
barreira de fusdo (tais barreiras foram obtidas das referéncias: Bo92, Be93 ¢
Si97). A resolugo em energia dos espectros foi de aproximadamente 200 keV,
que possibilitou uma completa separagdo entre os picos correspondentes aos
canais elastico e inelastico (figura IV.1). O pequeno “fundo”‘ de espalhamento
presente nos espectros foi subtraido da taxa de contagem dos picos.

Na regido de energia em que os dados foram obtidos, as se¢des de
choque diferenciais de espalhamento inelastico (para o estado 27 do alvo) tém
ordem de magnitude de 1% das correspondentes seg¢des de choque de
espalhamento elastico, e as respectivas se¢des de choque integradas variam
entre 5 ¢ 50 mb. Ndo foi encontrada, nos espectros, nenhuma evidéncia de
outros processos de espalhamento inelastico com segdes de choque préoximas
daquelas para o estado 2;. Também os processos de transferéncia de niicleons
e fusdo nuclear [An73, Bo92, Be93, Si97, Ro97] tém se¢des de choque muito

inferiores daquelas de espalhamento para o primeiro estado excitado do alvo.
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Figura IV.1 — a) Espectro de energia caracteristico das experiéncias. Os picos
correspondem aos processos de espalhamento elastico para os sistemas
180 + “Ni, '¥7Au, como indicado. b) Expansio de ambos os eixos na regiao do
pico de espalhamento elastico do sistema '®0 + ®Ni. A flecha indica o pico
correspondente a excitagdo inelastica para o estado 2; (E" = 1.33 MeV) do

niquel.

IV.2 — Os-Cilculos de Canais Acoplados

Os potenciais nucleares foram obtidos através da andlise de canais
acoplados dos dados de espalhamento elastico e inelastico (estado 2;). Os

nucleos alvos foram assumidos esfericamente simétricos, mas suscetiveis a
vibragdes em tomo de suas formas esféricas (modelo vibracional) [Ta65,’

Th88]. Para o raio coulombiano dos nilcleos, assumimos a expressdo
R.=r. A%, com r.=1.06 fin, proveniente de uma extensa sistematica de

experimentos de espalhamento de elétrons [DJ74]. Para os sistemas

160 + 2860264, as amplitudes de acoplamento coulombiano ( f.) e nuclear

(B, ) foram variadas de forma a ajustar os dados experimentais. Os valores
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obtidos encontram-se na tabela IV.1. Os valores deduzidos (equagédo IV.1)
para B(E2) sdo compativeis com aqueles encontrados na referéncia Ra87, os
quais sdo resultantes de uma compilagdo de dados obtidos usando técnicas
diversas, em um grande nimero de experiéncias. Os valores obtidos para os

comprimentos de deformagdo coulombiano (J, = f.R.) sd@o proximos dos

correspondentes valores nucleares, que ¢ um indicativo da consisténcia de
nossos resultados. Para os sistemas '°0 + %S, 90’922r, Mo, os dados de
espalhamento Inelastico estdo um pouco “contaminados” devido a subtragdo
do “fundo” dos espectros. Assim sendo, para esses sistemas assumimos OS
valores das amplitudes de acoplamento das referéncias Ra87, Es89, Lu95.
Outros detalhes acerca do célculo de canais acoplados que realizamos podem

ser encontrados nas referéncias Ch95, Ch96 e Al199.

_ (2Jﬁnar + 1) _ 2Jﬁna.' +1 {332 AJz
B(EA) T= 2J BEL) = ), +DRA+D\ 4r Pe Re {v-0

inicial

Tabela IV.1 — As amplitudes de acoplamento coulombiano (4.) e nuclear
{(By), € os correspondentes comprimentos de deformagdo (6, e &, ), obtidos

através da analise de canais acoplados dos dados experimentais. Também
estio incluidos os valores deduzidos para B(E2), em unidades &2 fm*,

Niicleo Be By B(E2) 6. (fm) Oy (fm)
BNi 0.233+0.006 | 0.22%0.03 688+ 34 0.96+0.03 | 0.90%0.12
SONIi 0.265+0.010| 0.26£0.03 | 931£70 1.10£0.04 | 1.08%0.12
$2Nj 0.247£0.010| 0.170.03 845+ 68 1.04£0.04 | 0.71£0.13
%Nj 0.218+0.008 | 0.1910.03 686+50 | 0.87+0.03 | 0.76+0.12
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IV.3 — A Extrac¢io dos Potenciais Através da Analise dos Dados

Os potenciais 6ticos foram extraidos das analises de dados para regides
de distincias de interagdo superficiais, que para os sistemas estudados

significam R=11 fm. Nos célculos de canais acoplados, foi levada em conta

explicitamente toda a absor¢do de fluxo do canal elastico pelo Unico canal de
reagdo com se¢do de choque relevante. Assim sendo, para a parté imaginaria
do potencial oOtico utilizamos uma forma Woods-Saxon (equacgdo I1.9), com
pardmetros tais que qualquer absor¢do superficial adicional é desprezivel.
Utilizamos: R, =0.8(A4% + A%) fim (A4, e A, sio os nimeros de massa do
projétil e alvo), a, =0.2 fin e W,=30MeV . Na regido de distancias de
interagdo maiores que 9 fmn, a intensidade desse potencial imaginario é menor
que 1 eV. Entretanto, fica garantida qualquer pequena absorg¢do interna
(relacionada com a fusdo nuclear). E importante ressaltar que as previsdes de
se¢do de choque dos calculos de canais acoplados sdo insensiveis a variagdes
dos parametros da parte imaginaria do potencial ético {desde que observada a
condi¢do de auséncia de absor¢do superficial). Desejo enfatizar que a escolha
desses pardmetros nio é arbitraria, mas determinada pelas “condigdes de
contorno” do problema em questéo.

Também assumimos uma forma tipo Woods-Saxon (equagdo I'V.1) para
a parte real do potencial Otico. Para a regido de distdncias de interagdo

superficial (R=11 fm), as previsdes do potencial Double-Folding indicam

que o potencial nuclear tem uma forma muito semelhante 4 uma exponencial.

Assim sendo, assumimos o pardmetro R, igual a soma dos raios coulombianos

dos nicleos alvo e projétil. Para todos os sistemas estudados temos

R, <<11 fin, que implica na requerida forma exponencial do potencial na



regido superficial. Nossas analises tém indicado que mudangas nos valores

adotados para R, nao alteram os resultados que iremos discutir a seguir.

Y (Iv.1)

1+ exp[ﬂ:l
a

Para cada sistema e cada energia de bombardeio, utilizamos o seguinte

V(R)=

procedimento no ajuste das respectivas distribuigoes angulares (elastico e
ineléstico). Atribuimos diversos valores para a difusividade (a) e, para cada

um desses valores, obtivemos a profundidade do potencial (V) através do

ajuste dos dados experimentais. Encontramos uma “familia” de potenciais que
produzem ajustes igualmente bons (mesmos chi-quadrados). Os potenciais

cruzam-se em um particular raio (R;), como ilustrado na figura IV.1a para o

sistema '°0 + ®Ni em diversas energias. Nas andlises de dados em energias
acima da barreira, esse ponto é denominado “raio de absor¢ao forte”. Devido a
pequena absor¢lo envolvida nas energias subcoulombianas, neste trabalho
iremos referir & R, como “raio de sensibilidade”. Estimamos a barra de erro
da intensidade do potencial no raio de sensibilidade, variando ¥, em torno do
seu melhor valor (que fornece o menor chi-quadrado), e considerando
variagdes de uma unidade no valor do chi-quadrado. Para ilustrar a
sensibilidade desse procedimento, a figura IV.2 mostra como tais ajustes,

indicados por linhas tracejadas, desviam-se dos dados experimentais.
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Figura IV.1 — a) A parte real do potencial Otico na regido superficial de
distancias de intera¢do, obtida através do ajuste de dados experimentais para

-~ diferentes valores de difusividade. Para cada energia os potenciais cruzam no.

raio de sensibilidade. b) Os pontos representam a intensidade da parte real do
potencial Otico no raio de sensibilidade. A linha corresponde & uma
exponencial com difusividade de 0.58 fm.
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Figura IV.2 — Distribui¢do angular de espathamento eléstico para o sistema
'®0 + ®Ni, na energia indicada. A linha cheia corresponde ao melhor ajuste
(x?=9.7) obtido com os célculos de canais acoplados. As linhas tracejadas

representam os ajustes provenientes da variagdo de ¥, considerando aumento

de uma unidade em y°.
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Para energias acima da barreira, tem sido observado para varios
_sistemas que o raio‘de absorc¢do forte é praticamente independente da energia.
Por exemplo, para-o sistema '®0 + °°Ni a variagdo ¢ de apenas 0.3 fin numa
ampla regido de energia, que estende-se por aproximadamente 100 MeV
[Fu85]. Na regido de energia que estamos estudando, porém, o raio de
sensibilidade apresenta forte dependéncia com a energia, de maneira similar
ao ponto de retorno cldssico. Nossas analises indicam uma variacdo de
aproximadamente 0,7 fm em apenas 3 Mel , como ilustrado na figura IV.1b.
Esse comportamento permite caracterizar a forma do potencial. Para o sistema
'®0 + ®Ni, o potencial tem forma exponencial (linha cheia da figura IV.1b)
com difusividade a=(0,58+0,04) fm. Obtivemos resultados semelhantes
para todos os sistemas (figuras IV.3 e IV.4). A tabela IV.2 forece os
respectivos valores de difusividade. Para cada conjunto de sistemas, os valores
da difusividade sdo compativeis com um valor médio: @ =(0,590,02) fin e
@ = (0,64 +0,02) fin para os sistemas '°0 + 3606284Nj ¢ 160 4 88gy 90927, 201,
respectivamente. Como veremos adianie, esses valores concordam com as
previsoes dos potenciais Folding. Usando as difusividades médias, para cada
sistema ajustamos todas as distribuicdes angulares com um potencial
independente da energia. Para efeito de comparacgao, a tabela IV.2 fomece as
intensidades dos potenciais no raio R =10.7 fin, que esti aproximadamente
no centro da regido de sensibilidade para todos os sistemas estudados. As

figuras IV.5 até IV.12 mostram os dados experimentais e os respectivos

ajustes (os valores dos chi-quadrados reduzidos encontram-se na tabela IV.2).
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Tabela IV.2 — Valores da difusividade e da intensidade (em R =10.7 fin) da
parte real dos potenciais de canais acoplados. Também estdo indicados os
valores do chi-quadrado reduzido, obtidos com o ajuste de todas as
distribuigdes angulares, utilizando um potencial 6tico independente da energia
para cada sistema.

Nucleo Alvo a (fm) V(R) (MeV) L,
**Ni 0.57 £0.03 0.351+ 0.009 1.2
ONi 0.58+0.04 0.447+0.008 1.2
*2Ni 0.60 = 0.05 0.502+0.019 1.0
SNi 0.67 +0.05 0.600 +0.010 1.2
Sr 0.71+0.05 1.44+0.05 2.3
7r 0.63+0.03 1.55+0.03 2.1
27r 0.61+0.05 1.92 +£0.06 2.8
Mo 0.63+0.06 1.57+0.03 2.2

E R
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Figura IV.3 - A &Jarte real do potencial 6tico na regido superficial para os
sistemas '°0 + 9 *2-%Nji como obtido das anélises de canais acoplados dos
dados experimentais para diversas difusividades. As linhas chelas representam
exponenciais com a difusividade média @ = 0.59 fm.
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Figura IV.4 — A parte real do J)otencial Otico na regido superficial para os
sistemas '°0 + 88$r, 2. 927: Mo, como obtido das analises de canais
acoplados dos dados experimentais. As linhas representam exponenciais com
a difusividade média @ =0.64 fmn.
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Figura IV.5 - Distribuigdes an%ulares de espalhamento elastico (a) e .
ineléstico (b) para o sistema '°O +°
canais acoplados considerando apenas a interagio coulombiana (linha
tracejada) e a coulombiana mais nuclear (linha cheia).
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Figura IV.6 — O mesmo da figura IV.5, para o sistema '°0 + “Ni.
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Figura IV.7 — O mesmo da figura IV.5, para o sistema 180 + S2Ni.
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Figura IV.8 - O mesmo da figura IV.5, para o sistema 180 + **Ni.
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Figura IV.9 - Distribui¢des angulares de espalhamento elastico para o sistema -
'%0 + 33r. As linhas cheias correspondem a calculos de canais acoplados.
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Figura IV.11 - Distribuigdes angulares de espalhamento elastico para o
sistema '®0 + **Zr. As curvas correspondem a calculos de canais acoplados.
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Figura IV.12 - Distribuigdes angulares de espalhamento elastico (a) e
inelastico (b) para o sistema "°O + *Mo. As linhas cheias correspondem a
calculos de canais acoplados.
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1V.4 - Comparacio entre Potenciais “Experimentais” e “Tedricos”

No capitulo anterior foi enfatizado que, para energias em torno da
barreira, o potencial local-equivalente NLM3Y ¢ muito semelhante ao
potencial Double-Folding. Assim, nesta secdo iremos comparar 0s potenciais
“experimentais” (isto ¢, extraidos da anéalise dos dados) com aqueles
“tedricos” do tipo Double-Folding.

Em nossos célculos, a densidade do estado fundamental do niicleo '®O
fo1 derivada de resultados experimentais de espalhamento de eletrons [DJ74],
assumindo que as densidades de prétons e de néutrons tém a mesma forma da

densidade de carga. A densidade nuclear total é expressa por:
2 s
— 1 r _[E] V.2
Pou 1) = po| 147 —| €77, (Iv.2)

em que y=1.554, ¢=1.833 fin (parfimetros de densidade de carga da
referéncia DJ74) e p,=0,1407 fim” para satisfazer a condi¢do de

normalizagdo: [47mp(r)r’ dr=N+Z=A4. (IV.3)
0 .

Para os nicleos alvos utilizamos densidades microscépicas oriundas de
calculos tipo Shell-Model. Tais calculos predizem esquemas de niveis que
concordam razoavelmente com resultados experimentais (figura [V.13). Com
a finalidade de ilustrar certas caracteristicas do potencial que discutiremos a
seguir, escrevemos explicitamente a densidade nuclear total dos nucleos alvos

(p;) como uma soma da densidade de prétons (p,) com a densidade de

néutrons ( p_ ).

pr(r)=p,(r)+ p,(r) (Iv.4)



48

5. |60, bAy. | Yy o
r Nt H H: ' Sr er P Mou
— | —e e
2 ) b
z g | —* ._..;: -
3 " —y —¢|_ T —3r
o | FErLl —o o — Z o e I
3 —n - ¥ 2 e
= T — 3 i —¥|=—u 2 _——E —
= —_— —_— | —o v - 5 == [ —§- re
= N N B e 3 B e
[~ —_ e ~e r — 5 T —3 . 4
& o —_— — 2
wi —g |2
E —F —7 | ey —7
-1 1 —1 L)
—_h —z FO—— R
— —n = =t |—
—
11 .
OL oo —oel —or —an | —oi—pe ! —ai —a ] J _ JR— —_— R
B e T e Bel T G T ° v § o ¢ v °

Exp.

Teor.

Exp.

Teor:

Exp. Teor.

Exp.

Teor.

Figura IV.13 —-]'Esquema de niveis de energia preditos por calculos tipo Shell-
Model em comparagdo com resultados experimentais.

Calculamos as contribui¢des das densidades de protons e de néutrons do

alvo para o potencial Folding total, de acordo com as seguintes expressoes:

V(R = [[Pone (1) vo(R—F +7)p, () . d,, (v.5)
V,(R) = [[ Powe. (R Vo (R =7, +7) p, (ry) dF, dF, , (IV.6)
Ve (B) = Vp (R)+V,(R). AV.7)

A figura IV.14 mostra as densidades dos nucleos alvos (a) e os respectivos
potenciais (b) para os sistemas '®O + ** & 6% i Os isétopos de niquel
(camada fechada Z =28) t€m densidades de protons muito semelhantes e
diferentes densidades de néutrons. Assim, as diferencas observadas nos
respectivos potenciais totais advém da contribuigdo dos néutrons. Para os
nucleos *8r; ***7r e Mo o nimero de néutrons ¢ significativamente maior
que o numero de prétons. Portanto, as densidades de néutrons sdo um pouco
mais externas que as correspondentes densidades de protons (figura 1V.15).
Dessa maneira, a contribuigdo dos néutrons para o potencial também &

substancialmente maior que a dos protons (figura IV.16). Os niticleos *Sr, *°Zr



49

e Mo (camada fechada N =50) tém densidades de néutrons muito

semelhantes na regido da superficie dos nlcleos (» = 6 fin ), enquanto o nicleo

27r (com 2 néutrons extras) apresenta densidade de néutrons
aproximadamente 0,1 fm mais extemna (figura IV.17). Dessa maneira, como
veremos adiante, 0 'potencilal Folding para o sistema '°C + “*Zr apresenta

. - . . 8
intensidade maior que para os sistemas 10 + 8 Sr, *°Zr, *Mo.

10°Ef|*T'lfr'r'TT|ﬁ; 90
07 = = o)
102 —j 4 10 >°3
- 5 =
T e NEUTRO § x -
m 0 N 507 )
&= 3 <
4= 14 B
=10 E
f: PRCTON |5
% ol
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- =
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Figura IV.14 - a) As densidades total, de néutrons e de protons para os
niicleos ** ¢ %% %Nj derivadas de calculos Shell-Model. b) Potenciais Double-
Folding para os sistemas '°O + °% % %% %Nj considerando separadamente as
contribui¢Oes das densidades de néutrons e de prétons dos isétopos de niquel.
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Figura IV.15 — As densidades de proétons (linhas tracejadas) e néutrons
(linhas cheias) derivadas de calculos tipo Shell-Model para os nucleos 8,
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Figura IV.16 — Contribui¢des das densidades de prétons (linha tracejada) e de
néutrons (linhas cheias) para o potencial Double-Folding (linha pontilhada)
dos sistemas '°0 + *Sr, ***?7Zr, “Mo,
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Figura IV.17 — Comparagio entre ggs deglosida%es deggr()tons (a) ¢ néutrons (b)
na regido da superficie dos nticleos *Sr, " Zr, “Zr e ““Mo.

Na tabela IV.2 encontra-se os valores de difusividade dos potenciais
Folding. Esses valores sdo proximos daqueles das difusividades médias dos
potenciais de canais acoplados: @ =(0,59%+0,02) fin para os sistemas
160+ 38606269 ¢ 7=(0,64+0,02) fin para 0+ ¥, 2% 7r "Mo. Na
realidade, ¢ possivel considerar que tanto as difusividades teéricas (Folding),
como as experimentais (canais acoplados), t€m valores muito préximos de
0,6 fin para todos os sistemas estudados. Esses resultados indicam que os
potenciéis nucleares entre ions pesados tém uma forma (difusividade) quase
independente do “tamanho do sistema”. Como seré discutido na se¢do IV.6, as
caracteristicas do potencial Folding na regifio de distdncias de interagdo
superficial sdo dependentes, principalmente, das densidades nucleares na
regido da superficie dos nicleos. Como as experiéncias de espalhamento de
elétrons t€m demonstrado que os nicleos pesados t€ém difusividades de carga
semelhantes [DJ74], ¢ de esperar que também as difusividades dos potenciais

nucleares sejam semelhantes para diferentes sistemas de ions pesados.
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Tabela IV.2 - Valores da difusividade e da intensidade (em R =10.7 fin) dos

potenciais Double-Folding. Para efeito de comparagdo, estdo incluidos os
valores da intensidade dos potenciais de canais acoplados.

Sistema a (fm) Via(R) (MeV) | V. (R) (MeV) V%_

Fold
50+ %N | 0.568 0262 | 035140009 | 1.34+0.04
%0 + Ni 0.576 0.306 0.447+0.008 | 1.46+0.03
'%0 + Ni 0.584 0.351 0.502+0.019 | 1.43+0.05
160 + 9Nj 0.592 0.399 0.600+0.010 | 1.50%0.03
YO+8sr |, 0.584 1.05 1.44£0.05 | 1.37+0.05
°0 +*Zr 0.586 1.13 1.55+£0.03 | 1.37£0.03
10 + 27; 0.607 1.29 1.92+0.06 | 1.49+0.05

150 + Mo 0.587 1.19 1.57+£0.03 | 1.32+0.03

As figuras 1V.18 e IV.19 apresentam uma comparagdo entre os
'potenciais Double-Foldiné' e 0s potenciais de canais acoplados. Na tabela [V.2

encontra-se a intensidade desses potenciais para R =10.7 fin. Claramente,

todas as expectativas que discutimos em relagdo a dependéncia dos potenciais
Folding com as densidades sdo reproduzidas pelos potenciais de canais
acoplados. Esse resultado fica caracterizado observando (tabela IV.2) que,
dentro de uma precisio de aproximadamente 5%, a relagdo entre as

intensidades dos potenciais “experimentais” e “tedricos” ¢ independente do

: V.. .y : .
sistema € vale —“-=1.4. Uma peculiaridade interessante é o fato de que a
Fold

intensidade do potencial para o sistema '°O + **Zr ¢ aproximadamente 15%
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maior do que para 'O + *Mo, apesar do mesmo nimero de nuclcons tanto no
projetil como no alvo. Esse resultado esta ligado & diferengas enfre as
respectivas densidades de néutrons dos niicleos alvos.

Nas proximas segoes, iremos discutir possiveis fontes para a diferenga
de 40% das intensidades dos potenciais de canais acoplados em relagdo aos
correspondentes potenciais Folding. Na secdo IV.5, investigamos que parcela
dessa diferenga cstd ligada com contribui¢des para a parte real do potencial de
polarizagio, pro{fcnientes de acoplamentos de canais de reagdo com se¢do de
choque desprezivel, os quais n3o foram incluidos nas analises de canais
acoplados. Na se¢do 1V.6, sdo discutidos os efeitos sobre o potencial Double-
Folding associados a diferentes modelos assumidos para as densidades dos

niicleos envolvidos na colisdo.

10 e ¥ | T T T | 10

TTT T 7Y
-
o
L
S

V(R) (MeV)

95 10 105 11 M5

R{fm) -

Figura IV.18 — Comparagio entre 6potf:nciais de canais acoplados e Double
0

Folding para os sistemas %0 + ** ¢ %2 8N, Observe a mudanca de escala.
Apesar de reproduzir a dependéncia isotdpica dos potenciais “experimentais”,
os potenciais Folding apresentam intensidade aproximadamente 30% menor
que os correspondentes potenciais de canais acoplados.



54

R (fm)

Figura IV.19 — Comparagfo entre potenciais de canais acoplados e Double
Folding para os sistemas '°0 + %8r, 0. 27y “Mo. Observe a mudanga de
escala. Apesar de reproduzir a dependéncia isotonica (*Sr, %7r, Mo -
camada fechada ~N=50) e 1isotopica (°Zr, %Zr) dos potenciais
“experimentais”, os potenciais Folding apresentam intensidade
aproximadamente 30% menor que os correspondentes potenciais de canais
acoplados.

IV.5 — A Contribui¢io do Potencial de Polarizacio

Como discutido no capitulo II, a parte real do potencial Otico €
composta pela soma do potencial nuclear com a parte real do potencial de
polarizagdo. Assim, a discrepancia de aproximadamente 40% entre a parte real
do potencial 6tico de canais acoplados e o potencial Double-Folding
(associado ao potencial nuclear) poderia estar relacionada ao potencial de

polarizag@o de canais de reag@o ndo incluidos nos célculos.



55

Para os sistemas '°O + *®Ni em energias ao redor da barreira
coulombiana, foi realizado por Keeley et al. [Ke96] um célculo de canais
acoplados bastante extenso e completo, em que foram incluidos acoplamentos
de varios canais de reagdo inelasticos e, também, de processos de transferéncia
(figura IV.20). Um potencial de polarizagdo médio foi obtido através da
solugdo das equaqé')es acopladas (figura IV.21). Vamos discutir alguns
resultados desses célculos, concentrando a aten¢do na regido de baixas
energias, £, <30MeV (E_, <38 MeV '), que corresponde a regido em que
temos aplicado o método de determinagdo do potencial nuclear.

i) A intensidade da parte imaginaria (absortiva) do potencial de
polarizagdo € muito pequena; resultado ja esperado pois nessa regido de
enefgia a se¢do de choque dos canais de reagdo é desprezivel em comparagao
com a se¢do de choque de espalhamento elastico.

ii) A contribuigdo do acoplamento para o estado 3, do nicleo *O (o

qual tem grande amplitude de acoplamento) corresponde a aproximadamente
50% de toda (considerando todos os acoplamentos) a intensidade da parte real
do potencial de ﬁolarizagéo.

ii1) Para qualquer distancia de interagdo na regido superficial (ndo
somente em R=10 fim considerado na figura IV.21), a intensidade da parte
real do potencial de polarizagéo (com todos os acoplamentos) € uma fragédo
aproximadamente constante da correspondente intensidade do potencial
Double-Folding. Isto significa que a parte real do potencial otico (nuclear +
polarizagio) tem a mesma forma do potencial Folding (associado ao potencial
nuclear). Esse resultado reforca a confiabilidade das difusividades obtidas com
0 nosso método para determina¢do do potencial nuclear.

iv) Finalmente, essa fracéo (V

oo | Vi) € aproximadamente 17%.
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Figura IV.20 — O conjunto de canais de reagdo considerado por Keeley et al.
[Ke96] nos calculos de canais acoplados.
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Figura IV.21 — Contribuigdes para o potencial de polarizagdo médio na
distancia de interacdo R =10 fin, obtidas nos calculos de canais acoplados
realizados por Keeley et al. [Ke96]. Asteriscos representam somente
acoplamentos inelasticos para os estados excitados do niquel. Cruzes: apenas
acoplamento para o estado excitado 3] do niicleo '®O. Circulos vazios: todos
os acoplamentos ineldsticos. Circulos cheios: todos os inelasticos mais o0s
canais de transferéncia de um unico nucleon. Quadrados: o conjunto completo
de acoplamentos (incluindo transferéncia de particulas alpha). As linhas cheias
representam previsdes para a parte real (V,,), obtidas utilizando a relagdo de
dispersdo e assumindo para a parte imaginaria (#,,) a forma indicada pelas
linhas tracejadas.
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Em principio, a inclusdo no calculo de ainda mais canais de reagdo
poderia aumentar a intensidade do potencial de polarizagio. Entretanto, o ja
bastante completo calculo de canais acoplados de Keeley et al., que acabamos
de discutir, fornece previsdes para a se¢do de choque de fusdo que
superestimam dados experimentais obtidos recentemente (figura IV.22)
[Ke98]. A inclusdo de mais canais de reagdo certamente tornaria piores essas
previsdes. Assim sendo, acreditamos que nas analises de Keeley et al,
possivelmente as amplitudes dos acoplamentos foram supcrestimadas, ¢ a
intensidade do potencial de polarizacdo € ainda menor do que 17% da
intensidade do potencial Folding. Portanto, para os sistemas '°O + Ni, a
polarizagdo deve contribuir com menos da metade da j4 comentada
discrepancia de 40% que obtivemos entre as intensidades dos potenciais

Folding e “experimental”.

103 (a) mo . SBN. B b 150 62, . I
! o (b) "O + N| -
&
10% J{ ,-/f
oy - bare /
E10'¢ — - +inelastics {
C — full /
10%¢ 1 /
107 ; f——t ; . l: , L

30 35 40 45 30 35 40 45
Ecy (MeV) Eey (MeV)

Figura 1V.22 — Fun¢Ges de excitagdo para seg¢des de choque de fusfo. As
linhas cheias (todos os acoplamentos), tracejadas (apenas os inelésticos) e
pontilhadas (nenhum acoplamento) sdo previsdes do calculo de canais
acoplados de Keeley et al. [Ke96, Ke98].
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Nos também realizamos calculos de canais acoplados para o sistema

'*0 +2°Zr em que, além do estado 2 do *°Zr, foram incluidos os estados 3;

dos micleos '°O e *°Zr. Para a parte real do potencial Gtico nés adotamos o
potencial “experimental” de canais acoplados. A figura IV.23 mostra as
previsdes para secdo de choque de espalhamento eldstico na energia

E. . =48 MeV , considerando: nenhum acoplamento (linha cheia); apenas o

LAB
estado’'2; (também linha cheia porque a diferenga € desprezivel); estados 2 e
37 do *Zr (linha tracejada); estados 2 do %Zr e 37 do '°O (linha pontilhada).
Os acoplamentos n3o afetam muito a se¢do de choque de espalhamento
elastico. Para reajustar os dados considerando o acoplamento para o estado 3;
do '°0, é necessario reduzir a intensidade do potencial “experimental” por
aproximadamente 7%, sem modificar a difusividade. Esses resultados sdo
muito semelhantes aos obtidos para os sistemas '°O + Ni. Portanto, também
para os sistemas '°0 + ¥8r, ****Zr, **Mo né6s consideramos que o potencial de
polarizagdo estd longe de explicar a diferenga entre as intensidades dos

potenciais Folding e “experimental”.

1.05 T ] T

Ty
®0+%Zr-E =48 MeV

| L L L L L

§ 085 — —— no coupling
-Qf.',' 0.8 —QOZI' 2*
° 075 |77 0Zr 2t N
N QDZI' 2%, 160 3

40 | 60 &0 100 120 140 160 180

B (degree)
Figura IV.23 — Comparagfo entre dados experimentais de espalhamento -
elastico e calculos de canais acoplados, considerando diferentes acoplamentos
como indicado.
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IV.6 — O Método como Teste para as Densidades Nucleares

Como discutido nas segdes anteriores, os potenciais de canais acoplados
extraidos das analises de dados em energias subcoulombianas sdo em torno de
40% mais intensos do que previsdes tedricas do tipo Double-Folding, e o
potencial de polarizagdo proveniente de acoplamentos para canais de reagado
ndo incluidos nos célculos & responsavel por menos da metade dessa
discrepancia. Nos investigamos se essa diferenca estd relacionada com os
modelos adotados para descrever as densidades nucleares. Como a diferenca é
muito aproximadamente independente do nicleo alvo, estudamos a densidade
do projétil., Analisamos qual regido da densidade do '®0  contribui
significativamente para o potencial nuclear na regido superficial de distincias
de intérac;éio. Para isso, tomamos 0 *°Zr como nucleo alvo e incluimos uma
perturbagdo de forma gaussiana na densidade do 10, conforme a expressao
IV.8. Caracterizamos a regido de sensibilidade para a densidade variando o

centrdide da perturbagdo (R,) e calculando a diferenga percentual,

v, 7, , L .
100 x XTUIOADA  SEM PERTURPAGRO. ' na intensidade do potencial Folding para a

SEM PERTURE.JACRO
distdncia de interacdo R=11fin (regifo superficial). Os resultados estdo

apresentados na figura IV.24. A regido de sensibilidade da densidade em
baixas energias (RSBE) estd ao redor de 4 fin, um valor aproximadamente
1.3 fin maior que o raio médio quadratico (RMQ) da distribuig&o de carga do
"160 [DJ74]. Nossas andlises tém mostrado que um acréscimo de 30% na
densidade do 'O nessa regido superficial (grosseiramente 3<r<5 fin),
poderia explicar a previamente discutida discrepéncia entre potenciais tedricos

e experimentais. E importante ressaltar que diferentes modelos fornecem
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valores de densidade semelhantes na regido proxima ao RQM e bastante

diferentes na regiéo superficial (RSBE) (figura I'V.25).

pPERTURBADA (f') = pSEM PERTURBACAQ (?’) l:l + O 1 € [ » ] :l (IVS)

r (fm)

9 1 2 3 4 5 8 7 8

Q0.2

(a)
RSBE }

L

N () |

915

p (im™)

Q1

005 |-

100" AVIV

Q

o1 2 3 4+ 5 8 7 8
R, (fm)

Figura IV.24 — a) A densidade nio perturbada do nticleo '®O. Esta indicada a
regio de sensibilidade de baixas energias (RSBE). b) A diferenga percentual

v, -V 2
PERTURBADA SEM PERTURBACAQ
100 x ¢

na intensidade do potencial Folding em .
SEM PERTURBACAQ

R =11 fin para o sistema '°0 + *°Zr.

~— Eq.(2)
. -m= - Shell Model
e 1 e Haree-Fock

r{fm}

Figura IV.25 — Previsdes para a densidade do nficleo '°0 considerando: a
forma da distribuigdo de carga da equagao IV.2, calculos Shell-Model da
referéncia Fa85 e cdlculos Hartree-Fock da referéncia Ne70. Estdo indicados
o raio quadratico médio (RQM) e a regifio de sensibilidade de baixas energias
(RSBE).
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No capitulo III foi discutida a importancia da ndo-localidade de Pauli na
analise de dados de espalhamento eléstico em energias intermediarias. Esse
tipo de medidas foi realizado para o sistema '°O + *°Zr na energia

E, ., =1503 MeV [Ro88]. Nesse caso, as se¢des de choque s@o sensiveis &
uma regido de distdncias de intera¢do do potencial ao redor de R=~8 fin

[Ro88] e nossas andlises tém mostrado que a correspondente regido de
sensibilidade para a densidade estd proxima do raio quadratico médio. A
figura IV.26 mostra os dados experimentais comparados com previsdes para
secdo de choque obtidas utilizando: o potencial Double-Folding (linha
tracejada) e o potencial NLM3Y (linha cheia). Somente os pardmetros do
potencial imaginario (Woods-Saxon) foram considerados livres para o ajuste
dos dados experimentais. Tais previsGes s@o muito similares considerando
qualquer modelo da figura [V.25 para a densidade do nucleo '®O (pois a segdo
de choque € sensivel a regido préoxima do RQM). O potencial local-
'equivalente NLM3Y fornece boa previsdo dos dados experimentais. Esse
resultado precisa ser compérado com a requerida normalizagdo de 40% no
potencial Folding (equivalente ao NLM3Y em baixas energias) necessaria
para ajustar os dados experimentais na regido subcoulombiana. Novamente
enfatizamos que as regides de densidade testadas em altas e baixas energias
sdo muito diferentes. E ainda, diferentes modelos fomecem previsdes de
densidade semelhantes proximo ao RQM e diferentes na regido superficial
(RSBE). Portanto, nosso método experimental para a determinagdo do
potencial nuclear através da analise de dados em energias subcoulombianas é
uma poderosa ferramenta para testar diferentes modelos de densidade que

fornecem ajustes de dados de alta energia semelhantes.

o



62

wWE T T T T T T
- 16 a0
- O+ "Zr
1
: ELAB = 1503 MeV
o
5 -
T 01
e E —— = - FOLDING
i LOCAL EQUIVALENT
0.01 E
F \\ /
0001 1 L 1 ' } I _}
0 1 2 3 - 4 5 6

®, (DEGREE)

Figura IV.26 — Ajustes de modelo 6tico de dados de espalhamento
elastico utilizando: o potencial NLM3Y (linha cheia) € o potencial Double
Folding (linha tracejada).
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V - CONCLUSAO

[
¥

'Neste trabalho, apresentamos um modelo tedrico e um método
experimental para a determinagdo do potencial nuclear em sistemas de ions
pesados. A intera¢do foi construida considerando os efeitos da ndo-localidade
de Pauli, advinda do carater de identidade dos nilcleons que constituem a
materia nuclear. Esse modelo tedrico € capaz de reproduzir, com boa preciséo,
dados experimentaisl de espalhamento elastico e inelastico de vérios sistemas e
em uma vasta regido de energia. O potencial ndo-local que propomos é
independente da energia, ¢ uma generalizacdo do ja conhecido potencial
Double-Folding. Apresentamos, também, uma aproximag¢ao para o potencial
local-equivalente ao potencial nao-local, denominada NLM3Y, a qual ¢
independente do momento angular, mas dependente da energia. Em energias
em torno da barreira coulombiana, o potencial NLM3Y ¢ muito semelhante ao
Double-Folding. |

O método experimental para a determinagdo do potencial nuclear é
baseado na analise de dados experimentais de espalhamento eldstico em
energias subcoulombianas. Nessa regido de energia, o potencial pode ser
extraido sem aribigiiidade para distancias de interagdo superficiais, devido a
duas caracteristicas:;

1) como os canais de reagdo t€m secdo de choque desprezivel, o
potencial 6tico ndo deve apresentar absorcdo na regido de distdncias de
interagdo superficial e isto permite fixar os pardmetros da correspondente
parte imaginaria; _

i1) o raio de sensibilidade apresenta grande dependéncia com a energia,

0 que permite “mapear” a parte real do potencial o6tico.
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Esse método foi aplicado aos sistemas '°0 + 5806264\ 88gy 90527, 920 1
Os potenciais determinados experimentalmente apresentam a mesma forma
dos respcctivos potenciais Double-Folding. As difusividades extraidas das
andlises de dados s3o quase independentes do sistema e valem,
aproximadamente, 0,6 fm. O potencial Folding também reproduz as
dependéncias isotdpica e isoténica dos potenciais obtidos experimentalmente.
Entretanto, a intensidade dos potenciais “experimentais”  sdo
aproximadamente 40% maiores que as correspondentes intensidades dos
potenciais Folding. Mostramos que o potencial de polarizacao dos canais de
reagdo € responsavel por menos da metade dessa discrepancia. Nossas andlises
indicam que o restante da diferenca deve estar ligada ao modelo adotado para
a densidade do niicleo projétil, '°0. Os dados de baixa energia sdo sensiveis &
regido superficial das densidades nucleares, enquanto os de alta energia a
regido proéxima ao raio quadratico médio. Assim, o método para a
determinacdo do potencial nuclear em energias subcoulombianas pode ser
utilizado para testar diferentes modelos de densidade que produzem

semelhantes ajustes de dados experimentais de alta energia.
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Abstract

Precise elastic and inelastic differential cross sections have been
measured for the 16Q 4 835, 90927, 92Mo systems at sub-barrier en-
ergies. [rom a coupled channel data analysis, the correspending “ex-
perimental” 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.

NUCLEAR REACTIONS: 83;(160,180)%85y, 90:927,(160 160)
909271 2Mo(160,'90)*2Mo, measured elastic and inelastic (2t) cross
sections at 43 < Erag €49 MeV. Deduced optical potentials. Shell
model and double-folding calculations.



I. Introduction

In this work, we present precise elastic and inelastic (2]) differential
cross sections for the 60 + 8851 999271 2Mo systems at sub-barrier ener-
gies, 43 < Erap £ 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 80 + 38:60828INj systems [1, 2].
As discussed in these previous works, it was possible to study the isotopic
dependence of the ion-ton potential for the proton closed shell nuclei (Z=28).
because the coupled channel data analyses at sub-barrier energies 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 neu-
tron closed shell targets (N=50) #Sr, ®°Zr 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 densities in the surface region
(p ~ 0.01 fm=3). The consistency of these studies has been tested, for the
10 + 99%Zr system, through the comparison of the sub-barrier elastic data
analysis with that at much higher energy (£rap = 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.

Tlie paper is organized as follows: section 2 gives the experimental details
and results. The CC data analysis is presented in section 3. In section +.
we study the influence on the potentials due to the increasing number of
protons in the %0 + 3Sr 97r 92Mo systems, and also the influence of the
two extra neutrons in the °0O + %2Zr 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.



I1. Experimental Details and Results

The measurements were made using the 0 beam from the Sio Paulo
SUD Pelletron Accelerator. The detecting system has been already described
in ref. [1]; it consisted of a set of nine surface barrier detectors spaced 3°
apart. The thickness of the carbon (10 ug/cm?) backed 38Sr, 97Zr,%27Zr,2Mo
targets were about 40 pg/cm?, with a layer of gold (50 ug/cm?) for the
purpose of data normalization. We have estimated the Coulomb barrier for
the 80 + 383y, 90927y 92Mo systems as VA°® ~ 51, 53, 53 and 55 MeV.
respectively. Data were taken in the bombarding energy range 43 < Ep.p <
49 Mel/. which corresponds to 5 to § MelV below the Coulomb barrier for
these systems. Due to the high precision required for the experimental data.
the following procedures were taken into account in the data aquisition and
reduction: i) the use of two monitor detectors (fpap = £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 (21) 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.

Figs. 2 to 7 exhibit the elastic and inelastic (target - 27} differential cross
sections for the 180 + 385y 29927y 92)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 1t was
not possible to obtain inelastic cross sections for the 0 + 38Sr 92Zr 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 2} state.
The integrated inelastic cross sections vary between 3 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.

III. 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 10 4 ?8:606264Nj 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. 7, 3]. 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 = r. = 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 barrier penetration. No sensitivity in the CC cross section
predictions has been detected related to strength variations of this absorptive
potential. The depth. V4, and the diffuseness. «. of the real nuclear potential
were searched for the best data fits. In a similar way as reported for the
16() 4 58.60.6284N; gystems [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 *0 + *°Zr
system at the energies of 46 and 48 MeV. These potentials cross (see Fig. S)
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 Rg as the sensitivity radius.

We have used the energy dependence of Rs (see Fig. 9} to characterize the
shape of the real nuclear potential in the surface region. Tlie uncertainties
of the nuclear potential strengths at the sensitivity radius were obtained
as already discussed in Refs. [1, 2]. 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 *0 + 3351,%0927; %2Mo systems.
Within the uncertainties, the diffuseness parameters are compatible with
the average value @ = 0.64 £ 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 « = 0.64 fm for the *0 + 851,20927r *2lo
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.



IV. 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 densities. In such analyses, we have used the well known
nucleon-nucleon M3Y interaction in its standard form [10].

e—4r 6—2.51-

—~ 2134

4r 2.51

vo(7) = {7999 + 262 §(F) MeV (1)

[n our calculations, the ground-state density of the '®0 nucleus was de-
rived from electron scattering experimental results [9], with the assumption
that the neutron (pn) and proton (p,) densities have the same shape as the
charge density (p.). The total nuclear density 1s expressed by:

ol

7\ ? 2
p(r) = pul(r) + pp(r) = po [1 +(5) ] e (5 )

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

f T dnp(r)rtdr = N + 2 = A, (3)
(8]

For the target nuclei we have used densities from shell model calculations.
assuming, for the 885r,%Zr and ®2Mo nuclei, the N = 50 neutron closed shell
and the (2ps/2, 1fz/2, 2p1y2, 199/2)3"28 proton orbital configuration. For the
92Zr nucleus, we have considered the (1f7/2, 1fs/2, 2pas2)'® (2p1/2, 1gos2)?
proton and the (1g9/2)'® (1g7/2, 2dssa, 2d3/2, 3s172)* neutron orbital config-
urations. The shell model calculations predict level schemes for these nuclet
which are in reasonable agreement with those derived from experiments up
to excitation energies of about 3 MeV {see Fig. 10).

IYig. 11 presents the proton (dashed lines) and neutron (solid lines) den-
sities for the 5r,%92Zr and *Mo nuclei. For these nuclei, the number of
protons is significantly smaller than the number of neutrons, thus the pro-
ton densities are somewhat more internal as compared to the corresponding



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

VolR) = [ oo (0ol [ = i + 7)) po(72) i di, (4)

(a8 §
—

R =13 +73]) pals3) dr di, (

VaB) = [ oo (ool

VelR) = Y% (B) + Va(B) = [ po (i)l

B — 7 413)) pr(r3) & 43, (6)

where p, is the total O density; pp, pn and pr are the proton, neutron and
total target densities, respectively: and 14, V, and Vr are the correspond-
ing proton, neutron and total folding potentials. These folding potentials
are shown in Iig. 12. As expected. due to the neutron and proton den-
sity features (see I'ig. 11), the neutron potential contribution in the surface
interaction region is significantly more important in comparison to the cor-
responding proton one.

Since the neutron densities for the (N = 50 closed shell) 38Sr, ®°Zr and
92Mo nuclei are quite similar in the surface density region (see Fig. 13).
the corresponding *0 + #85r %071 %Mo systems present, as expected. sim-
ilar double-folding potentials for large interaction distances (see Fig. 14
bottomn). Tle neutron density for the two extra neutron 9?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 value is of the same order
of magnitude of the potential diffuseness {¢ ~ 0.6 fm), the double-folding
theoretical calculations predict for the °0 4+ *?Zr system a bare potential
which is about 20% greater in the surface region as compared to those for
the %0 4+ %85r,°°Zr,”?Mo systems (see Fig. 14). We point out that the
160 + 92Zr,**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 (I'ig. 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 depen-
dence of the nuclear potential for the 160 4 860628iNj systems. 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 00 + °36%6284Nj systems. Possible sources of such
discrepancy will be discussed in the next sections.

Table 1 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
18Q 4 58:60.6284Nj systems, 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.

|y o

" |dV/dR

V. Contributions to the Polarization Potential

As discussed in the previous section, a difference of about 40% between
the folding potential strengths in the surface interaction region and the cor-
responding “experimental” values from CC data analysis was found for the
160 + 88Gr 90927 92Mo systems (present worlk), and also for the 160 4 58:62:62.64N]
systems (Refs. [1, 2]). We have performed the following studies in ordef 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 dlﬁ"elent models assumed for the nuclear matter densities. -

Referring back to the 0 + Ni studies, an extensive and rather com-



plete coupled channel calculation, that included both inelastic excitation and
transfer processes, was performed by Keeley et al. [11] for the 160 + 3862Ni
_systems. and an “average” polarization potential was extracted through the
solution of the coupled equations. Table 2 contains some results extracted
from that work for the *0 4+ ®8Ni system at Foar = 28 MeV, since this
energy is in the eneigy range in which we have extracted the “experimental”
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 full polarization
potential (which corresponds to all coupled channels); ii} the polarization
potential cue to this 37 state is about 8% of the folding potential indepen-
dent of the interaction distance considered. These results indicate that the
polarization potential should not change significantly the shape (diffuseness)
of the total (folding 4+ polarization) potential in comparison to the folding .
potential. Another important point is that the strength of the full polariza-
tion 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 '°0 3] state. Nevertheless, re-
cent comparison [12] between the predicted fusion cross sections of this full
CC' analysis and precise fusion data for the 'O + 3892Ni 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 predic-
tions. 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 0 + %9Zr
system including the *0 37 and %°Zr 37 states, besides that for the °°Zr 2}
state. For the nuclear potential, we have adopted the “experimental” C('
potential according to Table 1. Fig. 15 shows the predicted elastic cross
sections for Eryp = 48 Mel/, considering: no couplings (solid line), only the
QOZL‘ 2F coupling (also solid line because the difference is negligible), both
couplings °Zr 2§ + %Zr 3; states (dashed line} and %°Zr 27 + '60 37 states
(dotted line). The couplings do not have much effect on the elastic scattering
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cross sections. In order to fit the data considering the coupling for the '¢0 37
state, it is necessary to reduce the “experimental” potential strength by about
7% and the diffuseness parameter persists changeless. These results are very
similar to those found for the 0 + Ni systems. Therefore, we consider that
also for the systems studied in the present work, 80 + 885r 90927 92Mo, the
polarization potentidl is far from being capable of accounting for the detected
difference between the folding and the “experimental” potential strengths.

VI. 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 theo-
retical double-folding predictions for the 60 4 38.60.62.84Nj 838G, 90.927, 92\ [0
systems. and the polarization potential that arises from couplings to reac-
tion 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 '°0 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 nu-
cleus and we have included a spline with gaussian shape, according to Eq.
(8), on the nuclear density of the *Q nucleus. We have characterized the
sensitivity region of the density by varying the position of the perturba-
tion (£,), and calculating the percentage difference (100 x 5 AV ) in the

unperturbed

strength of the folding potential at the interaction distance B = 11 fm
(AV = Vierturbed — Vunperturbed). The results of such calculations are shown
in Fig. 16. The low energy sensitivity 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 '*0 charge distribution [9]. Double-folding calculations
show that an increase of about 30% in the 0 density in this surface region
(roughly 3 < r <5 fm) could explain the theoretical-experimental potential
strength discrepancy previously discussed. We point out that nuclear density
calculations for the '¥0 nucleus based on different models give similar density
values in the region near the RMS radius, and predict quite different results
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in the surface region, which differ from each other by about 30% (see I'ig.
17). On the other hand, we have not observed such hehavior for the targets
studied in this work, as illustrated in Fig. 18.

(5=’
pPer'turb;zd("‘) = Punperturbed("") 1+0.1e ’

The low energy data analysis for the 180 + 385r,20927r %2Mo systems have
shown that the clastic 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 energies, inner distances are probed by elastic scattering cross section
data analysis. Such measurements have been performed for the 0 + *°Zr
system at Epap = 1503 MeV [15]. In this case, the elastic scattering cross
sections are sensitive to the nuclear potential in an interaction distance re-
gion around § fm [15], and our analysis indicate that the corresponding
density sensitivity region is near the RMS radius. At such high energies and
such interrdal interaction distance region, as discussed in Refs. [16, 17], the
polarization potential from reaction channel couplings (Feshbach nonlocal-
ity)'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 [16]-[18] 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 ener-
gies. The model is based on the Perey and Buck prescription [19], with the
non-local parameter range (b) given by the Jackson and Johnson theoretical
prediction [20]; b = bo”j“ (bo = 0.85 fm, pg is the nucleon mass and g is the
reduced mass of the system). In the model, the parameter free non-local real
nucleus-nucleus interaction is expressed by

B B , R+ R I - R—b”"
‘/(R. R’) = ‘-’fo{ding ( 9 ) Tr3/2b3€ ( ) , {('))

and the corresponding energy-dependent local equivalent potential is ex-
pressed approximately by



1= /1 = 49Vjotding (R)e—1E-Ve(R)

Vis(R, E) ~ -

where v = ub?/2h%

‘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, Vig(R ~ Rp, E ~ Vg) ~ Vigding(R), and the effect of the nonlocality
is negligible. Fig. 19 shows the folding potential (dashed line} and the local
equivalent potential at E;p = 1503 MeV (solid line) for the %0 + %%7Zr
svstem. In Fig. 20, the elastic cross section data [15] for the same system
and cnergy are shown. Also the corresponding optical model predictions.
either considering the folding potential (dashed line) or the local equivalent
potential (solid line), are shown in the same figure. In the data fit proce-
dure, as reported in Ref. [17], only the Woods-Saxon imaginary potential
parameters were allowed to vary. The elastic scattering cross section predic-
tions are quite similar considering any density model of Fig. 17 for the 1°0
nucleus. The parameter free local equivalent real potential provides a good
data prediction (see Fig. 20) without any normalization of the folding po-
tential 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 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 en-
ergy elastic scattering data provide a test for different density models which
give similar high energy data fits.

VII. Summary and Conclusions

In summary, we have performed coupled channel analysis of elastic and
inelastic anguldr distributions for the 0 + %8Sr,%0927; Mo systems at the
sub-barrier energies 43 < Epap < 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

10



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 60 + 58:606284Nj systems. 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 potentials 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 + ®8%2Ni systems, we have cou-
cluded that the contributions to the polarization 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 '*0Q 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
densities 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.

This work was partially supported by Financiadora de Estudos e Pro-
~ jetos (FINEP), Fundagao de Amparo a Pesquisa do Estado de Sdo Paulo
(FAPLESP), Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico
(CNPq), and Programa PICD/CAPES da Universidade Federal de Mato
Grosso.
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FIGURE CAPTIONS

Figure 1. Energy spectrum for the °0 + 92Mo system at Ey.; = 49 Mel
and Or. = 160°. The molybdenum isotopes *Mo. %Mo, %Mo, *"Mo and
%Mo are the main contaminants in the Mo target.

Figure 2. Elastic scattering angular distributions for the 1°0 + 85Sr sys-
tem at the bombarding energies Epq., = 43, 44 and 45 MeV. The solid lines
correspond to coupled channel calculations (see details in the text).

Figure 3. The same as in Fig. 2, for the '°0 4 %9Zr system at Lrq =
46. 47 and 48 MeV.

Figure 4. The same as in Fig. 2, for the *0 + %Zr system at Epq =
45, 406, 47 and 48 MeV.

Figure 5. The same as in Fig. 2, for the %0 + Y2Mo system at Ep. =
48, 48.5 and 49 Mel/.

Figure 6. The inelastic (2] target state) angular distributions for the
180 4+ 997y system at Er., = 46. 47 and 48 MeV. The solid lines in the
figure correspond to coupled channel calculations (see text for details).

Figure 7. The same as in Fig. 6, for the 10 + ?2Mo system at Erq =
48, 48.5 and 49 MeV.

[ligure 8. Determination of the nuclear real bare potential at the sensi-
tivity radius (Rg) for the 0 + 9°Zy, as obtained from CC analysis of the
experimental data (£, = 46 and 48 MeV') considering different values of
diffuseness and potential depth parameters.

Figure 9. The nuclear real bare potential as a function of the sensi-
tivity radius for the Q0 + 38Sr,29927; and Mo systems. The solid lines
in the figure represent the CC potentials with the same diffuseness value
(@ = 0.64 fm) for all the systems.

Figure 10. Energy level scheme predictions from shell model calculations
for the 335r,%0927 and 92Mo nuclei. For comparison purpose, the correspond-
ing experimental schemes were included in the figure.

Figure 11. The ground-state proton (dashed lines) and neutron (solid
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lines) densities derived from shell model calculations for the 88Sr. 9°Zr. *?Zr
and Mo nuclei.

Figure 12. Proton (dashed line), neutron (solid line), and total {dotted
line) double-folding potentials for the 0 + 88Sr %927r and %?Mo systems.
using shell model detisities for the target nuclei and charge distribution shape
density (Eq. 2) for the projectile (see text for details).

Figure 13. Comparison between ground-state proton {a) and neutron (b)
densities in the surface region. for the #Sr. *0Zr, **Zr and Mo nuclei.

Figure 14. Comparison between the bare potentials from CC data analy-
ses (top) and double-folding calculations (bottom), for the %0 4 8519927y
and °*Mo systems (see text for details).

Figure 15. Comparison between the experimental elastic scattering an-
gular distribution for the *Q + %7Zr system (Er.s = 48 MeV) and different
CC calculations which include: a) no reaction channel (solid line), b) only
the ®0Zr 2T state (also solid line), c) the 2] and 3] states of the *°Zr nucleus
(dashed line), and d) the 2} and 3] states of the ®*Zr and %O nuclet. respec-
tively (dotted line).

Figure 16. a) The charge distribution shape nuclear density for the '*O
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 m—=Y—) in the strength of the folding

Vunperturbed

potential at R = 11 fm for the %0 + %0Zr system (see text for details).

Figure 17. Different %0 nuclear density predictions considering: a) the
charge distribution shape of Eq. 2 (solid line), b) shell model calculations
from Ref. [14] (dashed line), and c) Hartree-Fock calculations from Ref. [21]
(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 po-

tential (LESR).

Figure 18. Comparison between proton and neutron densities for the *°Zr
nucleus considering shell model (this work) and Hartree-Fock (Ref. [21]) cal-
culations. In the figure are indicated the root-mean-square radius (RMS) and
the “low energy sensitivity region” in the determination of the CC potential
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(LESR).

Figure 19. The local equivalent potential (solid line) for the 60 + %Zr
system at the bombarding energy Epq.; = 1503 MeV. The dashed line rep-
resents the corresponding double-folding potential (Eq. 1}.

Figure 20. Optical model elastic scattering data fits for the 'O + %Zr
svstem at the bombarding energy Ep. = 1503 MeV, considering for the
nuclear interaction: a) the double-folding potential (dashed line), and b) the
localiequivalent potential (solid line). In the data fits only the Woods-Saxon
imaginary potential parameters were allowed to vary.
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TABLES

Table 1: The diffuseness values from CC (a) and double-folding () cal-
culations, and also the strengths of the CC (Vi) and double-folding (Vi) ™
potentials at the interaction distance R = 11 fm.

e |

3

| nucleus [ a(fm) [a(fm)] Voc (MeV) | Vigw (MeV) [ Voo /Vied |
| *Sr [0.71+0.05] 03584 [0.90+£003 | 0628 [1.43+0.05]
| %Zr ]0.63+0.03] 053 | 0.974+0.02 | 0.675 1.44 = 0.03 |
| **Zr [0.61+0.05] 0.607 | 1.20+0.04 | 0.787 1.52 £ 0.05 |
| Mo [0.63£0.06 1 0.587 [098£0.02] 0.716 1.37 £ 0.03 |

Table 2: Double-folding potential (Vy,4) and polarization potential con-
tribution corresponding to the coupling for the 50 37 state only (V3,) and:. :
also to all reaction channels included in the CC calculations [Vf“”) for thess - = vpiug
180 + 58Nj system at Ecy = 28 MeV. These values were extracted from '

Refs. {15. 2] at three different surface interaction radii.

R(fm) | V3 (MeV) [ VIT (MeV) | Vi (MeV)

10.0 0.03 0.16 0.91
105 0.03 — 0.37

11.0 0.006 — 0.064 |
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Abstract

Precise measurements of the elastic and inelastic scattering cross sections for the 'O +% Ni
system at the sub-barrier energies were made. Coupled channel analysis of the only two open
channels were performed. The behaviour of the ion-ion potential at large distances is discussed.

Keywords: NUCLEAR REACTIONS: S0 4+ Nj and '8Q +%0 Ni® (2%), measured o7(8) at Eyy, = 35.0, 35.5
and 37.0 MeV. Deduced optical potential. Coupled channel calculations.

1. Introduction

We present the recently measured elastic and inelastic cross sections for the 'O -+%Ni
system at the sub-barrier energies Epy = 35.0, 35.5 and 37.0 MeV. The differential cross
sections were measured from #cym = 40° to 175°, with a precision in the elastic data
of 1%. With this accuracy, we were able to investigate the importance of the nuclear
interaction at these low energies. We have also included in our analysis the data for
Eip = 36.0 and 38.0 MeV from Refs. [1.2]. The only reaction channel with relevant
cross section at 35 < Eyp £ 38 MeV, 4.5 to 7.5 MeV below the fusion barrier {3],
is the inelastic collision for the first $°Ni(2*,1.33 MeV) excited state. Due [0 the fact
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that only two channels are important, the coupled channel (CC) calculations by the
ECIS code [4] were very reliable. Qur main conclusions based on the coupled channel
analysis of the experimental data are: (i) the only important reaction channel within the
accuracy of the data is the 2% (1.33 MeV) target excitation; (ii) the small deviations
from the Rutherford scattering of the elastic data for fcym < 130° are explained mainly
by the long range Coulomb absorption; therefore, the nuclear interaction contribution is
restricted to the backward angles; (iii) it is possible to explain the data using a nuclear
potential which is real in the surface region and independent of the bombarding energy.
The consistency between this nuclear potential and the M3Y doubie folding potential is
discussed.

This paper is organized as follows: Section 2 gives the experimental details and
results, Section 3 describes the coupled channel analysis and Section 4 contains our
conclusions.

2. Experimental details and results

Our measurements were made using the '%0 beam from the Sao Paulo 8UD Pelletron
Accelerator. The detection system was a set of nine surface barrier detectors spaced 5°
apart. In front of each detector there was a set of three collimators to avoid slit-scattered
particles from reaching the detectors. The solid angle and the angular aperture -for each
detector and the target were 4.0 x 10~* sr and 0.6° respectively. The thickness of the
enriched (99.9%) nickel target was about 30 ug/cm? evaporated onto a carbon foil
(5 peg/ cm?). A layer of gold was evaporated onto the target for data normalization. We
used a monitor detector at &, = 30° to be sure that no target deterioration occurred
during bombardment. The energy resolution was about 200 keV that allowed a complete
separation between the elastic and the inelastic (2%, 1.33 MeV) scattering peaks. A
typical energy spectrum is shown in Fig. 1. Due to the background near the elastic
scattering peak (see Fig. 1b), a very small correction was necessary in the counts related
to the elastic and inelastic scattering processes. Figs. 2 and 3 exhibit the elastic and the
inelastic scattering cross sections for the 'O +5% Ni system at 35 < Eip < 38 MeV.
The differential cross sections for the inelastic target excitation (2%, 1.33 MeV) are
about 1% of the corresponding elastic scattering cross sections, and the integrated (27)
inelastic scattering cross sections have values between 30 and 50 mb. No evidence was
found in the energy spectra for population of other target or projectile excited states
(see Fig. 1b). We used the time of flight 1echnique [5)] for the detection of the few
nucleon transfer processes. The cross sections for these processes do not have values
anywhere near those of the 27 target excitation; for example, at the bombarding energy
of 38 MeV our measurements give a cross section of the order of 10% ub for the reaction
80Ni($50,'2C); for lower energies no evidence of a transfer process was detected.

We assumed that the fusion cross section is negligible at these energies. This conclu-
sion results from the analysis that Udagawa et al. [6] made of our previous fusion data
for the 'O +%9Ni system [3,7] in the bombarding energy range 40 < Ejp < 64 MeV. In
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Fig. 1. (a) Energy spectrum at Ejp = 37 MeV and &y, = 110°. The peaks correspond to the elastic scattering
processes for the systems as indicated. (b) Expansion of both axes of Fig. la in the region of the elastic

scattering peak for the "O+'Ni system. The arrow indicates the peak corresponding to the inelastic excitation
for the 2 (1.33 MeV) target state.

their studies in the sub and near fusion barrier region. they obtained a threshold energy
Tem = 29.3 MeV that is 4.5 MeV below the fusion barrier (1./c"3M = 33.8 MeV). From
Stelson's systematics [8] we estimated fusion cross sections of the order of 10 ub for
energies near Tep. Therefore, we can consider the inelastic collision for the first 27 target
excilation as the only reaction channe! with relevant cross section for Ejp, < 38.0 MeV.

3. Coupled channel analysis and discussion

The value r. = 1.06 fm. obtained from electron scattering experiments [9], was
assumed for the Coulomb radius in the CC analysis. The parameter 8, was obtained by
fitting the inelastic scattering data for Ey = 35.0, 35.5 and 36.0 MeV and considering
only fcy < 100°. The best fit value for 8, was 0.265 + 0.010, which is in agreement
with values obtained from other experiments [2,10]. In Figs. 2 and 3 we show the
results of the CC calculations considering only the Coulomb interaction {dotted lines)
and including both Coulomb and nuclear interaction (solid lines). We would like 10
emphasize that the nuclear interaction is only important for backward angles. 8cm 2
130°.



308 L.C. Chamon e al. / Nuclear Physics A 582 (1995} 305-313

GeLas, / Truth,

30 a0 B0 180
6,y (degree)
Fig. 2. Elastic differential angular distributions for the '80 +% Ni system at Ey,p, = 35.0. 35.5 and 37.0 MeV
(this work) and Eig, = 36.0 and 38.0 MeV (Ref. [1]). Note the change of scale for the Ejy, = 37.0 and

38.0 MeV data. The curves corespond 10 the coupled channel calculations considering only the Coulomb
interaction (dotted curves) and Coulomb plus the nuclear interaction (solid curves).

Similarly to Tamura in the CC analysis of the proton plus nickel systems [11], we
assumed ®Ni spherically symmetric but susceptible to vibration around the spherical
shape. The one phonon 27 (1.33 MeV) was considered by us in the CC calculations.
We used a matching radius of 30 fm, 5C partial waves in the integration of the coupled
equations, Coulomb corrections [ 12] up to 250 partial waves and integration stepsize of
0.05 fm. With these settings we observed no problem of numerical convergence in the
CC computation. As it is commonly used in CC calculations [13], we also considered
an imaginary potential of the Woods—Saxon shape, with depth Wy = 30 MeV, diffuseness
a = 0.2 fm and radius parameter r; = 0.8 fm. In the surface region this potential is very
small (W(r) < 1077 MeV for r > 9 fm) and represents a small internal absorption
of the system. It is important to mention that the results of the calculations are rather
insensitive to the variations of Wp.

The real potential had a Woods—Saxon shape with a fixed radius equal to the Coulomb
radius of 1.06 fm. The depth V;, the diffuseness & and the nuclear phonon ampiitude
Bn were searched for the best fit. For each energy we found a family of potentials that
gave equivalent fits to the data; the y? values for these fits are shown in Table 1. In
Fig. 4a several of these potentials are exhibited and we observe that for each energy they
cross at a well-defined radius, usually referred to as the strong absorption radius, where
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Fig. 3. The same as in Fig. 2 but for the inelastic scantening cross sections, The vertical scale represents the
cross sections in millibarns. The data of 36.0 and 38.0 MeV are from Ref. [2].

the value of the potential has the least ambiguity. Contrary to what happens at higher
energies [ 14], this “strong absorption radius™ is very sensitive to the bombarding energy.
In Fig. 4b we plotted these potential values for the five energies under consideration
with the error bars estimated from the variation of y? by unity. Fig. 5 illustrates how the
fits, indicated by dashed lines, deviate from the elastic data ( Ejy, = 36 MeV ) for such
a change in x2. It is important to mention that the results for estimation of the error bar
for the strength of the potential are rather insensitive to the diffuseness parameter a.
The solid line in Fig. 4b exhibits a fit 1o the potential values at the strong absorption
radius which shows that the resulting real nuclear potential has a simple exponential
shape in the surface region. The best fit diffuseness for this potential was found to be

Table 1
Values of ¥* obtained for the elastic and inelastic angular distributions in the bombarding energy range
350 € Ep € 38.0 MeV. Mg and Ny are the number of elastic and inelastic scattering data poinis

-

Enp (MeV) N My X

35.0 31 29 735
355 26 25 553
36.0 14 10 97
37.0 27 27 944

38.0 14 il 76
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Fig. 4. (a) The nuciear real potential in the surface region as obtained by the coupled channel analysis for
several values of the diffuseness and depth parameters. (b) Comparison among different poteniials. The sofid
points represent the nuclear potential at the strong absorption radius as obtained from our CC analysis. The
solid curve is an exponential potential with diffuseness of 0.58 fm. The dashed line is the M3Y double folding

potental with unit normalization.

a = 0.58 £ 0.04 fm. One should mention that, using a non-energy dependent nuciear
potential in the CC calculations, it was also possible to fit simultaneously all the elastic
and inelastic scattering data in the energy range 35 € Eip € 38 MeV, with a reduced
chi-square yZ, = 1.19. As an important result from these calculations a nuclear potential
was obtained also with a best fit diffuseness value a = 0.58 fm. The solid lines in Figs. 2
and 3 represent the results of the CC calculations using this energy independent potential.
For the corresponding N parameter we obtained the value 0.26 + 0.03 that is equal,
within the uncertainties, to that found for 8. =0.265 % 0.010.

We realized other CC calculations to investigate the contribution to the elastic and
inelastic (27 ) scattering cross sections of couplings associated to other reaction channels

PYREEEN



L.C. Chamon et al./Nuclear Physics A 582 (1995) 305-313 3t

1,05 —_— T T
L -1
1 T I 1
| I . | f ‘ I 1
o R
D 095 N
IS NEL
09l Else 36 MeV ~17
F 3
0.85 —_ 1 o l .
30 80 130 180
8,, (DEGREE

Fig. 5. Elastic scantering angular distribution at Ejy, = 36.0 MeV. The solid curve corresponds to the best fit
using coupled channei caleulations with y2 = 9.7. The dashed curves correspond to fits considering the y?
increasing by unity.

which, due io their very small cross section values, have been not detected in our
experiments. For inelastic channel couplings we considered the contribution of the lowest
excitation energy two phonons states of Ni, 27 (2.16 MeV), OF (2.28 MeV) and 45
(2.51 MeV); and also the 3~ (6.13 MeV) state of '®0 due to its large phonon amplitude
[15]. The calculations showed that, in the energy range considered (4.5 to 7.5 MeV
below the fusion barrier}, the contributions of those couplings to the elastic and inelastic
(27) cross sections are small compared with the data accuracy. We also evaluated the
contribution of the 3~ state for energies just 1 to 2 MeV below to the fusion barrier.
The results show much larger effects in the elastic cross sections compared to the lower
energy cases, and the calculations predict an important contribution of this coupling
to the fusion cross section, defined as the loss of flux in the CC space. A similar
result was reported [15) for the system 'O 4+ Pb at E;,, = 80 MeV, a bombarding
energy around | MeV below the corresponding fusion barrier. We also estimated the
contribution of couplings associated to the one neutron, one proton and alpha stripping
transfer processes. Since we used the code ECIS in the zero range approximation, as
reported early [16] the calculations serve only as an indication of the importance of
these couplings. Even in this case the calculations show small effects in the elastic
cross sections compared to the uncertainties of the experimental data. I is important to
mention that. 1o simulate peripherical absorption, we did other CC calculations including
a surface imaginary potential, centered at 10 fm, with a strength which corresponds
to a cross section of | mb at Ejp, = 38 MeV. These calculations showed negligible
contributions 10 the elastic and inelastic scattering cross sections. We remark that, due
to the increase of the number of couplings, to avoid convergence problems we used an
integration stepsize equal 1o 0.02 fm, 20 10 50 partial waves in the integration of the
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coupled equations and we kept Coulomb corrections up to 250 partial waves.

Also exhibited in Fig. 4b is the double folding potential (dashed line) with the
M3Y effective nucleon-nucleon interaction with unit normalization [17]. As reported
by Satchler and Love [17], for the '®O +% Ni system the tail of the folded potential
may be represented by:

V(r) = s"exp(—s/8) , (1)

where s=r— R, R=6.8fm, n= 1 and 8~ 0.534 fm.
A measure of the slope of the potential in the surface region is given by the logarithmic
derivative,

a=-=V(ry/(dVir)/dr). (2)

In the range 9.5 € r € 11.5 fm, for the folded potential « assumes values in the
interval 0.60 € ey < 0.67 fm. For the exponential potential obtained from the CC
analysis we got ae,, = a = 0.582+0.04 fm, which, considering the uncertainty, is close
to the values defined for agq. In this sense, the shapes of the double folding and the
exponential potential are quite similar in the surface region. Nevertheless, the strength
of the exponential potential is about 40% greater than that for the folded potential with
unit normalization.

It is interesting 10 compare the results obtained from the CC analysis with those
obtained by Fulton et al. {14} from conventional optical model (OM) analysis of the
elastic data for the '®0 +% Ni system in the energy range 36.0 < Eygp < 141.7 MeV.
The OM analysis was realized using the double folding potential as the real part of
the optical potential and large double folding potential renormalizations in the barvier
region was reported. There are Ilwo important features about the comparison between
the OM and the CC analysis. (i) In both analyses, for energies Ei, < 38.0 MeV the
resulting strengths of the potendals in the surface region are about 40% greater than
those for the folded potential with unit normalization (see Fig. 4b). (ii) In the energy
range 35 € Epp < 38 MeV, there is a potential, that is real and has a simple exponential
shape in the surface region, which is a solution of the CC calculations for the elastic
and inelastic data.

4. Conclusions

In summary, the experimental study of the '%0 4% Ni system at bombarding energies
4.5-7.5 MeV below the fusion barrier, is reduced to only one reaction channel (27
excitation} and the elastic process. In this situation, it was possible 1o do a reliable CC
analysis of the data. In this paper we demonstrated the importance of the long range
Coulomb absorption. The data are explained by using, besides the Coulomb absorption.
a real nuclear potential, without energy dependence, with an exponential shape in the
surface region which has a slope close to the M3Y doubie folding potential.

C R maaes e n e
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Abstract

Precise measurements of the clastic and inclastic scatering cross sections for the systems
PO+ NG at the sub-barrier energics were made. Coupled-channel analysis were performed.
The isotopic dependence of the resuliing ion-ion poientials is compared wilth theoretical calcu-
lations using the double-folding method with the M3Y as the nucleon-nucleon interaction and
shell-model densiiies.
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1. Introduction

In a recent paper { 1], we presented the precise measurements and the coupled-channel
(CC) analysis of the elastic and inclustic scautering eross sections, in the encrgy range
35 € Epap € 38 MeV. for the '®O+°%Ni system. In this low-energy region, due to
the small number of relevant channels (0], 27 ), the coupled-channel calculations by
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the ECIS code (2] are very reliable and it is possible to explain the daa using an
energy-independent nuclear potential, which is real and has an exponential shape in
the surface region (9.5 < R < 11.5 fm). In this paper. as an extension of that work,
we present the experimental investigation of the isotopic dependence of the ion-ion
potential for the systems '50+%940624N; by measuring the clustic and inelastic (2;)
scallering cross sections at sub-barrier encrgies (34 € Eyap € 37 McV). The main
features of the data [ 1] are the following: (i) the smalt deviations from the Rutherford
scattering of the elastic data at forward angles (fcn € 130°) are due to the long-
range Coulomb absorption. the nuclear contribution is restricted to the backward angies;
(i) the 2{ target excitation is the only reaction channel with relevant cross section
at those energies. In these conditions. it was possible to fit the experimental data with
reasonable Coulomb and nuclear phonon amplitudes and to determine, with 3% accuracy,
the slopes and the strengths of the CC ion-ion potentials in the surface region. We have
also investigated the consistence between the obtained nuclear CC potentials and those
from the M3Y double-folding calculations using (f-p) shell-model nuclear densities.
This paper is organized as follows: Scction 2 gives the experimental details and resuits:
in Scction 3 is deseribed the CC analysis of the cxperimental data: in Section 4 we
discuss the isotopic dependencte of the resulting CC potentials and the comparison with
thc M3Y double-folding calculations: Scction 5 contains a brief summary and our main
conclusions.

2, Experimental details and results

Our measurements were made using the '*O beam from the Sio Pauio 8UD Pelletron
accclerator. The detecting system was the same as described in Ref. [1] and consisted of
a set of nine surface barrier detectors spaced 5° apart. The thickness of the nickel targets
was about 30 zg/cm?, with a thin layer of gold with the aim of data normalization. The
626N targets were about 99.9, 99.9. 98.4 and 96.7% enriched. respectively. The
typical energy spectra at backward angies are shown in Fig. 1. Due to the high precision
required for the experimental data [ 1], the following cares were taken into account in
the data acquisition and reduction:

(i) The use of a monitor detector (& as = 30°) to be sure that no target deterioration
ovcurred during the bomhardment.

(ii} High-energy resolution (a) 10 allow a complete separation between the elastic and
inclastic (2) peaks (sce Fig. 1a) and (b) to separate the elastic and inelastic
peaks from the other clastic peaks asseciated with the contaminants in the targels.
This is illustrated in Fig. Ib for the '®0+5%Ni sysitem where the main contami-
nants in the 52Ni target are the nickel isotopes 3608INi. At hackward scattering
angles it was possible 1o separate the elastic peaks of the contaminants from those
associated with the elastic and inelastic scauering of the '®0+%Ni system. With
this information it was possibie 1o eliminate the effect of the contaminants in the
measured cross sections at forward angles.
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Fig. 1. Energy spectra for: (a) ELap = 35 MeV and #pap = 165° for a highly enriched (99.9%) *Ni argel
and 1b).E s = 34 MeV and Hiag = 160° for o 98.4% enriched *2Ni target. The M&INj are the niain
contaminants in the ®Ni target.

(iii) Small corrections in the counting rate related to the elastic and inelastic scattering
processes due to the small background near the elastic and inclastic peaks {see
Fig. 1.

Figs. 2-5 exhibit the elastic and inelastic (2]) cross sections for the systems 60
3 U628Nj The integrated inclastic cross scclions vary berween 20 and 50 mh. No
evidence was found in the energy spectra for population of other excited states of the
Largel or projeciile with cross sections anywhere near those for the 2] state. We used the
time of flight technique {3] to evaluate the importance of the few nucleon transler und
the fusion processes at these low bombarding cnergics for the '*0+"8-4Ni sysiems. The
results indicate very smalbl cross sections for the nucleon transier processes compared
to the 2, excilation. as already has heen reporied for the 'S0O+Ni system [ I]. The
analysis of the measured [4-7] lusion cross scctions for the systems 00+ 3-6064Nj
(39 € Ejag € 64 MeV). using the same method described by Udagawa et al. |8].
results 1 values of Tey = 29 MeV for the tusion threshold energies. These threshold
energies are 4.0 10 4.5 MeV below the corresponding fusion barriers (Vg = 33.5 MeV).
From Stelson’s systematic {9]. the fusion cross section at energies below the threshold
energy is of order of 0.1 mb. With all these results we can consider, at bombarding
energies Ejap € 38 MeV. that the 27 wrget excilation is the reaction channel with
dominant cross sections, which are one or 1w orders of magnitude larger compared o
those associated te other reaction channels.
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Fig. 2. (a) Elastic and (b) inelasiic angular disiributions for the '*O+%Nj system at £Lap = 35.0, 355,
36.0. 36.5 and 37.0 MeV (this work) and E_ap = 38.0 MeV (from Ref, [28]). The curves comrespond fo
coupled-channel caiculations considering only the Coulomb (dashed lines} and the Coulomb plus the nuclear
mnteractions (solid lines).

Table 1
The Covlomb (8.} and nuelear (84) phonon amplitudes and the corresponding deformation lengths (6. and
Sn) for the 225N quelei, as ebrained trom the CC analysis of the experimental data. In the table are

shown the corresponding 8(E2} | values in ¢ fm’ units

Nuclcus B B(E2) & (fm) Bn da (M}

N 0.233 £ 0.006 688 + 34 0.96 £ 0.03 0.22+003 0.90 £ 0.12
il 0.265 £ 0.010 93 £ 70 110+ 0.04 0.26 £ 0.03 1.08 +£0.12
621 0.247 £ 0.010 845+ 68 1.04 = 0.04 0.17 £0.03 071013
NG 0.218 £ 0.008 686 £+ 50 0.87 £ 0.03 0.19+0.03- 0.76 £ 0.12

3. Coupled-channel analysis

In the coupled-channel calculations we adoptled a similar procedure described in the
analysis of Lhe sub-barrier elastic and inelastic data for the '®0+%Nj system [1]. We
used a matching radius of 30 fm. integration step size of 0:05 fm. 60 partial waves in
the integration of the coupled equations and Coulomb corrections { 10] up to 300 partial
waves. The 3608263N; puclei were assumed spherically symmetric and susceptible
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Fig. 4. The same as in the Fig. 2 for the '*O+*Ni sysiem at Eap = 34.0, 35.0 and 36.0 MeV (ihis work).
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data in this work (open circles) and the values from Ref. | 15] (closed circles). Aiso included in the figure
the recently reported | 16] B(E2) T value for the double magic M.

to vibration around their spherical shapes [11]. We considered for the nickel nuclei
the contributions of one-phonon (27) states: Ni (1.454 MeV), ®Ni (1.332 MeV),
82Ni (1.173 MeV) and *Ni (1.344 MeV). Using the same procedure described in
Ref. [1] for the '80+%Ni system, we investigated also, in other nickel target systems,
the importance of couplings associaled with other reaction channels which, due to
their very small cross section values, have not been detected in our experiments. The
corresponding CC calculations. using the ECIS code, showed that the target two-phonon
states (03, 27. 47), the (37, 6.13 MeV) siate of the '%0 and the couplings associated
with the few nucleon transfer resulted in smaller contributions to the elastic and inefastic
(2;) cross sections as compared to the data accuracy. Thus, within the energy range
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diffuseness and depth parameters. The solid lines in the figure are the CC solutions with the same diffuseness
parameter {« = 0.59 fm) for all the systems. The dashed lines are the predictions of the M3Y double-folding
calculations using shetl-model densities for the nickel isotopes.

Table 2

The best-fit diffuseness parameters of the real nuclear potentials and the comesponding reduced xi_d values
as obtained from the CC analysis (34 £ ELap & 38 MeV) considering: (i) each system separately and (ii)
all the systems investigated in this work. NE and NI are the number of the experimental elastic and inelastic

data points

System NE NI a (fm) xid
160+ 3 Ni 158 136 0.57 £0.03 .22
e PR 12 102 0581+ 004 1.19
O+5Ni 72 65 0.60 £ 0.05 0.99
18O+ N 77 (81 0.67 £ 0.05 1.37
B0y SNG4 i 419 367 0.59 + 0.02 (.20

and the data precision of this work, we consider the inelastic collision for the 2f
iarget excitation as the only relevant reaction channel in the CC calculations. The
value r. = 1,06 fm, obtained from electron scattering experiments [12], was assumed
for the Coulomb radius, We obtained the values of the Coulomb phonon amplitudes,
B, by fitling the inelastic data for fcm < 100° at energies Epap < 36 MeV. The
dashed lines in Figs. 2-5 represent the CC calculations considering only the Coulomb
interaction on the elasiic and inelastic data, The best-fit values for the parameter 3.
and the corresponding deduced [ 13.14] B(E2) T values are shown in Table |. Fig. 6
exhibits a comparison between our B(E2) 1 values and those reported in Ref. [15}],
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resulting from a large compilation over other experimental values which were obtained
using different techniques. We point out the excellent agreement between both sets of
daa. Just for comparison purposes. the recently reported {16] experimental value for
the double magic *Ni nucleus is inciuded in the same figure. We observe a bell shape
behavior of the B(E2) T values as a function of the mass number with a2 maximum for
the ®¥Ni nucleus.

For the real nuclear potential we assumed a Woods-Saxon shape with a radius equal
to the Coulomb radius rq =7, = 1.06 fm. As it is commonly used in the CC calculations,
we have considered an inner imaginary potential {1] which has very small values in
the surface region (W(R) < 10”7 MeV, for R > 9 fm) and represents a small internal
barnier absorption. The CC calculations are rather insensitive to variations of the strength
of this imaginary potental. It is important to mention that we have also investigated
the effect of a surface absorption 1o simulate the peripherical processes which were
not considered in the CC calculations. As discussed in Ref. {17, the adopted small
surface imaginary potential generates a loss of flux compatible wi.ri: the very small cross
sections of our measurements associated with these processes. Taking into account the
above conditions, the inclusion of this surface imaginary potential in the CC calculations
has shown a completely negligible contribution to the elastic and inelastic (2) cross
sections. In the data analysis. the nuclear depth potential, ¥, the diffuseness. a. and
the nuclear phonon amplitude, B,. were searched for the best fit. For each system
and bombarding energy we found a family of potentials (in the diffuseness range of
0.45 € a € 0.85 fm) that gave equivalent fits 1o the data. These potentiails cross al
a strong absorption radius (Rsa) as shown in Fig. 7 and also in Fig. 2 of Ref. [1].
Taking into account that there is no correlation between the potential strength at Rsa
and the diffuseness parameter. we estimated the potential error bars at the above radius
by considering a unitary variation of the 2. At backward angles (6cy = 140°), where
the nuclear potential contribution is relevant, such variation generates other elastic data
fits which deviate from the corresponding best fits by about 1%, a value which is close
to the elastic data uncertainties. The results of these caiculations, which are illustrated
in Fig. 5 of our previous work [1]. are rather insensitive to the diffuseness paramelter.

As shown in the Fig. 7, at these low energies the strong absorption radius is rather
energy sensilive; we have used this dependence to characterize the shape of the real
nuclear potential, which is quite close to an exponential. in the surface region (9.5 €
R < 11.5 fm). As a second step of the CC analysis. for each system we have considered
.the diffuseness and the potential depth as energy-independent parameters. In Table 2 are
shown the corresponding best-fit diffuseness parameters and the reduced Xfed values. We
note that. within the uncertainties, the diffuseness parameters have compatible values for
all the systems: a fit assuming a constant value results in an average diffuseness equal
to 0.593 fm with a reduced chi-square of 1.03. We point out that this resuit is con-
sistent with the M3Y folding calculations using shell-inodel densities. As discussed on
Subsection 4.2, these theoretical calculations predict. for the '604-3860626INj sysiems.
nuclear potentials with shapes quite close to an exponential in the surface region and
slopes which differ by less than 4%. Then, we have considered in the CC analysis of
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the data the same diffuseness for all the systems and bombarding energies investigated
in this work. A best-fit value for the diffuseness parameter, a = 0.59 + 0.02 fm, was
obtained from these calculations with a corresponding x24 = 1.20. The results of these
last CC calculations for the elastic and inelastic cross sections are indicated by solid
lines in the Figs. 2-5, The corresponding nuclear potentials are indicated by solid lines
in the Fig. 7.

It shouid be noted that the present CC analysis allows us to obtain the surface ion-ion
potentials in a reliable form assuming an energy-independent potential of fixed shape
in the energy range 34 £ E ap € 38 MeV. In a recent paper [17], the optical model
(OM) analysis of elastic data for the systems '60+38-606284Nj_in a much larger energy
range (40 € E ap € 120 MeV)}, showed that the resulting nuclear potentials present an
energy dependence which is described by a dispersion relation. We point out that there
are no inconsistencies between the OM and the present CC analysis. In the small energy
range investigated in this work (AEiap < 3 MeV), the OM analysis indicate (Fig. 2 of
Ref. [ 17]) that the surface imaginary potential is very small and the renormalization of
the real nuclear potential varics only by about 3%. Since in the present CC calculations
we have taken into account the most imporiant reaction channel, in principle this weak
energy dependence should be smaller. Thus, the assumption which considers the CC
nuclear potential as an energy-independent term is a very good approach within the
energy range and data precision of this work. Our CC data analysis also gives a better
understanding of the ambiguities, reported in the same Ref. [ 17], which are responsible
for the rather undefined real optical potential at Ej4p & 38 MeV. These ambiguities
arise from the OM analysis of the elastic scattering data, using a Woods-Saxon shape
imaginary potential to simulate the total reaction channel absorption. For each energy,
the procedure adopted in the OM elastic data analysis was a search for the best-fit
parameters of a short-range imaginary potential and of a folded real potential. However,
our measuremenls showed that at thcse low energies the absorption is strongiy dominated
by the long-range Coulomb excitation for the 2] nickel state. This absorption is detined
by only two energy-independent parameters (8. and S3,), which are well determined
by the CC analysis of the inelastic data. As discussed in Refs. [18,19], the corrections
in the optical potential taking into account the Coulomb absorption cannot be simulated
by the usual short-range Woods-Saxon imaginary potential.

The best-fit values for the nuclear and Coulomb deformation lengths (6, = B,Ro
and 6. = B.R.*) are shown in Table 1. For the systems 'O+3880.6Nj (he &, and
8, parameters are compatible within the uncertainties, while for the system '*O+%Ni
we found &8, around 30% lower compared lo the corresponding &. Our resulis for
the deformations lengths are in a reasonable agreement with the values from DWBA
inelastic (27) data analysis at higher (42 and 48 MeV) energies [20]. It is important to
mention that the nuclear potential in the surface region, the nuclear deformation length
and the B{E2) T parameter, are rather independent of the adopted Coulemb and nuclear
radii (r. and rp). This was demonstrated by other CC calculations assuming different

il 173
*Rus= AL pger 2 Ry = r"ATinGET'
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Fig. 8. The nuclear potentials for the systems '$Q438-602.64Nj a5 obrained from the CC analysis of the daia
(top) and the double-folding method (botiom).

Table 3

Nuclear potential values for the *O+ Y428 Ni cuctems at the interacting radius & = 10.5 fm as obtained
from (i) the CC analysis of the expenimental daia (V) and (ii) the M3Y double-folding calculations
(V). In the table are shown also the ratios of the CC potential values in relation to those from the folding
caleulations and the slope (a) of the folded potential at R = 10.5 fm

System Vie (Me¥) Hay (MeV) Vo / Ve a (fm}
18015 N 0.493+£0.013 0373 132+ 0.03 0.568
160+ INj 0.627 + 0.011 0433 1.45 + 0.03 0.576
042N 0.705 %+ 0.026 0494 143+ 0.05 0.584
O£ MNG 0.842 £ 0.014 0.560 1.50 £ 0.03 0.592

values for the parameters r. and ro, which resulted in equivalent data fits and the same
surface nuclear potential, 8, and B(E2) T values.

4. Discussion of the results
4.1. The isotopic dependence of the ion-ion poteniial

From the CC analysis described in the last section. the resulting ion-ion potentials
for the systems 180 +%8.80-628N;_in the surface region. have a simple exponential shape
and the same diffuseness parameter detined with a precision,of about 3% (2 = 0.59
0.02 fm). These results are in agreement with theoretical models [21.22] which consider
that the shape of the nuclear potential varies slowly as a function of the size of the
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Table 4
The root-mean-square {RMS) radii, in fm units, for the 38862.84N; auclei of the neutron, proton, total and

charge densities. as obtained from the shell-model calculations (see Subsection 4.2)

Nucleus Neutron Proton Total Charge
BN 3.665 3674 3.669 3.769
g 1.730 3.698 3715 3.792
RINj 3.792 3.724 3.762 3818
SN 3851 3.751 3.807 3.845

system. As shown in Fig. 8 (top), the strength of the ion-ion potential for the systems
160438.6062.64Nj is an increasing function of the nickel mass number. Table 3 gives
the nuclear potential values at the interacting radius R = 10.5 fm. The ratios of these
potential values for the systems '60+%%62-¢Nji in relation to that of the '0+°®Ni system
are 1.27, 1.43 and 1.71, respeclively. We note that only a small fraction of these ratios is
connected to the usual potential dependence with the size of the system. In the present
studies this trivial dependence is easily evaluated by the quantity e3®/2, where A Ry;
is the nuclear radius difference beiween two different nickel isotopes. Assuming for
the nickel radius the half-way radius density dependence Ry; = l.06Ar'q/i] fm, the ratio
between the potential strengths for the '*0O+%'Ni and the *%0+*8Ni systems should be
only 1.26; a value that should be compared to 1.71 from the CC analysis.

As discussed in Ref. [14], the connection between the central, V(R), and the de-
formed, H,(R), nuclear components of the ion-ion potential, is expressed through the
relation:

dv
ﬁ-
where £ is the transferred angular momentum in the collision. Thus, since the 60
+38.60.6283N; gystems have the same exponential shape for the potential V(R) and close
&, values (see Table 1), we can say that these systems have similar ratios for the nuclear
potential parts Hi=2(R) and V(R).

Hi(R) = —8ny (n

4.2. Double-folding potential calculations

In this section we present the theoretical calculations with the aim of evaluating the
nuclear ion-ion potential, using the double-folding method with an effective nucleon-
nucleon interaction and shell-mode! densities. In the calculations we have used the
well-known nucleon-nucleon M3Y interaction in its standard form [23]:

—dr ~2.5r

vo(r) = [7999c - 2134

+ 2625(r) MeV. {2)

4r 2.5r

The nuclear ion-ion potential was calculated through the relation [24]:

V(R) =jp|(r|)c'o(|R- ry + r2|) p2(ry) dry dry, . (3)
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where p;(ry) and ga{r;) are the nuclear densities of the collision partners.
The spin-scalar, isoscalar density of a nucleus is expressed by the matrix element {24]:

p(ry = {A'>_ 8(r = r)|A), (4)

where A denotes-the wave function of an A-nucleon system. The situations A’ = A and
A’ #+ A yield the ground-state and the transition densities, respectively. The use of the
ground-state or transition densities in the expression (3) leads to the central or transition
potential for a transferred angular momentum &.

In our calculations the ground-state density of the 'O nucleus was derived from the
electron scattering experimental results [ 12], with the assumption that the neutron (g,)
and proton (p,) densities have the same form of the charge density (p.). The total
nuclear density (p)} was expressed by:

p(r):pn(r) +pp(r) = pp [l +y(l§)-] e—{r/b)'-" (5)

where ¥ = 1.544, b = 1.883 fm (charge density parameters of Ref. [12]) and gy =
0.1407 1o satisfy the normalization conditions:

20
/4'n'p,,(r)r3dr= Z,
0

‘/-",fn"p,,(r)r2 dr=N,

0
/41rp(r)r2dr=A. (6)
0

As pointed out by Satchler and Love [24], theoretical calculations assuming p, # p,
for the '®0 nucleus result in a neutron distribution with the root-mean-square (RMS)
radius smaller than that for protons by oniy | to 2%. On the other hand, the hypothesis
Pn = %p,, for the nickel isolopes is inadequate to the present studies, since the intensity
of the corresponding folded potentials becomes proportional to the nickel mass number.
This means a difference of only 10% between the potential strengths for the '*Q+%Ni
and the '°0+*8Ni sysiems: a value that shouid be compared to 70% as obtained from
the CC anaiysis of the experimental data (see Table 3). Thus, for the nickel isotopes
the neutron and the proton densities were derived from shell-model calculations consid-
ering the four orbital configuration (1f3,2)}'¢ (1fs5,2-2p3/2-2p1;2)* ¢ and an effective
interaction obtained recemly for the lower part of the 1f-2p shell [25]. The same kind
of shell-mode! calculations were realized carlier [16) with the aim of calculating the
8(E2) 1 values for the %-38-60528Nj_We note thal the average effective neutron charge,
necessary 10 reproduce our experimental B(E2) values with the shell-model calculations
performed by us, is quite close 10 0.9, the value that has been used by Kraus et al. {16].
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In Fig. 9 is shown a comparison among the level schemes predicted by the shell-model
calculdtions and those obtained experimentally. We note the reasonable agreement be-
tween the two energy level schemes for energy levels up to the lowest two-phonon
states (0. 27, 43). The ground-state neutron, proton and total densities from the shell-
model calculations for the ¥860626Nj nuclei, with the normalization conditions given
by expressions (6), are exhibited in Fig. 10a. As expected for the -606284N; (Z = 28
closed shell), the proton densities are quite similar; a behavior not observed for the
corresponding neutron densities which, in the surface region (r > 4 fm), are increasing
functions of the neutron number. In Table 4 are shown the nickel isotope charge, neu-
tron. proton and total RMS radii from the shetl-miodel calculations. We point out that the
theoretical charge distribution RMS radii are in a very good agreement with those from
electron scattering experiments [ 12]. In order to investigate how the theoretical densities
depend on the orbilal configuration, we performed other shell-model calculations where
we considered only the valence neutron orbitals (1fss2-2p3/2-2p 7). These calculations
resulted in quite similar densities. differing by only about 0.1% in the surface region
from those obtained by inclusion of the (lfs;;) orbital. The two sets of shell-model
calculations predict also similar energy level schemes.

In Fig. 10b are shown the corresponding folded potentials for the !$Q438-60.62.64N;]
systemns in the surface region. We have calculated separately, as indicated in the figure,
the contribution of the neutrons and protons of the target to the total ion-ton potential.
We did other calculations, with similar procedure as described in Ref. [26], which
indicate that the region 3.0 € r € 7.0 fm of the nuclear targel density is the one
which contributes significantly to the total ion-ion potential in the surface interacting
region. Since the proton density distributions are very similar for the different nickel
isotopes (Fig. 10a), the proton contribution to the ion-ion potential is also practically
independent of the nickel mass number (Fig. 10b). Therefore, the differences among
the total surface ion—ion potentials for the different nickel isotopes are connected to the
corresponding neutron densities. In Figs. 7 and 8 are shown the comparisons among
the calculated folded potential and those from the CC analysis of the experimental
data for the different systems. We can observe in these figures that the shapes of the
folding potentials are quite close to the exponential form. An important conclusion of
these comparison is that the slopes o of the folded potentials (Table 3), calculated in
the surface region by Eq. (7). are very weakly dependent of the system (the greatest
difference is only about 4%) and differ from the diffuseness of the CC potentials
(a=0.59 1+ 0.02 fm} by less than 3%. )

(7

V(R)
dv/dR

Table 3 contains a comparison between the intensities of the folded and the CC
potentials at R = 10.5 fm. The isotopic dependence of the potential strengths obtained
by the CC analysis of the experimental data is reasonably reproduced by the theoretical
folding calcuiations; for instance. the calculated ratio of the folded potential values for
the "*O+%Ni and 'SO+8Ni systems is 1.50: a value that approaches 1.71, which is
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the value from the CC calculations. On the other hand, for each system the strength
of the corresponding CC potential is about 40% greater compared to that associated 10
the folded potential. The lowest discrepancy (32%) has been detected for the '*0+**Ni
system. As discussed by Satchler and Love [24], the intensity of the folding potential in
the surface region is rather sensitive 1o the nuclear densities of the collision partners. For
instance, in order to eliminate the discrepancy cited above it would be necessary [24]
to modify the sum of the RMS radii of the '®0 and the nicke} isotope by only about
0.16 fm (= 3.5%). Nevertheless, apparently we have used quite reasonable densities
in the calculations, since the resulting folding potentials are in a good agreement with
other M3Y folded potentials, which were derived from elastic scattering data fits [ 17,27}
at high energies where the normalization is believed 1o be reliable. Finally, we point
out that the discrepancy (= 40%) between the high- and low-energy potential strengths
reported [ 17,27] from the optical model analysis of the elastic data for the same systems
of this work, was not removed in the present CC calculations at low energies, even taking
into account the most relevant reaction channel (2}).

5. Summary and conclusions

In summary, we have performed coupled-channel (O}, 2]7) analysis of the 33 elas-
tic and inelastic angular distributions (786 experimental points) for the systems 'O
438.606264N at the sub-barrier energies 34 € Epap < 38 MeV. The data are well re-
produced ( Xid = 1.20) with reasonable Coulomb and nuclear phonon amplitudes and
energy-independent nuclcar potentials, which are real and have an exponential shape
in the surface region. These CC potentials have the same diffuseness parameter (a =
0.59 fm}, defined with an accuracy of 3%, for all the systems investigated in this work.
The slope of the resulting CC potentials is well reproduced, also with a precision of 3%,
by the M3Y double-folding calculations using (f-p) shell-model densities for the nickel
isotopes. These theoretical results are also in reasonable agreement with the obtained
isotopic CC potential strength dependence which cannot be explained by considering
only the usual variation of the potential with the size of the system. Nevertheless, for
each system the strength of the CC potential is about 40% greater than the corresponding
calculated M3Y folded potential. Such discrepancy has been already reported [ [] for the
low-energy coupled-channel potential of the '%0O+%Ni system, in relation 10 the M3Y
folded potential with unit normalization, obtained from elastic scattering data analysis
at higher energies. These results indicate that still remain important corrections to be
made in the coupled-channel calculations and (or) in the folding mcthod. in order to
describe the low- and high-energy hcavy-ion collisions in a coherent form.
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A parameter-free nonlocal double-folding-inspired interaction is proposed for the nucleus-nucleus
systems. Excellent reproductions of elastic scattering differential cross section data were obtained for
several systems over a wide range of bombarding energies. Our results should be of value in the

description of the scatiering of other many-body systems.
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The mean field interaction between complex quantum

many-body systems (nucleus-nucleus. cluster-cluster, etc.)
s still an open question in current physics research. The
study of this matter is a tundamental step in the under-
standing of many-body dynamics. In the nucleus-nucleus
case. significant progress has been achieved concerning
this question during the last decade [1], as a consequence
of the measurement of accurate and extensive elastic scat-
tering data at intermediute energies. Nuclear rainbow scat-
tering. first observed in a systems [2—~4] and later in light
heavy ions [5-7]. probes the nuclens-nucleus potential not
only at the surface region but also at smaller distances.
and ambiguities in the real part of the potentials have
been removed. The resulting phenomenological interac-
tioi; have significant dependence upon the bombarding en-
ergies. *Some theoretical models have been developed 1o
account for this energy dependence through realistic mean
field potentials. Nowadays. the most successful models
seem to be those based on the DDM3Y interaction [8-
10] which is an improvement of the originally energy-
independent double-folding potential [11]. But. in order
to fit the data, the density- and energy-dependent DDM3Y
potential needs a renormalization factor which besides be-
ing system dependent [1.12] is still slightly energy depen-
dent [[].

In this Letter we show. by an extensive description of
elastic scauering data using an optical integro-differential
equation, that the dependence on the bombarding energy
of the real bare potential is mostly due to the intrinsically
nonlocal nature of the effective one-body interaction.
The real bare potential (by bare we mean the average.
mean field. interaction with no coupled channels effects)
is constructed using the folding model. It contains no
adjustable parameters and is energy independent. The
absorptive part is taken to be a three parameters Woods-
Saxon interaction. We also supply a simple approach
to obtain the local-equivalent energy-dependent potential,

5218 0031-9007/97/79(26)/5218(4)$10.00
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Before we set the stage for the analysis of elastic
scattering data, we first describe our theoretical model.

When dealing with nonlocal interactions, one is re-
quired to solve the integro-differential equation

-5“-1 VW(R) + f VR RYWRY dR' = EV(R).
i
(h

where. on physical grounds {13]. the kernel function is
taken to be symmetric: U(R.R") = U(R'.R). We take
for U{R.R’) the following form motivated by the physics
problem at hand )
U(R.R") = V(R.R') + i8(R — RYW(R.E)
+ 8(R — R')WVe(R). (2)
fn our analysis, the Coulomb interaction. Vc(R), was
obtained using an expression for the double sharp cutoff
folded potential [14] and the local energy-dependent
imaginary potential, W(R, £). was taken to have a Woods-
Saxon form with three adjustable parameters.

Guided by the microscopic trextment of neutron-
nucleus scatiering [15], we have assumed for the real
nuclear interaction the Perey-Buck or Frahn-Lemmer
ansatz [16,17]

P R+ R 1

k- &Y
X exp[—(—b—-) . (3)

where b is the range of the Pauli nonlocality of the ion-ion
interaction. Therefore. the nonlocality introduced in this
way is a correction 1o the local model and in the & — 0
limit Eq. (1) reduces to the usual Schrédinger differential
equation. We should mention. at this point. that [h.e use
of the simple Gaussian shape to represent nonlocality in
the nucleus-nucleus interaction has been justified. within
the single-folding model, by Jackson and Johnson [18].

© 1997 The American Physical Society
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In a recent publication [19]. we have shown that
the values of & can be obtained for light heavv-ion
systems from the energy dependence of phenomenological
potentials extracted from elastic scattering data analyses.
These & values were found to be in accord with the
Jackson and Johnson []8] theoretical prediction: b =
bomo/ ., where by is the nucleon-nucleus nonlocality
parameter, mg is the nucleon mass,.and 4 is the reduced
mass of the system. The value by = 0.85 fm was well
established by an extensive nucleon-nucleus elastic data
analysis [16]. We have used the above system-dependent
expression for & in the interaction, Eq. (3).

We propose that Vi, (355) is of the following folding-
inspired form:

Ve (€) = V(R = &), ()

Vioa(R) = fﬂl(ﬁ)v(k ~ F o+ Fpar)dr dra,
(5)

where pi(r)) and pa(r:) are the nuclear densities of
the colliding partners and v(r) is the etfective nucleon-
nucleon interaction. We point out that V,,,4{R) is assumed
to have the local standard form of the double-folding
potential f11]. We have used the well-known nuclean-
nucleon M3Y interaction .

—3r -2 5F
vir) = [7999 ¢ el J
$r

2.5r

= 2625(r) MeV. (6)

The pseudopotential, —2625(rF) MeV, describes the
knock-on exchange collision at 10 MeV/nucieon [12].
The two other Yukawa terms are responsible for the direct
component of the interaction. We stress that V(R.R') is
a nonlocal exchange potential, since we have considered
the exchange as the main source of the nonlocality. In
our approuch. we have not considered the intrinsic energy
dependence in the effective nucleon-nucleon interaction
since we associate all the observed encrgy dependence
of the local equivalent potential to the parameter 5. As
has been discussed earlier within a microscopic treatment
[15], such a hypothesis should be valid at energies up o
200 MeV/nucleon. Therefore. the present data analysis
is a further test to check our recent findings [19). which
associate most of the observed energy dependence of
the phenomenological local real potential to finite runge
exchange effects.

We turn next to the data analyses. After projecting
over partial waves. we have solved numerically Eqg. (1)
by an iterative method. In order to test how general is
our model, we have analyzed elastic scattering angular
distributions for the '2C + *C,?®Pp und @ + '2C. 8Ni
systems. These systems correspond to quite different nop-
loculity range parameters: b = 0,075 fin ('*C + 2jh,
b =0.14fm (“C+“C), b=0231m (a + "Ni),
and b =028 fm (« + '*C). For the first two Sys-

tems, the data are available at a wide energy range
(1 = Eypn/Aprj = 200 MeV/nucleon). _\\'helrc;ls the |.;L\l
iwo systems represent typical cases of refractive scattering
that have been studied in details in the early 1970s [2-4].
In the present analyses, we have used realistic microscopic
nuclear densities as reported in the literature [11.12.20].
The only parameters that were ailowed (o vary were those
of the absorptive Woods-Saxon imaginary potential. [n
Figs. 1 and 2 we show the angular distributions for the sys-
tems above at the following bombarding energies: E"”,‘ =
16, 112, 300, 1016, 1449, and 2400 MeV (1*C + '-C).
E\p = 420. 1449, and 2400 MeV  ('*C + *™Pb). and
Eip = 139 MeV (o + '>C.%¥Ni). The agreement be-
tween the theoretical calculations (solid lines) and the
experimental data (from Refs. [4.5.21-26]) is impres_:.i\'e.
The quality of the fits are at least as good as that of any
other analyses using realistic potentials. o
The resulting reaction cross section values are very simi-
lar to the already reported ones (Refs. [1,4.5.21-26]). The
geometry of the imaginary potential W{R) and the corre-
sponding volume integral Jy (F) behave us 2 r'unc[ir;)n of E
quite smoothly. More specifically for the '*C + '°C sys-
tem. the behavior of Jw(E) as a function of the bombarding
energy is just like the one shown in Fig. (6.8} of Ref. [1].
To our knowledge. the results reported here correspond
o a tirst attempt to reproduce light- and heavy-ion elas-
tic angular distributions for such a variety of systems amd
such i wide energy range with completely parameter-free
real interaction. Furthermore, the usual renonmalization
fuctor of the DDM3Y interaction is absent in our analy-
ses. Thus. one reaches the conclusion thar the widely used

o —
T .- BMev £, - 10% MV ,
D’

,D‘
1}" R
o |-

= 1

50

B

X

3 ﬁfﬁ 300 Mev 2400 MeV 1
o) T o’
o N 1 W 10" 410
o ! . ) o

0 20 40 60 &0 5 1 15 2
O, m, (deg)

FIG. 1. Elastic scattering anguiur disiributions for the '*C +
'*C system a1 several bomburding energivs as indicated,
The dita are from Refs, [8.21-24]. The solid lines corrg-
spumd 1o nestocal optical medel caleulabons using an energye
independent und parameter-lree real potential (sce ean). Note
the change in the scattering angle scale.
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FIG. 2. The same as Fig, | lor the systemis '°C + *™Phb and
a+ 2 C S¥Ni. The data are from Refs. [4,24-26]. Note the

changes in the scales of both axes.

energy-dependent potential hides to some extent the under-
lying nonlocal interaction. We should mention, however,
that there is room to have somc density dependence in our
model if a more optimized fit is undertaken. From the re-
suit we obtain. it is clear that this dependence is bound to
be weak.

Because of the high values of orbital angular momen-
tum involved in the calcuiations. the numerical solution
of the integro-differential equation (1) is a very hard
task for heavy-ion systems. Thus, it is desirable to de-
velop a method to obtain the local equivalent potential
(LEP} in order to caiculate cross sections solving the usual
Schrédinger equation. In the early 1960s, Perey and Buck
{16] showed that the LEP is only weakly ¢ dependent and
supplied an approximate relation to obtain that potential
for neutron-nucleus systems. We have generalized {19]
that expression 1o the nucleus-nucleus case, namely,

VLE(R: E)EXP[‘)’VLE(R: E)]

= Viw(R) exp{—2[E — Vc(R) — iW(R,E)]},
(N
with y = uh*/25i*. The above equation can be solved
for VL e{R: E) by the iterative method. Since for heavy-
ion systems the value of ¥ is very small (for '2C + '2C,
y = 0.0014 MeV~") we can appropriately expand (7) to
obtain

Vie(R:E) = Vio(R)[] - YE]
Ely
= Vfolle)(l - B_I_b) (8)

where 8 = moba/2h% is a system-independent constant
equal to 0.0086 MeV~!. This linear behavior of the
potential with the energy has been particularly observed in
a nucleus scattering {18] and the experimentally extracted
slope is in agreement with the theoretical B value.

5220

A better approximation, valid over a greater energ
range, is obtained by neglecting the imaginary part of tt
potential and expanding the left hand side of Eq. ()
lowest order in y. The resulting quadratic equation mz
be solved to obtain

VLE(R E)
vl 4y Viou(R) exp{—y[E — VR
2y '

(¢

We point out that in the limit & — 0 we find for bo:
Egs. (8) and (9) VLe(R,E) = Viaa{R), which contair
the exchange effects in the zero-range approximatic
as should be the case. We have calculated the loc.
equivalent potential using Eq. (9) for the system '*C -
'2C at three bombarding energies. The results are show
as solid lines in Fig. 3. For comparison. the foidir.
potential. Viq(R). is also shown (dashed line). W
can observe that the LEP have slightly different shaps:
than that of Vi g(R). At high energies. we observe th:
Vie(R. E) becomes factorized as VLg(R)}f(E) with j{E
being roughly exponential.

We have also calculated the real part of the exa:
local equivalent potential through Eq. (1). The resut
convinced us that. as expected [16], the ¢ dependence ¢
the LEP is very weak. The potential values arising fror
the exact calculation agree with those from Eq. (9) withi:
about 3%. We have also caiculated elastic scatienn
angular distributions by solving the local Schroding:
differential equation using the approximate LEP fror
Eqg. (9). The results are quite similar to those generate.
from the solution of the full integro-differential equatio:

“(1). It is important to mention that the parameters ¢

the imaginary Woods-Saxon potential. W(R. E), used i

the exact calculations are somewhat different from thos:

100 f T T 1 1 1 1 71 ]

iy Epp = M2MeV

2 —

= Y i 1016 Mev

3 :

= :

g -|

? 0’ i

i

10° L ! [P R B :

o- 1 2 3 4 5 o] 7 =
R{fm)

FIG. 3. The local equivalent potential (solid lines) for .

12C 4+ 2C system a1 three different bombarding energie
The dashed line corresponds to the double-folding energ:
independent potential.
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used in the approximate ones. owing to the absence of
Im{VLg(R, E)] in Eq. (9).

In conclusion, we have presented in this Letter a
new model for the nucleus-nucleus interaction. The
corresponding real potential is nonlocal and completely
parameter-free. The local equivalent version of this inter-
action is angular-momentum independent and with a very
simple energy dependence. Such petéential reproduces the
experimental elastic differential cross sections for a variety
of systems and over a wide range of bombarding energies.
Thus, the explicit consideration of the intrinsically quan-
tum, finite range exchange nonlocality is of fundamental
importance in the description of the nucleus-nucieus
collision. Our results could be potentiatly important
for the description of the scattering of other many-body
systems.

A more detailed account of our work which will include
an extensive comparison with the quasielastic scatlering
data of several other heavy ion systems will be published
shonily.

M. A.C.R. is supported by FAPESP (Contract No. 96/
3240-5) and ail other authors are parly supporied by
CNPq. We thank G.R. Sarchler for comments and
suggestions.
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Elastic and inelastic scattering cross sections of the system '*C+ '2C at several bombarding energies are
calculated within a parameterfree model using the recently developed nonlocal energy-independent bare po-
tential. Comparison with the data indicates that such a calculation gives accurately the average values of the
cross sections. The system '2C+''Li is also discussed. [S0556-2813(98)01407-1]

PACS number(s): 25.70—2z, 24.10.—i

Recently, we have proposed an energy and density inde-
pendent reul bare interaction for the description of heavy ion
scattering [1.2]. In Ref. [2)., we subjected our potential
(coined the NLM3Y potential) to o stringent test by confront-
ing it with elastic scattering data of a wide range of systems
and energies. The imaginary part of the potential was taken
to be a Woods-Saxon one with three adjustable parameters
(in fact the diffuseness was taken to be fixed with respect to
energy). The good agreement with the data, especially in the
refractive region. convinced us that the NLM3Y int:raction
captures the essentials of the physics. The purpose of this
work is to develop a parameterfree model by using for the
absorptive part a rp p.-inspired form. The energy depen-
dence of such an interaction is then completely determined
by that of the effective nucleon-nucleon total cross section
[3]. We calculate both the elastic and inelastic cross sections
for the '2C+12C at several energies where data are available.
We also compare our theory with the elastic scattering of the
halo nucleus ''Li off '’C. There are no free paramelers in
our calculation. The NLM3Y interaction is given by

l I7+7|?
,n.J.'ZbJ €Xp| ~ b2

r+r’

p

V(r.r')=Vpr ()

where Vpe(r) is the local energy- and density-independent
{aside from the folding of the two densities) double folding
potential and 5=0.85/u fm with u being the reduced mass
ot the two colliding nuciei.

We have shown in Ref. [2] that the energy-dependent
lncal equivalent potential of Eq. (1} is, to a very good ap-
-proximation. given by

L= v1—4yVperiexp{— V[ E—V.(r)]}
2y

VLE(fiE) =

(2)
where Y= ub2/2%% and V. (r) is the double folding Coulomb

interaction. As for the imaginary part we employ here the
Lax interaction

E . - -
W(r.E)=—Ra¥"(E>Jdr'pA(lr—r'l)pa(lr'l). (3)

where p?-W(E) is the average nucleon-nucleon total cross
section with Pauli blocking [3).

0556-2813/98/58(1)/576(3)/%15.00 PRC 38

We have solved the optical differential equation using Eq.
(2) as the bare real interaction and W of Eq, (3} as the
energy-dependent imaginary potential. The model and the
method of solution are fully discussed in Ref. [2]. The sys-
tems we chose to discuss the model are '2C+'C at several
bombarding energies and ''Li+!?C at E;,=637 MeV. The
value of a";-'”"'r { E) were taken from Ref. [4] and realistic den-
sities were used in the double folding calculation. In the
evaluation of the cross section for the inelastic transition
e +12C L 12C(E,, =4.4 MeV) +'2C we used the distorted
wave Born approximation (DWBA) with an appropriate col-
lective form factor having the form

dU dW]

_+'
dr ’dr

F(r)=4

with 6= B8R, Ry=1.24'7, and 8=0.6 [4].

The potentials &/ and W are the same as those of Egs. (2!
and (3). We ignore Coulomb excitation since the system i3
light and the bombarding energy is high. In Fig. 1 we show
our resuit both for the elastic [Fig. 1(a)] and inelastic [Fig.
1{b)] cross sections for the '*C+'°C system. The data points
were taken from Ref. [4].

Although the calculated cross section shows stronger 0s-
cillatory behavior, the magnitude, however, is in good agree-
ment with the data. We consider this a very positive aspect
of our parameterfree model. Clearty, space is availabie for
improvement since what is at stake is not so much the energy
dependence, which we believe to be well accounted for, but
the geometry of the imaginary part.

In Table I we present a comparison of the calcuiated tolta.I
reaction cross sections and the ones obtained directly or in-
directly from the data. The agreement is excellent.

We consider next the scattering of a typical halo nucleus
HLi. A measurement of the differential, inclusive. quasielas-
tic cross section for ''Li+'2C at £,,,=637 MeV has already
been reported [5]. Several attempts 1o account for the data
were made [6,7]. Here our aim is not so much to get a better
fit to the data, but rather to test the parameterfree NLM3Y
interactton.

In the case of the scattering of ''Li we have iearned in the
last few years that two competing effects come into play .d_ue
to the extended size of the system: the enhanced probability
for the breakup into °Li+ 2# (due to the very small separa-
tion energy of the 2n) and the longer tail in the attractive
bare potential due to the halo. The first effect brings in a

576 ® 1998 The American Physical Society



577

PRC 58 BRIEF REPORTS
o' 3 «
«° 110
o’ ! o
1
il _g o
§ ot : ' -g FIG. 1. Elastic (a) and inefastic (b) differen-
3 1. tial cross sections for the 2C+'C system. The
I} - T o 2 data points are from Ref. [4] and also from Ref.
N je* 8
? !
‘ﬂ" 1 ﬂ.s
K i nd
0 ]

8., (deg)

long-range absorption to be added to W while the second
adds to refraction. There is a third effect which is inherent in
our NLM3Y interaction and that is the nonlocality range &.

On general ground and from the arguments given in Ref.
[8], a slightly different (smalier) value of b is expecter for
the halo nucleus-stable nucleus NLM3Y interaction. Tc be
precise, the value of & adapted for our analysis of the stable
projectile-stable target NLM3Y interaction, namely, b
=0.85/p fm, is in fact obtained by Jackson and Johnson in
the limit of an infinite size projectile or target (zero binding
energy). This is not so bad an approximation, since relaxing
this approximation by using Gaussian form for the density of
the projectile or target, gives rise to a reduction in & by {8]

0.85)2
Y

-2

b—b=p (5)

Thus the larger R is, the closer & would be to the value used
above, 0.85/ fm.

Another, potentially important, consequence of the finite
size of the nucleus is a reduction factor that multiplies the
double folding potential, viz.

-
Ups. (6)

- ( 0.85'2
%)

5 3
Upr— UDF"-:(E) Upr=

The effects represented by Egs. (5} and (6), are appre-
ciable in the case of tightly bound (small) nuclei such as a

- particles. Thus, at most, the smaller value of 5 and the re-
duced strength of the double folding potential for halo nuclei
result in few percent effects. This, coupled with the need to
take into account the breakup channel, suggests the use of a
model for elastic scattering following the line of Ref. [9],

TABLE I. Calculated and experimental reaction cross sections
of the '*C +'IC system.

Ehh {MeV) T iheory (mb) T expenmental {mb} T netaanie {mb)
1016 G858 960x 252 29
1449 886 907x50°" 24
2400 825 860x50* 15

e

"Data taken from Refs. [12,13].
®Data taken from Ref. [4].

which uses the adiabatic approximation and takes into ac-
count the breakup effects to all orders, viz.,

da o

aa '’

do'_ 2 7
7a ~IF@l )

where da./d} is the core (°Li) +''C elastic scattering
differential cross section, while F(Q) is the form factor re-
lated to the ground state wave function of ''Li. This form
factor has a value of unity at Q=0 and drops gradually with
increasing Q, thus simulating the effect of breakup coupling.
At the small angles (@) involved in the measurement of Ref.
[5] we set for the time being F(Q)=1. With this we are

approximating the combined effect of smaller b and breakup
damping by considering the !'Li+'2C cross section, to be
roughly the *Li+*2C cross section. In the following we give
a description of our calculation for the system ''Li+'’C.
Although a slightly different W from Eq. (3) should be
used, owing to the loosely bound two neutrons halo, we have
simply employed Eq. (3} for the imaginary part. We calcu-
* lated the elastic and inelastic cross section for the 2% and 3~
states in '?C. The result of the caiculation is shown in Fig. 2,
together with the data of Kolata er al. {5]. The summed cross
section comes a bit short of accounting for the dara in the

0E

FIG. 2. The calculated summed quasielastic ¢ross secrinn‘for
MLi+"C at £,,=637 MeV (see text for details). The duta points
are from Ref. [5).
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angular region 10°=< =< ]5° and also in the region around
#=4°, This latter region is also missed by most other calcu-
latlona reported in the lterature [6]. The total reaction cross
section comes out to be 7= .41 b, in good agreeinent with
the deduced one [5]. This result is very similar to the one
obtained by Khoa. Satchler, and von Oenzen {6] where a
three-parameter Woods-Saxon imaginary potential was em-

PRC
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ployed. We stress here that we do not have in our mode] any
adjustable parameter. We consider our result reasonable and
certainly there is room for improvement such as considering
higher-order terms in the multipie scattering theory-inspired
form for W. It is also quite possible that other inelastic cross-
sections may have to be added. such as the transition to the
“3a" 0% state at E*=7.68 MeV [10].
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A collective Hamiltonian for a two alpha particles aggregate, which describes the *Be nucleus. encompass-
ing a collective potential and an inertia function of that system, is obtained and analyzed through the use of a
technique — derived from an approach of the generator coordinate method (GCM) -— which allows for the
extraction of collective information. The nucieon-nucleon interaction considered here is the one proposed by
Volkov plus the Coulomb repulsion. It is shown that nonlocal effects appear in those collective functions
describing the spontancously occurring breakup process. Furthermore, the result for the inertia function stands
for a microscopically generated evidence supporting a doubie-folding-based mode! of the real part of the
nucieus-nucleus nonlocal interaction recently proposed. [$0556-2813(98)03509-2]

PACS number{s): 24.10.-i, 25.90.+k

I. INTRODUCTION

The description of the interaction between two colliding
heavy nuclei has long been the subject of study in nuclear
physics and the determination of its features a major goal to
be antzined. In the past years systematic accurate and exten-
sive measurements involving elastic scattering at intermedi-
ate energies gave rise to a great improvement in the under-
standing of the nucleus-nucleus interaction [1]. As a
consequence of the analysis of the nuclear rainbow scattering
that occurs in those cases the real part of that interaction can
be nowadays unambiguously described and its determina-
tion, not only at the surface, but also at smaller distances, can
be accomplished [2,3]. The resulting phenomenologicai in-
teractions present significant deperdence upon the bombard-
ing energies. To account for this dependence some theoreti-
cal models have been developed which make explicit use of
density dependent interactions [4—6]. On the other hand. it
has been recently shown in a description of elastic scattering,
using an integrodifferential equation. that the real mean field
{with no coupled channels effects) potential dependence on
the bombarding energy comes mostly from nonlocal ex-
change effects [7,8]. That mean field potential has been pro-
posed to be constructed using the usual double folding model
with an energy-independent nonlocal exchange interaction.
The results have shown thar the obtained nucleus-nuclens
interaction can be written in such a form so as 0 embody the
nonlocal exchange effects through a simple form. The non-
local real part of that potential can be rewrirten as a local
equivalent one which clearly displays the energy dependence
preconized by the phenomenological approach. Furthermore,
the double folding inspired inertia function that comes in the
treatment reveals the fundamental character of the nonlocal
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effects in the scattering processes. much in the same spint as
has been previously seen in nuclear fusion processes [9.10].

The aim of the present paper is twofold. First. we intend
to show that the exchange nonlocal effects. being primarily
of quantum mechanical origin, thus pervading general many-
body phenomena, manifest themselves also in still another
type of nuclear process, namely the nuclear breakup. Second.
we intend to show that the microscopic exraction of the
nontoeal effects presented here for that paricular type of
process do in fact stand for a microscopic support for the
ansatz previously proposed for the real part of the nucleus-
nucleus interaction, as mentioned above [7.8].

As the ®Be is known to be a spontancous fissionable
nucleus. it constirutes a convenient testing ground for study-
ing the nonlocal effects appearing in this particular process.
This convenience comes from the fact that this nucleus is
light enough, thus leading 1o calculations much less involved
than those necessary for heavier nuclet where spontaneous
fission also occurs, and also because the nonlocal etfects are
more manifest in this case due to the vaiue of the corre-
sponding nonlocality range that is greater than for heavier
systems. Since it is known from the experience that the *Be
nucleus decays into two alpha particles. it seems natwral to
describe it withm the generator coordinate method (GCM)
[11—14] by a model consisting of a deformed nwvo alpha par-
ticles structure. In fact, the resonating group approach [15]
could be used as well. but here we will follow the GCM
scheme. Thus, we see that we can describe the *Be nucleus
through a model consisting of a preformed structure of two
alpha clusters that can be accomplished by considering two
harmonic oscillator (HO) potentials symmetricaily located
about the origin of a coordinate svstem. each one describing
a single cluster [16—19]. Therefore. because we are infer-

1627 < 1998 The Amernican Physical Society
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ested in studying the breakup of the 3Be. afier it is formed,
in the present treatment it is natural to choose the half dis-
fance between the centers of the two HO potentials only
2long the breakup axis, say the z-axis, as the generator co-
ordinate {GC). The same is not true if one wants to study the
general alpha-alpha scattering problem within the GCM [17),
where the generator coordinate is then r, the spatial separa-
tion between the centers of the alpha clusters. The full 8
X 8 Slater determinant wave function of the ®Be nucieus is
constructed with the is single particle wave function of
these two HO’s thus yielding the parametrized generating
function of the method. The microscopic nuclear potential
acting between the nucleons that we consider here is the one
proposed by Volkov [20], since it is simple enough to handle
and suitable to light nuclei calculations. Furthermore, it has
also been shown within the GCM that this kind of interaction
gives good results for the partial waves /=0,2.4,6 phase
shifts of an alpha-alpha scanering [17]. As we concern our-
selves with the breakup process, we expect both, this simple
Volkov potential and the Coulomb repulsive force, to be suf-
ficient to give origin to that particular resonance level which
will characterize the *Be nucleus. The GCM energy kernel
we propose is then composed of two parts, namely, the
nuclear Volkov-generated conmibuton and a full micro-
scopic Coulomb term. In the present treatment of the ®Be
nucleus we have nor carried ahead the calculation of the
projected ground state emergy within the GCM, in order 10
compare it with the experimental value,

In this description, the nonlocal effects come mostiy from
wo sources, namely from the nonorthogonality of the GCM
states and from the full 8 <8 determinantal character of the
assoctated GCM kemels. In fact, using the Volkov nucleon-
nucleon interaction plus the Coulomb repuision we were able
to explicitly obtain the GCM kernels which are manifestly
nonlocal.

Iz has been shown in the past that it is possible to extract
collective information from the GCM kemels {21-26]. How-
ever, these procedures lack some quantum information be-
cause they handle directly with the GC, which is a param-
eter. Although the GC itself is not a dynamical variable, a
pair of genuine collective coordinate-momentum variables
can be constructed out of the original GC. and. in fact, it has
been shown in the past that a collective Hamiltonian can be
written which encompasses a collective potential and an in-
ertia function as the GCM kernels are given. In the present
case. the main feature of this new collective Hamilronian is
that it embodies the nonlocal effects present in the initial
GCM microscopic description of the breakup process. There-
fore. in order to extract the collective potential and the inertia
function. which are the constituents of the Hamiltonian, out

D. GALETT! et al. PRC 38

n

of the GCM kernels. we took advantage of a procedure based
on the GCM and on the Weyl formalism [27] prese!ned
many years ago (28]. Using a numerical technique derived
from this approach (29}, it is possible to extract the collective
potential {inertia function) as the discretized version of a
zeroth-moment {(second moment) of a discretized wans-
formed GCM energy kernel. With these numericai resul_ts for
those functions we were able to discuss the microscopically
generated nonlocal effects present in the breakup process.
This paper is organized as follows. In Sec. II we present
the calculations of the GCM kemnels. In Sec. IIT we briefly
present the numerical technique and results. while in Sec. IV
we discuss the nonlocal effects in our particular_ breakup pro-
cess. Finally Sec. V is devoted to the conclusions and final

remarks,

Il. THE GCM KERNELS

An alpha cluster model, based on the GCM has been de-
veloped by Brink [18] many years ago to study the sucture
of light nuclei. We will follow here that method of Brink in
order to calcuiate the overlap and energy kemels that enters
the Griffin-Wheeler (GW) equation,

j [alH|a'y—E(aja")]f(a')da' =0 ()

for the $Be nucleus, since they constitute the essential quan-
tittes for the derivation of the collective potential. inertia
function and energy spectrum. as already discussed [29]. _
We will choose a coordinate system whose =-axis coin-
cides with the path along which the alpha paricles motion
occurs, each alpha cluster being described by a HO potential
whose center is located at a distance = about the origin. The
spatial part of the single particle wave function is writtcn as

exp[ — (x”+v7)/2b7]

qg(x"v': = .n.i.-tbi.-‘.’

Xexp[ —(z+14)7"267], {2)

where the sign * in front of - is introduccd in order 1o
specify to which cluster a particular nucieon belongs. Ti_le
parameter =g, the half distance berween the fragmenis. will
constitute our generator coordinate and b is the HO param-
eter whose value allows us to fix the « radius.

Once we have constructed the 8 X § Slater determinant of
the ®Be nucleus, {¥(z4)), it is immediate to calculate the
normalized overlap kemnel

[det{w,(z5)l0,z0))]*

:V(Zo,:6)=(lp(:6)|1{r(:0)>=

{expl —1z9—z¢)*/2b7 1= exp[ — (2 +24) 7267} .

[det{@i(z0)| @it z0) ) det{ @i =0)| ¢l z)) I

[1—exp( —224*56%)1*[1 ~exp( — 2z b))
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where the factor 4 stands for the spin-isospin degeneracy. B
is the matrix whose elements are

where «; comresponds to the occupiea orbital sares and
det{ ¢,l ;) stands for the determinant whose elements are the
overlap of the single particle wave functions.

In the same fashion we calculare the contribution of the
kinetic energy term to the GCM energy kemel,

T(zg,z0) ={ (=) T1¥(z))

B;i=(wilzo)l@;iz9)).

and 7 is the one-body kinetic energy operator. The analytic

=4N(50’:6),§} (‘Pi(za)'il‘Pj(zo))(B_l)i,r" (4) expression of T(zg,5) is

1

', ] )
~
mb-

flz) 3 [(30‘-’-6/25)]2CXP[—(20—36)2/2!)2]—[(zo+:c’,/2b)]zexp[—(:0-‘:-:5)3/'2!):]]
2 expl — (29— 2¢)?/2b*]— expl — (zg+29)" 2b°] j

T(zo,:6)=4N(ZO,:6)(

where m is the nucleon mass. The value of the diagonal expression. 7(zg,z0), in the limit zo— . gives 6A%-mb”. which is
exactly the kinetic energy value of a system of two free alpha particles, each being described by 15 HO orbital states. In the
other limit, z—0, T(zq.,2,) goes to 8#%/mb*, which is exactly the kinetic energy of a system of eight nucleons occupying the
Is and 1p orbiml states. Expression (6) contains the spurious center-of-mass motion effect, however this can be corrected by

subtracting the contmbution of the center-of-mass term.

5 ..

i pl"p}- l“'}
+ ——
E mA "’

i

N(ZOaz(’))

Pl 1
2mA A%
which gives
( B 52 T(Zo,."'a) ﬁz
‘ ‘I’(:O)‘ m ‘P‘(_-'O)> = . +

bZ

where 4 is the total number of nucleons. As zy—<, the
diagonal part of the second term in Eq. (8) vanishes. while
for z4—0 it goes to —A mAb°.

The nuclear wo-body potential of Volkov [20], together
with the Coulomb repulsion. constitute the full interaction
berween the nucleons.

Viiry —ray=t1 =M+ MP){[Vosexpl — a,)ri— 1))

e

+ VOrexp{_ ar‘;! - ;Eiz]} + (9)

!;I_;Z“

where P, is the coordinate exchange operator and the values
of the constants are: Vjp,=—76.69 MeV, VW,
=408.27 MeV. a,=04%4 fm™ >, o,=494 fm™°. M
=0.60. ¢*=1.44 MeV.fm, and b=1.27 fm is the value of
the oscillator parameter: this value for & fixes the alpha ra-
dius as R, = 1.36 fm.

2mAb® exp —(zo—zg)H2b*] - exp[ —(zo+24)72b"]

[ (z0-20)?
x[ _%;L{exp[ -

(so+za)3{ [ (z0+2)>
t——gexp -

(20— 2) (29— 20) " (20T 250" |

2 | X T 3 i

2b 2b ]
20+20)’ (30—:6)2""30*’31’1)”‘] ) i3)
El —exp - 2 : : *

2b 2b- i

For a potentiai of the form
V(|F = ray=utlr —raDiUi =M = MP ] 1D
the corresponding GCM energy kernel is [18]
(W(zp)[ VW (20))
=N(:o.:6)_2H (@Azg)@Azohuic i zg) e o))
i
XX B NVl B™ Y+ X (B™ Bl (i
where X,=8—10M. .\, = 10M —2 and the matrix B 15 that
already introduced in Eq. (3). In this way. for the Coulomd
forces. we have X$=8 and X< =—2.
Finally, the analvtic expression of the cnergy kemnel of the

full nwo-body potential is constituted of the followng ferms.
namely: Gaussian terms
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N o0 ,:6)

Kgizg,70)=

(zo—:o)-} +exp[ ~

(1+2a;bM)>? {expl ~ 20— z4)22b%] — exp[ — (zo+20)* 26"}

xl(Xd+X,)[exp{ =
—l[.l [(20 z )2
4 l+2b a

v

: }+exp
|
)/

X exp{

bia
exp
[ 2(l+2b ;)

["“

,_,)

e -

(29+29) 1 [ 2=z —_"°+:6)_i
—T——J} 2(Xd +X, )exp{ 4b2 4b2 J
Lozl T b [20=26] :o+:a‘]]
b? p[2¢1+2b3af)\ b v b

bzar [-0_:6]2 ‘ l: (30+:6)3]
XCX -_——
l+2b6%a; & P 2

)2
mp[ )
and the Coulomb term
o A N(z0,7) | (20— 2)° (z0+29)
Kc(zg.20)= 2 e - I PYE 7f exp| — - 20 +exp| — 2
b(2m)" {exp] —(zo—20)*/2b"] ~exp[ — (2o +z() Qb']}'\ b
72 B(zg+z4/\2b) (zg—1z4)? (zg—20)2+(zg+20)7]
TN T Zexpl — ——5—[—exp — 3 '
zZo+2o/V2b b 2b-
T2 B(zg—z20/\2b) (z9+72g)? (zp—29)" +(z0+ 2p)
t e Zexp| — ————|—exp| — 3
zo—:olﬁb - 2b-
SN WS LY | Ny 1]
— '\ 2exp| — (29— 20)" +{zg+2q)" || Plzo/v2b) N ® (=g \_25) }‘ (13)
zo/v2b

257

respectively, where @ (x) is the probability integral [30]. The
complete GCM energy kemel can now be immediately writ-
ten out of these contributions. It is worth mentioning that
these expressions were specifically calculated for the
breakup process. where the generator coordinate is z. and
must not be directly compared with other energy kemels
aiming at scattering problems. Besides. differently from ap-
proximated versions of the Coulomb term. as has been pro-
posed [17], our expression for this contribution is fully mi-
croscopic.,

M. NUMERICAL CALCULATIONS

In order to extract numerically the nuclear collective po-
tential and inertia function for the ¥Be. we will follow the
procedure presented in [29]. The first siep consists in the
diagonalization of the overlap kemel (3). However. by
simple inspection of that expression we note that the overlap
1s not rranslationally invariant (it does not depend only on
the difference z5—z,) around the origin. but for zg,zo=b it
ooes as exp[— 7(-0—~0) %], thus exhibiting a2 narrower
width than that around the origin. In what refers to the nu-

Zol’\jfb

I

merical results. the adoption of the asymptotic expression for
the overlap kemel, for all values of =y and :,, induces a
small distortion in the exact description of the collective po-
tential and inertia tunction near the origin [28.29]. Besides.
for the exact overlap the numerical techniques used to extract
the nuclear collective potential and inertia functions become
extremely complicated and the results at present are not re-
liable. But. in fact. it has been verified in a 30 points mesh
calculation that the lowest energy levels of the spectrum.
obtained with the exact overlap, do not differ significantly
from those calculated with the translationally invariant ker-
nel. So. in spite of the approximated character of the descrip-
tion. we adopt here the asymptotic transiationally invarant
kernel. instead of the exact one. since the calculations can be
performed with a high density of points in the interval of
interest. which allows more reliable results. The introduction
of that approximation leads to a collective potential and an
inertia function that wiil present a slightly modified behavior
near the origin {as compared to the expected exact results).
where the exact overlap and the adopted one differ; however.
this fact does not constitute a drastic drawback since the
physicaily interesting region =y.-3= 4 will be correctly de-

scribed.
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FIG. 1. Collective potential for the *Be breakup. The constant
asympiotic nuclear behavior has been subwacted. The calculations
were performed with a 70X 70 mesh in the interval —25=z,<25
and a step of Azy=0.7.

After the GCM kernels have been calculated, the sums of
the generator coordinates (zo+2;)/2 are transformed into a
genuine collective coordinate and the differences z,— z; into
the canonically conjugated momenmm through a Weyl-
Wigner mapping [28)]. In this way, we end up with an ex-
pression for the collective Hamiltonian which has the half-
distance between the centers of the densities of the two alpha
system as the quantum collective coordinate. Keeping the
lowest order terms in its expansion in terms of anticommu-
tators the collective Hamiltonian reads

!
H{q.p)=H%g)- m{p,{p.H‘”(q)}}

+ higher order terms, (14)

where we identify H'%(g)=¥(q) as the collective potential
for the ¥Be breakup and B(g)=#%¥2H'?)(gq) as the mnertia
function [29]. The higher order terms will be neglected since
they are smaller than the first two. In the numerical scheme,
H)(g) is the second moment of the matrix representing the
transtormed mesh associated to the GCM energy kernel and
the collective coordinate. ¢, 15 now. naturally, the half-
distance between the aipha clusters. The numerical calcula-
tions have been made with the GC taken in the interval rang-
ing from —25.0 fm to 25.0 fm. with a step of 0.7 fin.
corresponding to matrices of order N=70. This particular
choice of the interval permits a numerically reliable set of
points to be calculated in its central part. namely, up to 15
fm. The collective potendal is presented in Fig. 1 (where we
have subtracted —43.05 MeV, the constant asymptotic pure
nmuclear contribution of the potential}, while the first two in-
winsic wave functions, obtained from a numerical diagonal-
ization of the transformed GW equation as indicated in [28],
are depicted in Fig. 2.

Only two energy levels lie below the top of the barrier,
namely at [.14 MeV and 2.12 MeV. respectively. whereas all
others occur above. The discretization process and the finite-
ness of the interval of variation of the GC constiuze a con-
straint in this procedure, leading, obviously, 1o a discrete
spectrum, while the actual one has a conrtinuum,
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FIG. 2. The inminsic first and second GCM calculated dimen-
sionless wave functions for the two alpha system. The caleulations
were performed with a 70X 70 mesh in the interval - 5=, <28
and a step of Az;=0.7.

IV. NONLOCAL EFFECTS

The calculated breakup potential for the $Be can be seen
to be different from the diagonal part of the GCM energy
kernel, which corresponds to the variational potential ap-
proach for the problem. The difference. which comes trom
the off-diagonal terms of the GCM energy kemel mamix.
reflects the nonlocal effects embodied in the formalism and,
at the same time, clearly displays a strong repulsion in the
inner region. This feature of the potential is not only due ro
Coulomb repulsion; in fact it is swrongly marked .by the
blocking effects of pure kinematical nawrc. As is well
known, the short life of the 3Be nucleus (~ 107 s} is ba-
sically due to these effects. Thus, at short range. the nuclear
part of the nucleon-nucleon interaction and the blocking ef-
fects dominate, whereas, asymptotically. the breakup poten-
tial tends to the two alphas Coulomb interaction. where no
nonlocal effects are expected.

The calculated ratio berween the inertia function and the
reduced mass of the two alpha systcm is depicied in Fig. 3
(we remind the reader that the GC adopied is half the dis-
tance between the centers of the HO's potentials so that the
reduced mass of the system corresponds to eight nucleon
masses). The asymptotic behavior of the inerua function
goes to the reduced mass of the two alpha system. as ex-
pected. since. there, only the direct part of the nuclcon-
nucleon interaction effects show up. whercas in the alphas’

1 RN
0.8 .
] |
506 . !
& . ;
0.41° ;
0.2
0
0.5 1 1.5 2 2.5 3
q (fm)

FIG. 3. The microscopically calculated dimensionless rano
R{g)=p*(g) p for the *Be breakup. The caicukinons were per-
formed with 2 70X 70 mesh in the interval — 23=<:.=13 ind a step
of Azp=0.7.
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overlapping region. by assuming a peculiar form. the inertia
function clearly reveals the nonlocal effects occurring ar
short distances. due to the exchange effects. At the same time
that this result reveals important nonlocal contributions to
the breakup process, therefore sirongly suggesting the pres-
ence of the same characteristics already found in the nuclear
fusion processes [9,10], its behavior also confirms a recent
proposal for the description of nucleus-nucleus elastic scat-
tering [7.8]. There, it was proposed that the real part of the
nucleus-nucleus interaction is described by a nonlocal poten-
tial which amounts to having an inertia function that should
be given by the expression [31]

fi
L+ u B2k V(g)|

n*(q)= (15)

where S is the nonlocaiity range of the nucleus-nucieus sys-
tem. 4 is iis asymptotic reduced mass and ¥(gq) is a double
folding porental

VA= [ elrovG=ri+ipardfians. (16

Here u(r) is the effective nucleon-nucleon interaction and
pi(r;) and py(r,) are the nuclear densities of the colliding
partners, respectively. We can directly compare that expres-
sion for the inertia function involving the folding.potential,
used to describe the nuclear scattering, with our previous
microscopicaily derived quantum numerical result. obtained
for the breakup using, by its m, the completely antisym-
metrized GCM wave function. For this purpose. we calculate
expression (15) using the Wigner part of the Volkov interac-
tion as v{r}. This can be apalytically accomplished if we use
the HO wave functions for the calcuiations of the aipha den-
sities (as we have done also for the GCM calculations) thus

giving

k) 32 -

a —dg-
Vig)=64 ¥, —,—,} exp| ———
! [ On‘a;+2b", p‘a-;+2b1

2 32 N

a, i —4g°
+Vo| 59— . exp| ————| |. 17
O(a;+2b') pl‘a'+2b3” 1

r

Now. in order 1o compare the two results for the inertia
function. we must first introduce the Jackson and Johnson
expression for the nonlocality range ({32], namely B
= PBoms . where p is the reduced mass of the system, m is
the nucleon mass and S, is the nucleon-nucleus nonlocality
as given by Perey and Buck [33]. The comparison berween
the microscopically based calculated inertia function and the
one calculated from the Volkov double folding potential us-
ing expression (17) is shown in Fig. 4. We verify that there is
a substantial agreement berween the rwo results in the region
Z9,=¢=b. which corresponds to the exact description of the
overlap kernel. while for 25,z b there appears a siight de-
viation. since the overlap kemel was approximated in that
region. Besides. in the numerical results there are other quan-
tum exchange effects which are not present in Eq. (17).
Thus. we can see from the figure that the inertia function for
the breakup under study has the same form as thar proposed
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FIG. 4. Comparison berween the microscopically calculated di-
mensionless ratio (points) and the phenomenological one using the
folding ansatz. the Volkov interaction. and the Jackson and Johnson
nonlocality range (dashed line). Also shown is the same rato cal-
culated from the nucleon-nucieon M3Y interaction with the param-
eters given in the text (continuous line).

for the description of nucieus-nucleus scartering—this means
that it can be quite well described by expression (15)}—and.
therefore, it is direct to see that it depends on the double
folding potential, but not on that describing the breakup,
namely the one presented in Fig. I. In this form. besides
being consistent with what is expected for the process. this
result also gives full microscopic support for the the ansarz
proposed in the nuclear reactions context {7.8].

For the sake of completeness. we have also calculated the
inertia function from the double folding potential using the
nucleon-nucleon M3Y interaction [34]:

—dr ~15r

e
-2134

-2 ). 1$)
- 5 625(r) (18

v(ry=7999

and HO wave functions for the alpha densities. The pseudo-
potential. —2626(r) MeV. describes the knock-on ex-
change collision at 10 MeV/nucleon {35]. The resuit practi-
cally coincides with those of the previous calculation. as can
be seen also in Fig. 4.

V. CONCLUSIONS

Recently, we have presented arguments that emphasized
the importance of the nonlocal effects arising from the quan-
tum exchange which are present in many-body systems and
in particular in nuclear ones. Specifically we have proposed a
way to incorporate these effects in the description of the real
part of a nucleus-nucleus potential and we have also shown
how these nonlocal effects can explain the energy depen-
dence present in the local-equivalent real part of the phenom-
enological nucleus-nucleus potentials at intermediate ener-
gies [7.8]. At the same time. that proposal serves as a test for
the nonlocality range for composed nuclear systems as ob-
tained in a simple folding model. In the present paper we
have shown that the same nonlocal effects also show up in
nuclear breakup processes. Here. we have adopted a full mi-
croscopic starting point. namely the genemtor coordinate
method. GCM. for the description of the 3Be nucleus that is
known to undergo spontanecus fission into two alpha par-
ticles. The nucleons degrees of freedom are washed our in
the calculations so that one ends up with the GCM kernels
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which are then functions only of the parameter associated to
the half distance between the clusters. By an appropriate
ransformation, the GCM energy kemel is converted into a
collective Hamiltonian which is written in terms of a collec-
tive potential and an inertia function. Therefore, all the un-
derlying noniocal effects of microscopic origin in the ®Be
nucleus are taken into account now in these new functions.
The collective potential clearly reveals a shallow pocket that
does not allow for a bound state and a strong repulsion at
short distances, mainly due to Pauli blocking. In fact, the
solution of the GCM equation admits’ two levels below the
top of the barrier but above the asymptotic Coulomb tail; the
lowest level is the candidate for representing the *Be reso-
nance although its energy eigenvalue is above the 100 keV
expected for this case. The inertia function, by its turn, bears
the hallmark of the presence of nonlocal effects in a marked
way. Being a function of the half-distance degree of free-
dom, the rario of the effective reduced mass to the reduced
mass for the breakup process has a form that clearly re-

NONLOCAL EFFECTS IN THE °Be BREAKUP
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sernbles the ones already found in other nuclear processes
and also that of a nucleon in a self-consistent potential [36).
Furthermore, we have compared the numerical result for that
ratio with the one analytically obtained from a double fold-
ing inspired expression and the Volkov ineraction. The re-
sults almost entirely match. We can therefore see that the
present microscopic-based treatment of the 3Be exhibits the
importance of nonlocal exchange effects in the brealcqp.
which can be of great importance for more accurate descrip-
tions of astrophysical processes, such as the capture of an «
particle by a breaking up *Be in the process that populates
the 7.6 MeV Hoyle 0* resonance in '*C.
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Nonlocal interactions are an intrinsically quantum phenomenon. In this work we point out that, in the
context of heavy ions, such ipteractions can be studied through the refractive elastic scattering of these
systems at intermediate energies. We show that most of the observed energy dependence of the local
equivalent bare potential arises from the exchange nonlocality. The nonlocality parameter extracted
from the data was found to be very close to the one obtained from folding models. The effective
mass of the colliding, heavy-ion, system was found to be close to the nucleon effective mass in nuclear

matter. [S0031-9007(97)02958-X]

PACS numbers: 25.70.Bc, 21.30.Fe, 21.65.+f, 24.10.~i

Of fundamental importance in nuclear physics are the ef-
fects anising from the Fermi nature of the nucleons. When
calculating interaction potentials between nuclei, these ef-
fects transiate into a nonlocality. This Pauli nonlocality
has been discussed in the context of the nucleon-nucieus
scattering [1,2]. A fully microscopic calculation of the
nucleus-nucleus interaction is quite complicated and one
relies here on procedures such as the resonating-group
method {3]. Other methods rely on relating the nucleus-
nucleus nonlocality to that of the nucleon-nucleus one us-
ing folding procedure [4]. However, the prediction of
Jackson and Johnson [4], namely, the nonlocality range
in the nucleus-nucleus systems, is smaller than that in the
nucleon-nucleus one by about the inverse of the reduced
mass in the former, was never really subjected to tests. In
this Letter we supply such a test through a careful analy-
sis of the elastic scattering of the systems '*C + '2C and
180 + '2C at intermediate energies.

Before we set the stage for our analysis of exchange
effects in the 10n-ion interaction, we first say a few words
about this interaction. The effective, one-body interaction
that determines the elastic scattering between two nuclei
can be written in a schematic way as

V) = V(7o) + D ViGN, 7 E)WVi(r7)
(h

The first term. Vg (F, ;’), is usually called the bare in-
teraction. It represents the ground state expectation value
of the interaction operator, which contains as basic in-
put the average effective nucleon-nucleon force (G ma-
trix). The nonlocality here is solely due to the Pauli
exclusion principle and in what follows we refer to it as
the Pauli nonlocality. The second term contains the con-
tribution ansing from virtual transitions to intermediate
states { {inelastic channels, transfer channels, etc). The
corresponding nonlocality arises almost entirely from the
polarizations that ensue in the heavy-ion system owing to
the propagation in the intermediate channels. This is ex-

emplified by the channel Green’s function G§+)(F, rE),

3270 0031-9007/97/78(17)/3270(4)$10.00

which contains an explicit energy dependence. This latter
contribution is called the Feshbach term and thus we refer
to its nonlocality as the Feshbach nonlocality.

When confronting theory with experiment one usually
relies on a one-body optical model with a local potential.
This brings into light immediately the issue of extracting
from Eq. (1) a local equivalent potential. This potential
is thus defined through the equation

f VGEE (M dr = VEEWE R, @

where W‘(E'H(F) is the exact wave function that describes

the elastic scattering of the nucleus-nucleus system.
Clearly, from the structure of Eq. (1) for V(r, r¥), the

energy-dependent local equivalent potential is

V(F,E) = VpauLi(7. E) + Vegsupacu(7.E), (3)

where Vpaup; is the local equivalent of Ve and
Vresusacy is the corresponding one for the second term
on the right-hand side of Eq. (1). Here VErsHBaCH
is manifestly complex, whereas Vpayp| is taken to be
predominantly real. A small imaginary component in
VpayuL) may be present due to the complex nature of
the underlying effective nucleon-nucleon interaction (G
matrix) and as a consequence of Eq. (2) through the wave
function. The energy dependence of Vpayri would have
two origins: the nucleon-nucleon G matrix and, more
importantly, the Pauli nonlocality.

Notwithstanding the fact that the major part of the non-
locality in the potential is related to channel couplings
(Feshbach nonlocality), we take the view that the effect
of these couplings is embedded in the energy-dependent
imaginary potential. Further energy dependence may be
expected in the real part of the potential that comes from
the dispersion relation. However, the part of the ion-
ion interaction which contains this Feshbach nonlocality-
related energy dependence is concentrated in the surface.
Therefore, in the inner region the ion-ion potential is ex-
pected to have its energy dependence arising predomi-
nantly from the Pauli nonlocality alluded to above. The

© 1997 The American Physical Society
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probe of the inner region is made possible through the
elastic scattering at intermediate energies [5].

In a recent review article [5] the phenomenon of rain-
bow scattering seen in several heavy-ion elastic scattering
data was discussed. It was emphasized that by measuring
the angular distribution of systems such as '2C + !2C,
60 + 180, etc., in the energy region where the far-side
amplitude dominates, one is able to extract unambigu-
ously the depth of the real part of the ion-ion poten-
tial. This has been shown in detail in [6—9). Further, by
tracing the nucleus-nucleus interaction to its underlying,
density-dependent, effective nucleon-nucleon interaction,
one is eventually able to extract the compressibility of nu-
clear matter,

= Gp2 82 (E) 4
K 9}90 ap2 A p=po, ( )
where p is the density and E/A is the average binding en-
ergy per nucleon of the cold system. The extracted value
of K from the %0 + Q system [9] at several center
of mass energies was found to be roughly 220 MeV, in-
dicative of a soft equation of state. What other physics
may one extract from these angular distributions? The
question which we raise here is certainly asked by many
other heavy-ion physicists. We shall give sufficient evi-
dence in the affirmative to the above guestion. In par-
ticular, we show below that the same data that were
analyzed by Khoa er al [7-9] for the purpose of the
extraction of K can be used to extract the nonlocality
parameter b which measures the nonlocal spread in con-
figuration space where the ion-ion force is operative. The
extracted value of b is very close to the one predicted
22 years ago by Jackson and Johnson [4], who showed
within the single folding model that b = bym/u, where
by is the nucleon-nucleus nonlocality parameter, m is the
nucleon mass, and g is the reduced mass of the nucleus-
nucleus system. Theoretically, it was estimated [10,11]
that by ~ 1 fm. By an extensive fit of nucleon-nucleus
elastic scattering data, Perey and Buck [1] have found
by = 0.85 fm.

As stressed in the introduction, we assume that the bare
nucleus-nucleus real potential is nonlocal and we adopt
the following form for it:

- r +r = SN2

2= i )] 527

(5)

where the nonlocal potential Vi (|F + r/]/2) is of a

density-density folding inspired form. Using the Perey

prescription [1], based on Eq. (2), for finding a local
equivalent potential, we obtain

bZ
VLe(r,E) = VnL(7) exp{_%F[Ec.m. = Vie(r, E)

- vc(r)]}. ©)

where we use the notation Vi g to designate Vpaur1. Here
Vc(r) is the Coulomb interaction given as usual by

_ |GRE - )z, Z2¢*/2RE r < Rc
Velr) = {Z_lzzezlr r=Rc’ 7
where Rc is the Coulomb radius. Thus a plot of
InVLg(r,E} against E.n — Vig(r,E)} should yield a
straight line whose slope is just —ub? /252,

As said above, ample proof has been accumulated over
the last several years, which indicates that the real part
of the ion-ion interaction, at very short distances, can be
unambiguously extracted from the refractive scattering of
heavy ions at intermediate energies. Elastic scattering an-
gular distributions for the system 2C + '2C at interme-
diate energies were analyzed in Ref. [12]. It was shown
that the region of radial sensitivity, where the optical po-
tential is probed, is r = 4 fm. Those angular distributions
are dominated by the far side component in the region of
momentum transfer ¢ = 400 MeV/c. Theoretically, us-
ing the semiclassical approach, it is possible to demon-
strate [13] that for this value of momentum transfer the
real part of the potential is probed at interacting distances
around 4 fm.

Having spelled out the possible limitations of our
model, we turn now to the extraction of the nonlocal-
ity range parameter b, using Eq. (6) and the potential
values in the probed radial region, which were unam-
biguously determined from the elastic data analyses of
Refs. [7,12,14—16]. In Fig. 1(a) is shown InVpg(r) ver-
sus E.m ~ Vog(r) for the system '2C + 12C at r =
4 fm (circles). The extracted value of & is 0.14 fm
to be compared to (.15 fm expected from single fold-
ing result of Ref. [4), b = bym/u, where by is about
0.9 fm. Also shown in the inset in Fig. 1{a) is the en-
ergy dependence of Vyg(r = 4 fm). Similar analysis
was made on the system '*Q + '2C. This is shown in
Fig. 1(b) (circles). Here b was found to be 0.11 fm,
whereas bom/u is 0.13 fm. We point out that within
about 10% accuracy, as shown in Fig. 1, the energy de-
pendence of Vi g extracted from data analyses is de-
scribed by Eq. (6). There is also an excellent agreement
for the extracted & values and those predicted by the
folding model. These findings are consistent with our
hypothesis that associates the main energy dependence
of the local equivalent potential to exchange nonlocal
effects.

We should mention that the region of radial sensitiv-
ity, where the potential is unambiguously extracted from
refrative elastic data, is rather system dependent. For
example, nucleon, deuteron, and alpha-nucleus systems
present radial sensitivity near r == 0 fm [17] while, as dis-
cussed above, for systems like '2C + 12C this region is
around 4 fm. Thus, with the aim to extend our analyses
to other systems, we have considered the potential val-
ues at r = 0 fm. The potential extrapolation from the
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FIG. 1. The energy dependence of the local equivalent po-
tential, Vg at r = 4 fm (circles) and r = 0 fm (crosses),
in the energy range 10 < Ep,/A = 200 MeV/nucleon for
(a) 2C + '2C and (b) %0 + 2C. The solid and dashed lines
represent the Perey prescription at r = 4 fm and r = 0 fm, re-
spectively (see text for details).

sensitivity region to r = 0 is shape dependent. Therefore, -

in our analyses we have considered only realistic shapes,
such as those provided by the DDM3Y folding calcula-
tions. Using this extrapolation for the '?C, 0 + 12C
systems, the energy dependence of V g(r = 0) (crosses
in Fig. 1) is well described by Eq. {6) and the correspond-
ing b values are also very close to those obtained through
the potential values at r = 4 fm.

We have used expression (6) and the data analysis from
Refs. [1,7-9,12,14,16—18] to extract VL (0) as a function
of p. For the systems which the data energy range was
not sufficiently extensive, we have used the b values from
Ref. [4]. Asis shown in Fig. 2, Vi (0) increases linearly
with .

A further test of the consistency of our analysis method
is supplied by a look at the effective reduced mass u” of
the combined system. Back in 1956, Frahn established
the following simple relation [19]:

plr) _ 1 @)
K L+ 5% | V() |
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FIG. 2. The resulting nonlocal potential Vi {r = 0). using
the Perey prescription [1] and the elastic data analyses as a
function of the reduced mass of the system. The data point [¢]
is the result of the Perey and Buck analyses of severai nucieon-
nucleus systems. The solid line in the figure serves only as a
guide to the eye.

We stress at the outset that the concept of effective mass
is intimately related to the nonlocal nature of the in-
teraction [19]). We further stress that since the nucleon
effective mass determined from the mean free path in
the nuclear matter [20,21] is m*/m = (.7, one should
find #*(0)/x = 0.7. In Fig. 3 we show the extracted
#*(0)/ e, using Eqgs. (6) and (8) and the experimen-
tally determined V\ g(0). Clearly, our expectations are
reasonably met.
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FIG. 3. The dimensionless effective reduced mass x™/p as a
function of the reduced mass of the coiliding systcm. The solid
line in the figure represents the average value from several
systems. The data point [¢] is the result of the Perey and
Buck analyses of several nucleon-nucleus systems. The [+]
points represent the theoretical predictions using the generator
coordinate method (see text for details).
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It is worth mentioning that the same conclusion can also
be attained through theoretical considerations. In fact,
in a procedure based on a fully microscopic generator
coordinate method, using a Skyrme interaction, aiming
at the extraction of the collective potential and effective
mass for the giant dipole resonance for light double
magic nuclei [22], the proposed behavior was completely
verified. The results from these theoretical calculations
are represented by crosses in Fig. 3.

It is further worth mentioning that Perey and Buck
have analyzed [1] a large set of elastic scattering data
for several nucleon-nucleus systems. They have taken
into account the effects of exchange nonlocality using
a Schridinger-like integrodifferential equation. It is im-
pressive that the results of those analyses, included in
Figs. 2 and 3 as the full circles, are very similar to the
results for the heavier systems that we have analyzed.

We turn now to the case of exotic, radioactive, nuclei.
Recently, measurements of elastic scattering of !'Li with
12C [23] and 28Si [24] targets, at only one energy,
were reported. The phenomenological optical potential
in conjunction with coupled channels was employed in
the analysis [25-27). The simple cluster model for the
ground state of !'Li implies a structure where the core
nucleus °Li is weakly bound to a dineutron. The folding
procedure of Ref. [4] would then lead to a larger b. This
in turn will translate into a stronger energy dependence
of the bare halo nucleus-ion potential. An extension of
the measurement to other energies is urgently called for
testing these proposals. .

In conclusion, we have considered the exchange
nonlocal effects of the nucleus-nucleus interaction aris-
ing from the Fermi nature of the nucleons. We have
demonstrated in this paper that most of the observed
energy dependence bf the local equivalent potential,
extracted from the refractive elastic scattering data analy-
- sis of nucleus-nucleus systems at intermediate energics,
arises from nonlocal exchange effects. The obtained
values of the parameter b, which measures the range of
this Pauli nonlocality, agrees with predictions using the
single folding model. The effective mass of the system
1*(0)/ e is found to be very close to the nucleon ef-
fective mass of 0.7. The relevance of these findings to
the scattering of radioactive, halolike, nuclei is briefly
discussed.
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