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INTRODUCTION

This volume contains the proceedings of the "Fiftli Nuclear PhysiCK 
Workshop" held from April the 12^^ to the 18^^ at Chapadmalal, Prov. of 
Buenos Aires. This meetlng marks the end of a period starting in 1978, 
that was invested in the construction and assembly of the TANDAR 
laboratories. A new stage now begins in which the facilities will be put 
in operating conditions and in which the fruits of the effort of the 
past years will start to be harvested.

In this ocassion the Federal Government supported the meeting by 
declaring it of "national interest". The National Research Council and 
the Organization of American States contributed with important grants 
that made possible to enlarge the scope of our previous meetings by 
hosting a large delegation of Latinamerican colleagues from Brazil, 
Chile, México and Venezuela and by scheduling parallel sessions in Solid 
State Physics. The invited speakers were Drs. H.Mang, J.Ball, J.Axe and 
R.Levine from Germany, U.S.A. and Israel . The meeting took place during 
the first stages of a conflict in the South Argentine Atlantic, a 
consequence of which other invited British colleagues, choosed to 
postpone tbeir visit. Their contributions have been included in the; 
present voluroe.

Only now after five years we can judge positive the balance of thí: 
past meetings. Similarly only in a few years from now, we will be ablc 
to evalúate the new exchange and collaboration plans that have been 
suggested during this meeting.



This time the standard acknowledgements must be somewhat more 
extented. Not only Mrs. M.T.Carmuega has edited this proceedings with 
her usual efficiency but we have also to acknowledge the invaluable help 
of Mrs. L.González and Messers J.Prieto, L.Rodríguez, J.Vidallé and
H.Soler in most of the organizing problema of this meeting that gained a 
lot in complexity without loosing its efficiency.

R.P.J.Perazzo
O.Dragún

Organizing Committee



DISCURSO DE APERTURA A CARGO DEL PRESIDENTE DE CNEA 

Vicealmirante Carlos Castro Madero

Cumplo con verdadero placer en dar la bienvenida a un grupo tan 
numeroso como calificado de científicos provenientes tanto de otras 
instituciones del País, como de Europa, Estados Unidos y Latinoamérica.

Es esta la quinta de una serie de reuniones que comenzaron en 
1978 a poco más de un mes de haber firmado el contrato para la compra 
del acelerador que Uds. visitarán esta tarde. A lo largo de los pasados: 
cuatro años éstas ajustaron el plan de sus actividades a la marcha del 
proyecto que ha entrado ahora en su etapa final de realización. Este esi 
pues el momento adecuado para programar el detalle de los planes de 
investigación y fijar los lincamientos para los acuerdos de 
colaboración e intercambio científico, temas estos centrales de la 
Reunión que hoy comienza.

El proyecto TANDAR no hubiera podido nacer y avanzar al paso 
que lo ha hecho sin apoyarse en una arraigada tradición en el desarrollo 
de ciencia básica en nuestra institución. A muy poco de nacer, más de 
treinta años atrás, la CNEA concretó la compra del acelerador 
Cockroft-Walton y el Sincrociclotrón, equipos ambos que contribuyeron 
eficazmente a impulsar la física nuclear del país. Un testimonio de la 
continuidad que hemos propiciado -y que es imprescindible para estas 
actividades- fue dado por el hecho que el día en que celebrábamos los 
veinticinco años de vida de estos equipos, se inciaban los movimientos 
de tierra de los nuevos laboratorios del TANDAR.

La CNEA siempre reconoció el valor de la ciencia básica tanto 
en la formación de recursos humanos como en su carácter catalizador y 
ejemplarizante para la incorporación y desarrollo de técnicas de 
avanzada. La investigación científica nos ha servido, finalmente, para 
extender a otras áreas las pautas de rigor y excelencia que aquella use 
para medir su propia producción.

El reconocimento de estos hechos fue en gran medida responsa­
ble de haber podido luego transitar con firmeza las otras etapas del 
desarrollo tecnológico y la aplicación industrial.

A lo largo de este complejo proceso de crecimiento todas las 
actividades de la Casa sin excepción se han enriquecido de su estrecha 
interacción con las otras. Pudimos así sortear exitosamente numerosas 
fronteras tecnológicas que encontramos tendidas en torno de países de 
elevado nivel de desarrollo y que limitan el libre flujo de conocimien­
tos de fructífera aplicación en el ámbito del desarrollo social.

Es por todas esta razones que deseamos que los beneficios que 
deriven del proyecto TANDAR sean compartidos no solo por los especia­
listas de otras instituciones de la Argentina sino también por los de 
naciones hermanas del continente que aqui se encuentran tan dignamente 
representados. Las nuevas instalaciones han sido encaradas para que se



conviertan en un medio efectivo para tal fin, con toda la infraestruc­
tura que les posibilite actuar como un verdadero laboratorio naciona] 
con sus puertas abiertas a científicos visitantes de todas partes.

Es en este contexto que deseo agradecer el apoyo que nos ha 
otorgado el Poder Ejecutivo declarando esta Reunión de Interés Nacional, 
así como al CONICET que prestó su auspicio no solo a esta sino a las 
anteriores cuatro Conferencias de este ciclo. Un especial reconocimiento 
nos merece la ayuda brindada por la OEA que ha posibilitado la concurr£;n- 
cia de una numerosa delegación latinoamericana, ayudándonos a concretar 
un primer paso en nuestra política de puertas abiertas para el aprove­
chamiento de los nuevos laboratorios. Deseamos pues que esta Reunión s£;a 
el comienzo de una colaboración a la que la CNEA está dispuesta a 
prestar su máximo estímulo.

Sólo me resta aprovechar esta oportunidad para desear a todo¡5 
Uds. una estimulante reunión de trabajo así como una placentera estadía 
en Buenos Aires y Chapadmalal.



INTRODUCCION

Este volumen contiene los anales de la "Va. Reunión de Trabajo de 
Física Nuclear y Uso de Aceleradores" que tuvo lugar desde el 12 al 18 
de abril de 1982 en Chapadmalal, Pela, de Buenos Aires.

Esta Reunión señala el fin de un ciclo que comenzó en 1978 y que ha 
de identificarse con el montaje y construcción de los laboratorios del 
TANDAR. Ahora comienza la nueva etapa de su puesta en funcionamiento, 
y en la que se comenzará a cosechar el fruto del esfuerzo realizado.

Para esta ocasión se contó con el apoyo del Gobierno Nacional que 
declarara esta Reunión de Interés Nacional, del CONICET y de la OKA. 
De este modo fue posible extender la perspectiva de nuestras reuniones 
anteriores incluyendo una nutrida delegación de colegas de Brasil, 
Chile, México y Venezuela e incorporando además sesiones paralelas) en 
Física del Sólido. Los conferenciantes invitados fueron los Dres.
H.Mang, J.Ball, J.Axe y R.Levine, de Alemania, Estados Unidos de América 
e Israel . Esta Reunión tuvo lugar en los momentos iniciales del 
conflicto er el Atlántico Sur Argentino a consecuencia del cual oiiros 
colegas británicos invitados al evento optaron por posponer su venrLda. 
Sus contribuciones han sido incluidas en el presente volumen.

Sólo ahora, después de cinco años, podemos aventurar un balance 
positivo de las pasadas reuniones. Del mismo modo, sólo dentro de algún 
tiempo podremos justipreciar los nuevos horizontes de colaboración que 
se han abierto con esta conferencia.



Los agradecimientos de rigor deben ser esta vez más amplios. No 
sólo María Teresa Carmuega ha editado estos anales con su habitual 
®ficÍ6ncia sino que ademas, debemos contabilizar la inapreciaMe 
colaboración de la Sra. L.González y los Sres. J.Prieto, L.RodrIguíz, 
J.Vidalle y H.Soler en muchos de los aspectos organizativos de una 
Reunión que ganando complejidad no perdió eficiencia.

R.P.J.Perazzo
O.Dragún

Comité Organizador
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1. Theory

la) The Inglis cranking model
1 )In 1954 D. Inglis suggested a simple model for rotating 

nuclei, which soon proved highly successful in describing 
many phenomena. The model is based on the observation that 
for a rotating deformed nucleus the single partióle model 
should be a valid approximation only in the rotating frame 
of reference. This implies the following new single partióle 
Hamiltonian

Here ^  is a constant angular velooity. Its direction is 
perpendicular to any axis of symmetry. It has become a con- 
vention to take the z-axis as the axis of symmetry and the 
x-axis as the axis of rotation. In the early days of the 
model -CJJ was treated as a perturbation which leads to the
famous "Inglis Formula" for the moment of inertia. Nowadays

ati
2 )

Cl)J„ is treated exactly and this is called the rotating
shell-model

It is easy to obtain a selfconsistent versión of the Inglis 
model. The single particle Hamiltonian Hs.p. is replaced 
by the exact Hamiltonian H and the resulting Schrodinger equa-; 
tion is solved approximately in the single particle approxi­
mation. From a mathematical point of view the angular velo-



City (i> is a parameter of the theory and not a truely 
measurable quantity as in classical mechanics. The reason 
is obvious. In classical mechanics one has as one of 
KamiIton's equations

-------  — CO (1= an g u la r momentum) (2)
d i

The quantal analog would be

1<H>

_ 4 _

= <Cü> o:

(Ehrenfest theorem)
However, equ.3 does not make sense because J is quantized 
as is the energy. In order to relate 6J to experimental data 
the following procedure is applied.

(4.̂

CO(I-I)

This clearly implies that the equation

 ̂ < H - C 3 X >  = o

must be solved under the constraint

> -  ' Í T ( F ^

(5)

(6)
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Because only then H > can be interpreted as the energy 
of the State with angular momentum I

E .  = < H >
<Tx> = Írci-H (7)

The constraint (equ.6) replaces rigorous angular momentum
conservation by a "quantisation" of the expectation value,^ J^).
Indeed a solution j of equs.5 and 6 will in general not

■^2 ^be an eigenstate of J and J . In short the cranking modeiz
is a semi-classical approximation.

It is well known that a semi-classical approximation is no 
longer valid when fluctuations of important operators like J

are rapidly varying. In some cases it is even 
sufficient that fluctuations become large, fortunately not in 
the case under consideration. In addition to this criticism 
one would like to derive the cranking model from first prin­
cipies, that is Schrodingers equation, and in this way be 
able to estímate or even calcúlate corrections.

Ib) Derivation of the cranking model.

The starting point is the equation

For a general single particle wavefunction (HFB) is
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used^^. A straightforward solution of equ.8 would in 
general yield a deformed solution, that is^it violates angu­
lar momentum conservation. One should therefore use

A
> =• T x  / ■ p (9)

M *^2where is a "projection operator" onto eigenstates of J
A 4 ) ,and J . One such operator is given by

' P r  - K

■ R ( l l )  =  e x : p  C l w ' T z )  (2^p{;(37-,)

(lo)

Insertion of (9) and (lo) into (8) yields after some trivial 
manipulations

( 1 1 )

A AThe crucial quantities are ̂ HR> and • One is able to
show^'^^ that <^HR> can be expressed as follows:

IH'R \^y - [ci+bLx C

L^, L^, are angular momentum operators in the Euler anglas 
, Equ.12 is exact if the sum on the right hand side 

is not truncated. Truncating after quadratic terms is justi- 
fied provided the nucleus is well deformed and almost axially
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symmetric.

< A J < ^ >  + <  j / >  »  1

< j i }  «  i ( r + i ) (13)

In order to obtain the cranking model I shall now also
2neglect the term cL . Furthermore I shall use the relations

L: <<$1R14>> = <c|.I-RT; 1 (|>>

X, y . i

Equations for a and b are now obtained by setting ̂ =0 in 
equ.12 and then also in trie equation which is obtained by 
operating with L on equ.12^.

< Í > I H | < | >  =  a +  b < 4 > l T ,  i<í>>

The solution is

^ < ¿ Í H A Í 1 ^  A . , ^ .

(14)

(15)

(ir.)

Note that < J  > = < J  > = O
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M

s ’-fi"
= ü.+ b

i Í í >^/<<Í>i r i 4>>»ü2.

The second inequality of (13) guarantees that

z i «K  K

^  í ñ F í r i
vCk' J

or

Ez =  <4>IHI(|>>+ -<:<f>ií

< # i h a 1 \ c|>>

( 1 7 )

( 1 3 )

A variation of E,

S E i _ o

yields
¿<<1 IH 19> = o

( 1 9 )

Only small valúes of K, K ’ contribute to the sum because of 
the structure of l ^ >  which contains only components of small 
K valúes.
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The proof of the set of equations is rather simple
S < 4 > m i c j D > - c j

t

+ (V'i(r-+i)'-<c|i|f, l4 >)'fo = O
This relation has to hold for any variation 
variation is given by

I S $>3 > ^ ó f ,  ¡ > l í l« l

Upon inserting one obtains

IH AJ,c I cí>> -  Cj<c|>IAJ^^l4)>

-<■ (fxO+i7 -<<f = o
which is equivalent to

C>o)

A pec'.al

C:l)

(2 2 )

(23)

because of the definition of Cü in equ.18. It is a trivial 
matter to convince oneself that (SOy is in general not equal 
to zero and henee ^£(1+ f)'~ ̂  must be equal to zero.

The set of equations 19 formulates the self-consistent cranking 
model. These equations can be solved either by introducing ¿i 
Lagrangian multiplier whose valué is determined by the 
constraint ^ 3*x ̂  or more conveniently by a method
of steepest descent^^. The latter has the additional advantage 
that it also works in those cases in which < J > is not a 
single-valued function of Cü .
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Concerning fluctuations it is straightforward but tedious to 
carry through an analogous calculation. I shall give only thej 
result for the energy

E l  = < H >  í y " >

+  c o  ( l i ' i í r + i i )  (24)

•+ _5g-- ( í í ( r T i W ^ > -  ( t > ) ^

with

j _  _  < ( H - < h > ) ( 2 i T x ^ ^ - _______

It is obvious that the variation of this expression is again 
straightforward but will produce a formidable number of diffe- 
rent terms. The variational equation cannot be converted in such 
a simple form as equ.19. A cióse inspection of equ.2 4 however, 
shows that the following is a rather good first approximation

 ̂ (<4>Ih I4>> =  o

(25)
y i ( x + u - < : i / > '  =  \4 > >

(1c) Transition rates and moments.

In order to calcúlate transition rates and moments one has to 
start again with the wavefunction  ̂̂ . One
has to perform analogous manipulations as for the expectation 
valué of H. The difference lies in the fact that H is a sea- 
lar two-body operator whereas the transition operators are one-
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body tensor operators. Of course, one can use an expansión ana- 
logous to the one given in equ.12. Even then, however, the norm- 
matrix J | R  | C dü: does not disappear from the final
result because of the tensor properties of the operators. There-

has to be calculated. A good approxi-
mation is provided by

(26)

This expression would be exact, were the sum on L not truncated 
at L=2. With the help of equ.26 the norm-matrix i can be 
given in a closed foriti as a rapidly converging sum over Bessel 
Functions. Details can be found in ref.7. The reduced matrix 
element of a tensor operator of rank \  is given in equ.27.

< i i T ^ i i r >  = r i
k k 'k ^ IG TT¿

( “ .V ) R i f  > <<a
(27)

I R I  - [a;: ^  Lfe + ■ ■ J<4 ÍR l<í>>

<4- i ^ 14 >> -- Z   ̂ IR !<!•>

Note the symmetrisation with respect to initial and final states.

Finally I would like to mention an inportant and helpful property 
of the expansión of equ.12 in the case of transition rates cis
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well as moments. It turns out that the first term correspon- 
ding to a¿ is always dominant, the reason being that the 
second term is very small because,of the constraint and the 
third one is smaller by a factor of •

Before going on to applications of the theory a few words 
about projection of partióle number are in order. This problem 
is definitely much simpler.The projector has the form

^  , r ,
k; ~ Vr  ̂ eN  ¡i j \ (2 3)

O

The energy is given by 

= O leads to

(29)

< 4 , i H  ¡1 i < p} I , 

....

for all ■< /. \

These equations can be solved without any approximations^^ 
Technical details can be found in ref.^K

2. Applications 

2a) Energy levels

As examples I shall discuss four nuclei all from the rare
earth región ^^®Dy, ^^^Dy, ^̂ '̂ Er  ̂ '•82,,and w. Measured and



and calculated energy levels as well as deformations, alignmeínts 
and energy gaps are given in Figs.1 to 9. Several sets of cal- 
culations have been performed. All are based on the "pairing 
plus quadrupole model" of Baranger and Kumar. The simplest cal- 
culation is the one with the selfconsistent cranking model as 
given in equation 19, Two versions have been used^one with mono- 
pole pairing only and one with quadrupole pairing added. The 
addition of quadrupole pairing had the effect that no longer 
a core moment of inertia was needed to obtain the correct mo- 
ment of inertia at low angular momentum (1=2,4,6). Another cal- 
culation used the energy expression of equation 24. In both 
cases partióle number conservation was treated in the BCS-appro-

1 R 9ximation. Finally there is a calculation for W done with 
exact partióle number projection before variaton but within 
the framework of the self-consistent cranking model.

From a comparison of these results with existing experimental 
data one concludes that qualitative agreement is always obtained. 
The more sophisticated calculations, i.e. the ones with number 
projection and with Ê . of equ.24, generally improve agreement 
with experimental data. Of course, this is only so if one com­
pares to simple cranking calculations performed with the same 
set of parameters. It should be noted that up to now all cal­
culations with quadrupole pairing have been performed only in 
the simple cranking approximation. A comparison of the back- 
bending plots in Fig.2 clearly showsthat the extra terms in 
Ej of equ.24 must contribute quite substantially to the averace 
potential and in particular to the pair field. Fig.1 demonstrates

_ 13 _
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Figure 1;

Contribution to 
<J > by neutrons 
of positive 
parity versus J.

Figure 2;

Backbending plot 
for ^^‘♦Er •—# 
cránking;

cranking 
with fluctuations 
included;
•' • experiment­
al data.
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Figure 3
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..#  experimental data.
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that the extra terms hinder alignment and thus produce a much 
more sudden transltion from the non-aligned to the aligned confi- 
guration. In the same way partióle number projection keeps pai- 
ring correlations strong and also hinders alignment with very 
much the same effect. Fig.3 and 4 show that even on the basis 
of the conventional cranking model good agreement with experi­
mental data can be obtained if the parameters of the forces are 
slightly adjusted^^. The interesting feature of the calculations 
for ^®°Hf and ^ i s  the occurence of an extremely sharp band- 
crossing between 1=22 and 26. The exact Crossing point is, of 
course, model dependent. Tfie Crossing band has an óblate almost 
axially symmetries deformation. The rotation is not around the 
axis of symmetry. In the Crossing región both bands show neutrón 
and proton alignment, but the óblate band has the larger total 
alignment, a fact which compensates for the smaller moment of 
inertia of an óblate rotor in comparison to a prolate rotor of 
the same deformation. Unfortunately there are no experimental 
data up to now which could confirm or disprove these calculations,

2b Transition rates and moments

I'll restrict myself to BE2-values and magnetic moments and
discuss three nuclei for which some experimental data are avai-
lable (^^®Dy, ^^^Dy and They should exhibit a quite
different behaviour if neutrón alignment is the process which
dominates the behaviour of states with angular momentum I less
than 24. The reason for such an expectation is that ^^®Dy shows
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a strong upbending which indicates a rapid transition from a
normal to an aligned band. This in turn implies a decrease in
BE2-values of the Yrast-band while intraband transitions should
increase markedly. Most easily such a behaviour is understood
if one interprets the whole process as a mixing of a non-aligiied
and an aligned band. In case of no mixing, intraband transitions
would completely domínate whereas for very strong mixing Inter-
band transitions would be equally strong. Indeed there is a 

164case in Er in which the ratio between interband and intraband 
transitions is approximately .5. The situation is even more 
clear in the case of magnetic moments. It is obvious that aligned 
neutrons contribute little (or even an negative amount) to magne- 
tic moments but a very substantial part to the total angular mo- 
mentum. Henee one expects a decreasing gyromagnetic ratio if 
neutrons align. None of the experimental results contradict 
this prediction and some even support if. Figs.lo and 11 give 
Information on calculated and experimental results obtained

^^®Dy and Unfortunately, experimental error bars and
theoretical uncertainties are so that one cannot claim more 
than qualitative agreement,

Finally Fig.12 shows claculated g-factors for The calcu-
lations are the ones which led to the "alignment" and back-ben- 
ding plots of Figs.1 and 2. The differences in the g-factors 
simply reflect the differences of "alignment" as depicted in 
Fig.1. The abrupt change in the g-factor is a clear fingerprirt 
of the fluctuation terms in equ.2 4 without them one will never

- 18 -
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Figure 5:

180Energies and deformations for Hf 
(cranking, monopole pairing only).
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Figure 6 :

Bandcrossing in (Energies versus 1(1+1))
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Figure 7 

Deformations versus I for
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Figure 8:

"Alignment" of neutrons and protons 
in the bands of
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Figure 9:
182Energy-gaps versus I for W.
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obtain such a sharp transition even if one is able to repro­
duce the energy levels fairly well.
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A Study of High-Energy Light Particle Emlssion 
from Heavy Ion Induced Reactions

J. B. Ball
Oak Rldge National Laboratory,* Oak Ridge, Tennessee 37830, U.S.A.

Introductlon

An exciting aspect of the heavy ion beams provlded by accelerator 

facllitles now or soon to be available for research is the opportunlty 

to study nuclear raatter under stresses that cannot be produced wlth any 

other probes. At the lower projectlle energles the nuclear structure and 

reaction dynamlc effects of the hlgh angular rotatlon stresses are belng 

studled to better define the collectlve and single particle behavior of 

nuclear matter. As we push to-higher energles, we introduce the possl- 

blllty of compresslonal forces that raay produce nuclear densltles 

greater than those normally present In the nucleus of an atom. It is 

wlth such studies that we can hope to derive Information about the 

behavior of the nuclear-matter equation of State.

At colllsion energles of one to two times the Coulomb barrier 

energy, the relative velocities are less than the typical Fermi velocl- 

ties of the bound nucleons. In this doraain, we expect the mean field 

properties of the nuclel to domínate the reaction process. At the other 

extreme, at relativistlc colllsion energles, we expect the reaction to 

proceed as an incoherent superpositlon of individual two-partlcle colll- 

slons. To derive Information on the behavior of the nuclear equation of 

State, we must understand the processes whlch lead to this transitlon 

from mean field to independent particle dominance of the nuclear reaction.
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If high nuclear-matter denslties are produced during reactlons in 

thls transitlon región, the lifetime of this hot, dense aggregatlon will 

be very short - the order of the reaction time. Thus, whatever we can 

deduce about this State of nuclear matter will have to be reconstructed 

frora our examination of the nuclear debrls remaining after the reaction.

One of the early surprises in examining reaction products from 

heavy ion reactions at 10 MeV/nucleon and above was the large yield of 

light partióles emitted and the high energies to which the spectra of 

these particles extended. At Oak Ridge, a group of us have been 

involved actively in studying light particle emission from heavy ion 

reactions since about 1976. This paper is intended as a progress report 

on that work and a look at our. present state of understanding about this 

phenoraenon. This summary relies heavily on the work, in particular, of 

Ron Auble, Russell Robinson, and Clyde Fulmer of the Oak Ridge group.

A Bit of History

In 1976, after we had commenced construction of the new 25MV tandera 

facility at Oak Ridge, we began to examine possible futura large booster 

accelerators that would provide significant increases in ion energies.

As part of that study we had to examine shielding requirements for 

experiment areas where one could safely stop heavy ion beams with 

energies from 100 to 200 MeV/nucleon. The amount of shielding required 

would be, of course, mandated by the flux of fast neutrons produced by 

stopping such beams. Early estimates generally involved assumptions 

that the neutrón spectra would cover energies up to that corresponding
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to the energy/nucleón of the Incldent projectUe. To better quantify 

the neutrón spectra, computations were made using an Intra-nuclear 

cascade-evaporation code that had been modlfled to treat incident heavy 

lons.l The calculated neutrón spectra were found to extend to energies 

slgnlfIcantly hlgher than the energy per nucleón Introduced by the Inci- 

dent projectlle. Because of the Impact on cost of shieldlng structures, 

It was deemed Important to test the predlctions of this calculation.

Because there were no 100 MeV/nucleon heavy ion beams avallable at 

that ttine, the cascade-evaporation calculations were repeated for inci­

dent 16 MeV/nucleon carbón ions. This ion-energy combination repre- 

sented the highest energy/nucleón available to us with ion beams from 

the Oak Ridge Isochronous Cyclotron utilizing its internal Penning 

source. Surprisingly, the calculations predicted that the spectra of 

neutrons and protons emitted would extend to several times the 

energy/nucleon of the incident carbón ions.

Since there was little difference between predicted spectra of 

neutrons and protons, we chose to perform the easier measurement of the 

charged-particle spectra.2 The results, shown in Fig. 1, confirmed the 

existence of light particles emitted with very high energies. There 

were, to us, two additional surprises in these results; First, the 

similar cross sections observed for emission of protons and the com- 

posite Z =1 particles - deuterons and tritons. This is in sharp contrast 

to the more familar order of magnitude differences seen in direct reac- 

tions and low-energy compound nuclear reactions. Second, the large 

magnitude of the observed cross sections for energetic particles. The 

proton spectra, as shown in Fig. 2, have an instrumental cut-off at

- 31 -



-  32 -

(/)I>0>

E

%

i

'MeV)

Fig. 1. Energy spectra observad at a laboratory angle of 15' 
for Z=1 partióles emitted following the reaction of 
16 MeV/nucleon lons wlth a target of ^ópe.
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Fig. 2. Energy spectra of protons emitted at several angles 
from the reactlon of 16 MeV/nucleon 12c with Sópe.



about 15 MeV. The observed integrated yield above this energy Is about 

0.8 barns. Such a large cross section implies that processes leadlng to 

the emission of these light partióles must play a major role in the 

reactlon mechanisra at these energies.

Thus, what had begun as a quick experlment to answer a practlcal 

question resulted in raising some very interesting questions about the 

physics of these reactions.

Reactlons Below 20 MeV/Nucleon

The experlment discussed above was not the first Identification of 

possible non-equilibrium emission of light partióles from heavy-ion 

induced reactions. In 1961, BÍritt and Quinton reported a forward-peaked 

coraponent in proton spectra from reactions at 10.5 M e V / n u c l e o n .3 They 

proposed that this direct component was produced by breakup of the inci- 

dent partióle during a grazing oollision with the target. However, in 

their experlment, the high energy nature of the proton spectrum was not 

identified. Since the breakup mechanism will produce laboratory 

energies for the light partióles that will not differ greatly from the 

energy/nuoleon of the incident ion, this mechanisra cannot account for 

the results obtained with ions at 16 MeV/nucleon where the proton 

spectra extend almost to 5 times this energy.

The results of the cascade-evaporation calculation discussed in the 

previous section are compared to the 16 MeV/nucleon induced proton 

spectra in Fig. 3. Although somewhat deficient at the higher energies, 

the calculation gives a quite reasonable account of the data. How much
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lab (MeV)

Fig. 3. Coraparison of observed proton spectra with results of 
the cascade-evaporation calculatlon. The U n e s  are 
those drawn through the experimental polnts on Flg. 2. 
The error bars on the calculated points represent the 
statistlcal uncertalnties introduced by use of the 
Monte Cario raethod of the calculations.
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of this is fortuitous is difficult to say. In particular, the 

calculations employ the impulse approximation which is difficult to 

justify at such low energies. Even so, it seems worthwhile to use the 

calculations as a guide. An examination of the details of the 

calculations^ shows that, at these energies, essentially all of the 

high energy light ions are produced by excitation of the projectile and 

subsequent evaporation from the excited projectile-like fragment. Such 

a mechanism had been proposed earlier^ as a means to produce high 

energy light ions in heavy ion collisions. In this pieture, the high- 

energy components of the light particle spectra are produced by the 

addition of the velocity of the evaporated particle in the rest frame 

of the moving projectile fragment to the laboratory velocity of this 

source.

Note that there is a subtle distinction here with the time scale oE 

the reaction and the instant at which the light ions are produced. For 

the projectile breakup mechanism, the production takes place at the 

instant of projectile-target separation. For the projectile evaporation 

mechanism, the production takes place at some time following the separa­

tion. One inference would be that the particles formed by the latter 

process would carry very little Information about the collision process. 

This point will be returned to below.

If projectile evaporation is an important mechanism for producing 

the high-energy light ions, then we should be able to detect a correla- 

tion between the fast light particles and their associated projectile- 

like fragments.



At Oak Ridge, Robinson and co-workers have performed such a 

measurement^ for reactions induced by 16 MeV/nucleon ions on a 

target. This experiment Involved 16 detectors and observed 

a limited angular distribution of emitted light lons in coincldence 

with 1) projectile-like fragmenta, 2) Z=l,2 partióles, 3) y-ray 

multiplicities, and 4) discrete Y-rays. The experimental arrangement 

utilizad four light ion detector telescopes at laboratory angles of 

17°, 38°, -23°, and -49°. The telescopé at 17° was preceded by a heavy 

ion telescope. Two Ge(Li) gamma-ray detectors were located in the 

scattering plañe at 90° and -145°. Four Nal(Tl) detectors above the 

scattering plañe were used for determining gamma-ray multiplicities.

The angular yields of energetic alpha partióles in coincidence with 

He, Li, and C fragments are shown in Fig. 4. For all gating fragments, 

the angular distribution of the alpha partióles exhibits a single peak 

and appears symmetric about the beam axis. No obvious correlation with 

the gating detector is observed.

For protons, as shown in Fig. 5, the result is more complex. For 

the heavier fragments, a drop in the coincidence yield appears to corre- 

late with the position of the gating detector. Thus it would appear 

that the heavy projectile-like fragments are acting as a shield—  

essentially the opposite effect we would expect from the pieture of pro- 

jectile evaporation.

The multiplicity of energetic protons and alpha partióles that 

occur in coincidence with a projectile fragment is plotted in Fig. 6 . 

Note, for exaraple, that there is no sharp break in proton multiplicity 

between Z=5 and 6. This indicates that few of the fast protons come
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8pWe«) Spídeg) 6p{deg)

Fig. 5. Angular yields of energetic protons In colncldence
with a) H, b) Li, c) Be, d) B, and e) C for the same 
conditions as the data of Fig. 4.
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Fig. 6 . The multipliclty of a) protons and b) alpha partióles 
in coincidence with Z=1 to 7 partióles. The reaction 
Is 16 MeV/amu on ^®Ni.
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frora the simple process of the carbón ion breaklng up into B + p wlthout 

further breakup of the B fragmenC. The observation of alpha partidas 

in coincidence with Z 5 fragments and protons with Z ^  6 fragraents 

shows clearly that at least some energetic Z=l,2 partióles do not come 

from the projectile in a simple one-step process. Taken together, 

however, these results do not support the projectile evaporation pieture 

as a dominant reaction process.

Another possibility is that, following evaporation of a light 

particle, the projectile fragment and target fuse. Such a process has 

been observed (-he Texas A&M group and termed "massive transfer.

In the present experiment, the coincident gamma-ray spectra were used to 

identify the fusión residues. A plot of the yield of residual nuclei ou 

an N versus Z map is shovm in Fig. 7. Note that the distributions tend 

to center about the target. It is Ínteresting to compare this with

similar measurements made with 11.3 MeV/nucleon carbón ions (Fig. 8 ). 

Here the centroid tends to be a few masses higher. The implication, 

then, is that as the reaction energy is increased, more particles are 

emitted from the reacting system. Note also that the máximum yield for 

any channel never exceeds about 5% to 8% of the total. The conclusión 1 

would draw from these two figures is that while the process of "massive 

transfer" may be present, it does not play a dominant role in the reac- 

tions at these energies.
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Flg. 7. DistribuíIon of residual nuclel, for 16 MeV/amu on
60n 1, In coiticidence with a) 2.5 to 10 MeV protons, 
b) >16 MeV protons, c) 10 to 40 MeV alpha particles, 
and d) >60 MeV alpha particles. The contour U nes 
correspond to percent of all coincident residual 
nuclei. The measured points on which these contours 
are based are indicated by the solid points.
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A Moving Source

One of the most successful models applied to the interpretatlon of 

relativistic heavy ion collisions Involves the assumption of an excited 

assembly of nucleons moving at a velocity intermediate between those of 

the target and incident p r o j e c t i l e . P i c t o r i a l l y ,  such a source 

would be formed from the overlap región between the incident projectile 

and the target nucleus. Various versions have gone by such exotic ñames 

as "nuclear fireball," "firestreak," etc.

The resulting parameterization, that of an excited moving source 

emitting partidas at some equilibrated temperature, has been 

interestingly applied to data in the 20 MeV/nucleon r e g i ó n . 12 An 

example^^ of such a treatment of data from l^c-induced reactions is 

shown in Fig. 9 for incident ion energies of 7.5 and 15.8 MeV/nucleon.

A similar treatment of composite particle spectra observed from the 

experiment at 15.8 MeV/nucleon is shown in Fig. 10. These and data at 

10 and 13 MeV/nucleon are summarized in Table I. The parameters deduced 

exhibit a marked consistency and show a rather smooth energy dependence.

To Higher Energies

Given a parameterization, the moving source, that can be fit to 

data in the 10 to 20 MeV/nucleon energy región as well as to data^ at 

relativistic energies, an obvious question is can anything be learned 

by following the systematics of this parameterization through the 

intermediate "transition" región. In particular, will there be any
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Fig. 9. Comparison of proton spectra at 7.5 and 15.8 MeV/amu 
Incldent energy (solid and open polnts) with fits 
obtained assutning light-ion emission from a moving, 
excited source (solid curves).
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Flg. 10. Comparison of composite partlcle spectra with 
assumption of emission from a moving source.
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Table I. Velocity (Vg/Vpj^gj) temperature (T) parameters, 
with associated normalization factors (K), obtained by param- 
eterizlng light ion spectra from L. I.) reactlons
in terms of a moving source.

^Beam
(MeV)

'^s/^PROJ T(MeV) K

90 0.53

PROTONS

2.9 5.7
123 0.56 3.6 4.9
156 0.60 4.3 3.7
189 0.56 5.3 3.3

90 0.47
DEUTERONS

3.0 0.68
123 0.50 3.9 0.89
156 0.53 4.5 1.2
189 0.56 5.8 0.82

90 0.42
TRITONS

2.7 " 0.44
123 0.46 3.9 0.35
156 0.54 4.9 0.34
189 0.56 6.6 0.24

90 0.46
ALPHAS

3.9 4.4
123 0.51 4.0 15
156 0.55 4.1 27
189 0.54 5.0 14



discontinuities that could signal the onset of compressional raodes, 

thermal saturatlon, etc.

To study light partióle emission in this intermedíate energy 

región, measurements were made using 50, 100, and 147 MeV/nucleon oxygcm 

ion beams at the low—energy beam line of the LBL Bevalac.l^ An examplt; 

of proton spectra observed from the nickel target is shown in Fig. 11. 

The data extend over an angular range from 6 ° to 115°. Alpha partióle 

spectra observed from this same reaction are shown in Fig. 12. At for- 

ward angles, the partióle spectra are seen to peak at an energy near the 

energy per nucleón of the projeotile. This general behavior is 

exemplified by the 12-degree proton spectra taken at the three projec- 

tile energies as shown in Fig. 13.

Typical proton spectra at 100 MeV/nucleon for a range of targets 

are shown in Fig. 14. The spectral shapes are seen to be independent of 

target mass. Moving source parameterization of the data was obtained 

for the angular range from 24 to 115 degrees to reduce the influence of 

the fragmentation component. Velocity and temperature parameters were 

found to be insensitive to the target mass. A plot of these, including 

the lower energy data, is shown in Fig. 15. The insensitivity of 

the ratio of source velocity to projeotile velocity and the smooth 

variation of the "temperature" parameter are quite striking. Certainly 

one does not find any evidenoe for discontinuities in suoh a parameterL- 

zation through this energy región.

It may be worth remarking that the concept of a "temperature" as 

defined here is not olear. In particular, there is no a priori reason 

for assuming that the emission of the partióles observed is from an
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equilibrated source. More likely, we are observing the momentura distri- 

bution of an interaction región with a rest frame different from the 

projectile or the compound system. This point wlll be returned to in 

the last sectlon.

There is another interesting feature that emerged from the 

100 MeV/nucleon data. If the energy integrated yields at each angle are 

plotted as a function of target mass, the behavior as shown in Fig. 16 

is found. At the forward angles, the yield is seen to vary as g^d

to change smoothly to an A^/3 dependence as the angle is increased.

This suggests a change from predominately peripheral interactions at 

forward angles to predominately central collisions contributing to the 

larger angles. This may suggest that the raost forward angle spectra, 

where the cross sections peak at or near energies corresponding to the 

projectile velocity, could be due primarily to projectile 

fragmentation.15 a  predominately thermal mechanism may be responsible 

for the particle spectra observed at larger angles. The moving source 

parameterization, shown in Fig. 15, did not include the most forward 

angles for the high energy data.

Composite Particles

In examining the systematics of proton spectra for reactions

induced at incident ion energies between 7.5 and 147 MeV/nucleon, no

change in qualítative behavior has been observed that might signal a

change in reaction dynamics over this "transition” región. It may be

that we are not using an appropriate analysis to see signs of such a
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Fig. 16. Energy integrated yields of protons produced by the 
interaction of 100 MeV/amu ^^0 ions wlth targets of 
Ai, Ni, Sn, and Au. The solid and dashed iines indí­
cate the expected slopes for A^'^ and A^'^ dependence, 
respectively.



transition. Another possibllty is that we are looking in the wrong 

place or at the wrong thlng. Sieraeas and Kapusta have suggested^^ that 

the coraposite partióles raay carry iinportant Information about detalls of 

the colllsion process. In particular, the relatlve ylelds of composlte 

partióles to protons may carry Information about the entropy assoclated 

with the hot, dense emltting source. An increase of entropy would be 

expected from the Introductlon of new degrees of freedom such as exclta- 

tlon of more mesonic degress of freedom, or more exotlc modes such as 

pión condensation.

At the lower energies (7.5 to 16 MeV/nucleon ions), the 

integrated yield obtainedl^ for emitted hydrogenic partióles is shown in 

Fig. 17. The yields shovm here are for partióles whose laboratory velo- 

city exceeds that of the incident projeotile. While the proton yield 

remains quite oonstant, the deuteron and tritón yields increase as if 

approaching some limiting valué.

The same general features as have been disoussed here for the 

Oak Ridge studies have also been observed in the studles of Awes et al., 

with oxygen ions at 8.75, 13.4, and 19.4 MeV/nuoleon.17 in that study, 

the yield of composlte partióles has been related to the yield of pro­

tons through a ooalescence model.l^»^^ Here the composite partióles are 

assumed to be formed from an aggregatlon of independent nuoleons whioh 

find themselves in the same región of phase space. This gives rise to a 

simple power law relating the complex partióle spectra to the proton 

spectra. In general, rather good agreement is observed^^ although there 

is a disturbing variation in the deduced ooalescence radii with projeo­

tile energy and projectile-target combination. One implication of this
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may be that the composite partióles observed at these energies do not 

represent equilibrium yields formed during the initial collision biit are 

modlfled in later stages of the interaction. An open question is how 

much Information is retained that relates to the properties of an ini­

tial emitting source.

An example of composite partióle spectra observed from 

100 MeV/nucleon 1^0 on ^^Ni is shown in Fig. 18. Again, at these for- 

ward angles the spectra peak at energies associated with the velocity of 

the incident projectile. A notable exception to this behavior is seen 

for the tritons. We have not yet compared these spectra with predic- 

tions of a coalescence raodel but obviously the tritons will show very 

poor agreement. A summary of "noving source" parameters extracted from 

the proton and composite partióle spectra for the Bevalac experiment is 

given in Table II. The ratio of proton to deuteron to tritón yields 

seem to have stabilized at these higher energies at about 1.0:0.3:0.1.

As for the lower energies, the fits derived from this parameterization 

seem quite consistent and well-behaved. No evidence is observed for any 

discontinuities in the observed behavior of the composite partióles.

Present Status

In this paper I have concentrated on the results from our program 

at Oak Ridge. I have not covered all of that work, but have tried to 

highlight its main thrust. There have also been major efforts in this 

field by groups at Texas A&M University, Lawrence Berkeley Laboratory, 

and Michigan State University. Some of these results have been



Table II. Moving source parameterizatlon of light Ion spectra 
from ^^0 induced reactions on a target of natural nickel. The 
angular range included In the fittlng procedure was from 24 to 
115 degrees for all partióles except ^He, which included only 
24 to 85 degrees.
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Detected Vg/VpnoT T(MeV) K
Particle ^

51.8 MeV/nucleon

0.60 11.1 3.4
0.58 14.8 0.72
0.63 13.8 0.30

^He 0.68 15.4 0.16
^He 0.66 14.8 0.80

100 MeV/nucleon

0.54 17.2 1.25
2r  0.50 22.6 0.33

0.52 21.4 0.12
^He 0.56 25.2 0.053
^He 0.48 21.9 0.13

147 MeV/nucleon

0.51 22.0 0.84
2h 0.46 28.4 0.22

0.47 28.1 0.067
^He 0.50 32.3 0.029
^He 0.43 31.0 0.048
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referenced here, but for additional information the reader Is referred 

to the excellent review paper by S c o t t . 2 0

In the present work, we have seen the Interpretation of the orig.Ln 

of the high energy light ions evolve from a picture of projectile excl- 

tation and subsequent evaporation to one of pre-equilibrium emission.

Our "time scale" for emission has thus moved from one that occurs 

following the initial collision to one that occurs at the very early 

stages of the collision.

At low energies we have seen the observed light ion spectra to be: 

reasonably well reproduced by the assumption of emission from a heated 

source moving at a velocity'corresponding to approximately half the pro­

jectile velocity. At higher energies, the larger angle data are also 

well reproduced by such a parameterization which extrapolates smoothly 

from the lower energies. At the smaller angles, however, the higher 

energy data shows a peaking around the projectile velocity charac- 

teristic of a projectile fragmentation process. This duality of 

processes at higher energies is consistent with the observed change oí 

target mass dependence between small and large angles of observation 

leading to the conjectured change from peripheral to central collision 

dominance. One obvious next step is to utilize this angular dependence 

to try to disentangle these two processes and examine their individual 

behavior.
The moving source picture which has been used to parametrize the 

existing data has a certain appeal in its simplicity and ability to 

account qualitatively for a rather large range of data with a minimum 

of paramters. Obviously, this picture is too simplistic and merely a
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convenience. We need to replace such a treatment with an approach which 

deais more dlrectly with momentum distributions of particles in the
ry I

Interactlng system. One such formulatlon has been proposed by Wong.'^*- 

The momentum distribution is generallzed in such a way that it gives the 

thermal distribution, if indeed thermal equilibrium is established. The 

light partióle spectra are treated as arising from two distinct momentum 

distributions, a central distribution and a fragmentation distribution, 

so that the invariant cross section is written as:

E = Fc(p) + Ff(p)

In both portions of this distribution the transverse and longitudinal 

momentum components are treated separately. In addition, in analyzing 

the experimental data, it is found necessary to allow a "Wood-Saxon" 

shape for the momentum distribution of the central source. A Gaussian 

distribution is used for the fragmentation source. The resulting for- 

mulation has, then, eight parameters which are fit to the data. An 

example of the results of such a fit are shown in Fig. 19 for the pro- 

tons observed from 100 MeV/nucleon ^^0 on nickel. Constraining the 

parameters to less than eight clearly compromises the quality of the 

fits achieved.

Although we have just begun analyzing the light particle inclusive 

spectra with this more complete parameterization, some interesting 

features seem to be emerging from the preliminary results. The velocity 

of the central source is seen to center about 0.55 Vp^Qj, in agreement 

with the simpler moving source picture. At 100 and 147 MeV/nucleon pro- 

jectile energies the longitudinal momentum component of the central
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Flg. 19. Proton spectra of Flg. 11 (100 MeV/amu ^^0 
on natural nickel) fit wlth the two-source, 
unconstrained momentum formulation of Wong.^^
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source exceeds the traiisverse component. This is interpreted as indi- 

cating the partidas are being emitted prior to equilibration of the 

source. Using the parameters derived frora fitting the 100 MeV/nucleon 

data, integration may be performed to obtain the total yield from each 

source. The eraission from the central source is found to vary as A^/3 

of the target while that from the fragmentation source varies as in

good agreement with the interpretation given to Fig. 16.

If we are correct in our assumption that a significant nuraber of 

the high energy light ions emitted from heavy ion reactions are created 

during the early states of the collision, then these particles should iii 

fact carry infprmation about the processes involved. The challenge 

remains for us to design the appropriate experiments and interpretations 

to understand the reaction processes involved and use this understanding 

to deduce such Information.



References

- 65 -

1. H.W. Bertini, T.A. Gabriel, R.T. Santoro, O.W. Hermann, N.M.
Larson, and J.M. Hunt, Oak Ridge National Laboratory Report 
No. ORNL-TM-4134, 1974 (unpublished).

2. J.B. Hall, C.B. Fulmer, M.L. Mallory, and R.L. Robinson, Phys. Rev, 
Letters 1698 (1978).

3. H.C. Britt and A.R. Quinton, Phys. Rev. 124, 877 (1961).

4. H.W. Bertini, R.T. Santoro, and O.W. Hermann, Phys. Rev. C14, 590 
(1976).

5. J.P. Bondorf and W. Nfírenberg, Phys. Lett. 44B, 487 (1973).

6 . R.L. Robinson, R.L. Auble, I.Y. Lee, M.J. Martin, G.R. Young,
J. Gómez del Campo, J.B. Ball, F.E. Bertrand, R.L. Ferguson,
C.B. Fulmer, and J.R. Wu, Phys. Rev. C 2084 (1981).

7. D.R. Zolnowski, H. Yamada, S.E. Cala, A.C. Kahler, and 
T.T. Sugihara, Phys. Rev. Lett. 41, 92 (1978).

8 . H. Yamada, D.R. Zolnowski, S.E. Cala, A.C. Kahler, J. Pierce, and 
T.T. Sugihara, Phys. Rev. Lett 605 (1979).

9. G.D. Westfall, J. Gosset, P.J. Johansen, A.M. Poskanzer,
W.G. Meyer, H.H. Gutbroad, A. Sandoval, and R. Stock, Phys. Rev. 
Lett. 21. 1202 (1976).

10. J. Gosset, J.I. Kapusta, and G.D. Westfall, Phys. Rev. C18, 844 
(1978).

11. T.J.M. Symons, P. Dolí, M. Bini, D.L. Hendrie, J. Mahoney, G. 
Mantouramis, D.K. Scott, K. van Bibber, Y.P. Viyogij H.H. Wieman, 
and C.K. Gelbke, Phys. Lett. 94B, 131 (1980).

12. T.C. Awes, G. Poggi, S. Saini, C.K. Gelbke, R. Legrain, and
G.D. Westfall, Phys. Lett. 103B, 417 (1981).

13. R.L. Auble, J.B. Ball, F.E. Bertrand, R.L. Ferguson, C.B. Fulmer,
I.Y. Lee, R.L. Robinson, G.R. Young, J.R. Wu, J.C. Wells, and
H. Yamada, Phys. Rev. C (to be published).

14. R.L. Auble, J.B. Ball, F.E. Bertrand, C.B. Fulmer, I.Y. Lee,
R.L. Robinson, D.L. Hendrie, H.D. Holmgren, J.D. Silk, and H. 
Breuer, to be published.

15. J.B. Natowitz, M.N. Namboodiri, L. Adler, R.P. Schmitt,
R.L. Watson, S. Simón, M. Berlanger, and R. Choudhury, Phys. Rev. 
Lett. 47, 1114 (1981).



16. P.J. Siemens and J.I. Kapusta, Phys. Rev. Lett. jW, 1486 (1979).

17. T.C. Awes, S. Saini, G. Poggi, C.K. Gelbke, D. Cha, R. Legrain, and
G.D. Westfall, Phys. Rev. C (in press).

18. M.C. Lemaire, S. Nagamiya, S. Schnetzer, H. Stelner, and
I. Tanihata, Phys. lett. 85B, 38 (1979).

19. T.C. Awes, G. Poggi, C.K. Gelbke, B.B. Back, B.G. Glagola,
H. Breuer, and V.E. Viola, Phys. Rev. C 89 (1981).

20. D.K. Scott, Michigan State University Cyclotron Laboratory Report 
MSÜCL-355 (1981).

21. C.Y. Wong, Proceedings of the 5th Heavy Ion Study, May 1981, 
LBL-12662, p. 61.

- 66 -



A STATUS REPORT ON THE HOLIFIELD HEAVY ION 

RESEARCH FACILITY

J. B. Ball
Oak Rldge National Laboratory,* Oak Rldge, Tennessee, U.S.A.
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I. Introduction

At Oak Rldge we are now In the final stages of completlon of our 

heavy Ion project. The faclllty, shown In Flg. 1, has as Its center- 

plece the 25MV Pelletron bullt by National Electrostatlcs Corporation. 

At the time of thls wrltlng (March 1982), the only tasks remalnlng for 

completlon are the acceptance tests wlth beam to be performed at the 

deslgn ratlng of 25MV on terminal. Along wlth the 20MV machine at 

Tokal and the 20MV machine at Buenos Aires, thls trio of accelerators 

represents the new generatlon of Super-tandems presently In varlous 

stages of completlon by NEC. In thls paper, I shall revlew brlefly 

some of the hlstory of the work on the 25MV accelerator at Oak Rldge. 

In dolng so, I wlll try to brlng out those polnts that I feel are most 

lllustratlve of what raay be expected as Installatlon proceeds on the 

machine here In Argentina. Flnally, as time permlts, I'll dlscuss 

some of the other features of the Hollfleld Faclllty.

*Operated by Union Carbide wlth the U.S. Department of Energy.
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Fig. 1. The Holifield Heavy Ion Research Facility at 
Oak Ridge National Laboratory.



II. The 25IIV Pelletron

A. The High Voltage Generator

We chose to have the tandera for Oak Ridge built in a "foldecl" 

configuration, unlike the conventional linear column structure oí 

most tandera accelerators. The resultant structure is indicated 

schematically in Fig. 2. The column structure is 3.3m (11 ft) in 

diaraeter and 18.9ra high, topped with a 4.8m-high terminal shell.

The column contains 27 of the standard 0.6m, IMV, NEC modules.

These are separated by two major dead sections into 3 sets of 9 

units each. In turn, each of these thirds is divided once by a 

minor dead section. Pumps and electrón traps are provided in all 

dead sections.

The pressure vessel housing the column structure is 

approximately lOm in diameter and 30m high. It is designed for 

operating pressures up to about 0.7 MPa (100 psig).

A view of the 180-deg raagnet in place atop the column is shoim 

in Fig. 3. A view looking down on the completed column structure, 

after installation of the top portion of the terminal shell, is 

shown in Fig. 4. The installation of the column structure, 

including charging chains and power transmission shafts but not the 

acceleration tubes, was completed in April, 1979.

The following month, May 1979, voltage tests on the column 

structure were run. These went quite smoothly and very quickly—  

requiring only about four days. A summary of the results of these 

tests is presented graphically in Fig. 5. Note that, at the
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Fig. 3. The 180-degree magnet installed in the terminal 
of the 25MV Pelletron.
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Flg. 4. A view looking down on the high voltage terminal and 
column of the 25MV Pelletron.
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Flg. 6 . A terminal spark during column voltage tests.



higher pressures, the máximum breakdown voltage does not appear 

to level off with breakdown number. Instead, the voltage appears 

to be still rising toward the end of the test and exhibiting a 

conditioning behavior. The tests were terminated at this point 

because of uncertainties about the probabillty of spark-lnduced 

damage to the column components and since the voltage holding 

capabilities of the column had been sufficiently demonstrated.

Examination of the column following these tests revealed 

evldence of 42 spark "hits" that were rather uniformly distributed 

over the terminal shell and upper portion of the column. Areas of 

discoloration associated with these hits ranged up to about 2cm in 

diameter with some roughness of metal noticeable at the center of 

these spots. No evidence was observed that would suggest any 

"restriking" to the same spot due to this roughened surface. Our 

conclusión is that the column structure is able to withstand very 

well the effects of sparks at full design potential and beyond 

(Fig. 6 ).

B. Operation with Beam

The remaining components of the accelerator were installed in 

the column during the period from June to December, 1979. At this 

time, NEC began preparing the accelerator for tests with beam. 

However, a number of small, but time-consuming problems such as 

water leaks and vacuum leaks, delayed the first acceleration of 

beam through the machine until May, 1980. On May 12, a beam of 

oxygen ions was accelerated through the machine at a terminal
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potentlal of 15.5MV. The next few weeks were spent in utilizing 

the beam to perform a careful calibration of the high-energy beam 

analyzing magnet. In July and August 1980, system acceptance tests 

were perforaed at 7.5MV and at 17.5MV on terminal. These tests are 

summarlzed in Table I.

Following these tests, major maintenance was performed on the 

accelerator to prepare it for tests at higher terminal potentials. 

During this period, NEC chose to replace the closed corona grading 

system with an open corona system. All subsequent operation of the 

machine has been with this open corona system. Conditioning of the 

accelerator was resumed ip October, 1980, and proceeded until early 

December. It was discovered at that time that eight of the modular 

sections of acceleration tube had been damaged. This damage, in 

the form of electrode material deposited on the inner surface of 

the tube insulator, was attributed by NEC to improper spacing of 

the annular spark gaps at the end of the tube sections. The 

damaged tube sections were replaced and all of the end spark gaps 

were readjusted. No further damage of acceleration tubes has been 

experienced.

In January, 1981, we had a brief use of the accelerator to 

test our existing cyclotron as a booster accelerator. This will be 

described in more detail below. In the period February through 

April of 1981, tíEC continued to work on conditioning the machine to 

higher gradients. Máximum potentials achieved during this period 

were in the range of 22MV.
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Table I. Operation Chronology

May 1979 - Column voltage tests

May 1980 - First beam through accelerator system,
16q6+ at- 15.5 mV on terminal.

July-August 1980 - System acceptance tests performed

127ilO+^- 7^5 stripper, 10 pnA for 10 min,

127x4+^ 7.5 MV, gas stripper, 1 pyA for 60 min. 

127i6+^ 17.5 MV, gas stripper, 1 pyA for 60 min. 

12?il3+^ 17.5 foil stripper, 10 pnA for 10 min.

January, 1981 - Successful use of ORIC as a booster accelerator,
401 MeV I608+.

June-November 1981 - Operation of facility for experimental programs

March, 1982 - Operation for experiments

May, 1982 - Planned start of full-time operation for
experiments.



In May, 1981, we reached an agreement with NEC for Oak Ridge 

to operate the accelerator for six months for the experimental 

program. During this period, beams were provided to some twelve 

experimental programs with the accelerator operating at terminal 

potentials up to 19MV. A summary is given in Table II.

In November, 1981, NEC returned to complete various mechanical 

tasks that remained inside the accelerator and on the gas handling 

system. Included in this work was installation of a complete set 

of new corona points. During this time, the acceleration tubes 

were not under vacuum for about six weeks. Various conditioning 

strategies were explored during January, 1982. The lowest third of 

the machine was subjected to glow discharge conditioning. The 

middle third was reconfigured by removing equipotential "stringers" 

to provide more decoupling of the acceleration tubes and the 

column. At this time, it is unclear whether any of these tech- 

niques will be beneficial.

This February, the accelerator was subjected to a very exten- 

sive bakeout. The present plans cali for operation of the machine 

for experiments in March and for NEC to return in April to perform the 

final performance acceptance tests.

It is interesting to note that, even with the extensive 

February bake and the excellent acceleration tube base pressures 

achieved, the running period in March has been troubled by classi- 

cal spark-induced deconditioning. This result only emphasizes the 

desirability of keeping the acceleration tubes under vacuum at all 

times. It seems clear that achieving the high potential capability
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of these new tándems will requlre very thorough and very patient 

conditioning of the acceleration tubes.

C. Ion Sources

A photograph of the injector platforra for the Oak Ridge 

machine is shown in Fig. 7. The platform has been demonstrated 

successfully to its design rating of 500kV. In accelerator opera- 

tion'to date, typical operatlng voltage has tended to be of the 

order of 300kV.

Only one ion source is in place on the platform at a time.

Each source is mounted on a self-aligning pump module to allow 

rapid replacement or change of source (1 to 2 hour change time).

One such source module can be seen in the foreground of Fig. 7.

The ion source most utilized during the period of running for 

experiments has been the ORNL modified versión of the Aarhus nega- 

tive ion source. One of the exciting results from this early 

running experience is the ability to produce large currents of 

many ion species with this source. The source, as modified by 

Gerald Alton, is shown schematically in Fig. 8 . The source is 

a radial extraction geometry plasma discharge source with a nega- 

tively charged (''̂ lOOOV) sputter probé mounted near the plasma 

boundary. The source is equipped with a cesium oven which provides 

the electrón donor and the sputtering agent to act on the probe 

material. Are support gases tnay be introduced when needed to 

provide appropriate molecular ion species.



- 81 -

Fig. 7. The injector platform at the Holifield Facility.
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The range of ions produced with this source during our period 

of operatlon for experiments can be seen from Table II. Of par­

ticular significance was the production of large (>10 uA) beams of 

MgH~ and MgH3~ from thls source when using a MgCu alloy probe and 

hydrogen support gas. Microampere beams of 25ng and 26^g were 

obtained from a natural magnesiura sample. Application of this same 

technique to produce calcium beams has not yielded such large currents 

but the results look promising and this work is continuing.

III. COUPLED ACCELERATOR OPERATION

As part of the present construction project, we have modified our 

existlng cyclotron (ORIC) to provide a second stage of acceleration for 

ion beams from the Pelletron. The spatial relationship of the two 

accelerators is indicated in Fig. 9.

When the accelerators are operating in the coupled mode, the ion 

beam from the tándem is directed along a transfer line which terminatej; 

at the rear boundary of the ORIC rf resonator. The handling of the beam 

beyond this point is indicated in Fig. 10. An inflection magnet, located 

within the resonator, places the tandem-produced beam on a trajectory 

which is captured by the fringing field of the cyclotron magnet and 

brought tangent to an acceleration orbit. At this point, a special 

raechanism places a thin carbón foil to provide a sudden increase in the 

ion charge. The systera is adjustad so that the ions stripped to the 

desired charge State are bent onto an acceleration orbit. From this 

point, the cyclotron accelerates the ion beam as in a conventional 

cyclotron.
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Flg. 9. Cross-sectloual vlew of the liollfield Facility.
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The conversión of ÜRIC to booster accelerator status required 

considerable reworking of the accelerator electrode, trimming capaci- 

tors, etc., to accoramodate the required inflection orbits. During some 

of this period, a major program of detailed raeasurement of the ORIC 

magnetic fleld was accomplished. Setup of the ORIC for booster opera- 

tion is done utilizing Computer orbit calculations based on these 

raeasurements. To date, these have proved very reliable.

Initial experience with coupled accelerator operation was obtained 

during a serles of brief tests in January, 1981. The first beam pro- 

duced was a 324 MeV beam of oxygen ions. As the test proceeded, this 

energy was raised to 400 MeV (25 MeV/nucleon). This is the máximum 

energy/nucleon achievable with the ORIC booster.

A scattering spectrum taken during the initial coupled operation 

tests is shown in Fig. 11. We are particularly excited about the 

excellent energy resolution achieved. It appears that it is possible 

to couple the machines in such a way that the high beam quality of the 

tandera (particularly the brightness and energy resolution) is preserved.

When serving as an injector for the cyclotron, the tándem operates 

iii a pulsed beam raode. A double-drift, harmonic buncher, designed by 

Bill Mllner and Norval Ziegler, is installed on the low-energy beam line 

following the mass analyzing magnet. The system bunches about 50-60% of 

the DC beam of the tándem witbin the rf "window" required for injection 

into the cyclotron. Typlcal operation would be a ll/2-nsec-wide beam 

pulse every 100 nsec. Tuning of the buncher system to the cyclotron rf 

has proven to be straightforward with long-term stabilities demonstrated. 

Note that one of the experiments run during the June-November 1981 cycle 

used coupled operatloa-
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IV. THE EXPERIMENTAL FACILITY

It requlres more than operating accelerators to provlde a vigorous 

research facllity. The experimental devlces present at the facility 

will, to a large extent, determine the research possibilities even more 

than the accelerators. This section reviews briefly some of the major 

experimental devices available at the Hollfield Facility and the types 

of programs to which they apply.

A layout of the Holifield Facility is shown in Fig 12. This floor 

plan shows rather graphically the effects of adding piecewise to what 

was originally a two-room cyclotron facility.

Shown on the figure are two in-beam gamma-ray spectroscopy 

facilities— each on a U n e  from one accelerator. There are also two 

magnetic spectrographs. The smaller of these is served only by beams 

from the tándem. Note, however, that the larger spectrograph can be 

reached by beams from either accelerator. This is also true of the 

time-of-flight facility located in the same room. Neither of the 

magnetic spectrographs at Oak Ridge is a modern state-of-the-art device. 

However, we decided that the availability of these older devices allowed 

US the opportunity to delay on such an expensive new device until the 

research programs using spectrographs are better defined. The extremely 

high resolution beams obtained from our first coupled operation run 

suggest that this is an area we will need to readdress shortly.

The time-of-flight system, Fig. 13, is a device on which much of 

the fission-fusion work is performed. The trend on this device is 

toward larger and larger area detectors to examine as much of the reac- 

tion sphere as possible in coincidence with evaporation residues.
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Our 1.6m scattering charaber Is shown in Fig. 14 during setup of aa 

experiment involving some 44 detectors In and out of the reaction plañe.

A powerful research tool for nuclear spectroscopy is the on-line 

Isotope separator, UNISOR. This device (Fig. 15) Is operated by a con- 

sortium of 11 universities. The device has four active mass lines and 

often supports 3 to 4 simultaneous research efforts. At the present 

time a láser system is being installed on ene of the mass lines. This 

will make possible fast-atomic-beam measurements to determine magnetic 

moments, electric moments, isomer shifts, etc., of very short-lived 

nuclear species far from the región of beta stability. UNISOR itself 

has been operating since 1973. The láser system is expected to be 

operational in the next few months.

Finally, one of our most spectactular pieces of new equipment, thí; 

spin spectrometer designed and built at Washington University under the 

direction of Demitrios Sarantites, is shown in Fig. 16. This closely 

packed array of 7" deep, equal-area Nal detectors is used to make total 

energy and gamma-ray multiplicity measurements on an event-by-event 

basis. For most experiments, two of the 72 elements are missing to allow 

an entrance and exit path for the ion beam.

Perhaps the spin spectrometer is an extreme example of the degree 

to which the data acquisition system of a facility must accommodate the 

tremendous extent of parameter space presented by the coming generation 

of highly complex experimental devices. In a typical experiment, in 

addition to the Nal detectors of the ball, there will often be a number 

of charge particle detector telescopes within the central scattering



- 92 -



- 93 -



- 94 -

u
<ü4J
O
B
O
u
u
o
<¡)
Cuco

cu
co

Q)
x :H

vO

00•H



- 95 -

chamber and sometimes neutrón detectors outslde the ball. Such 

experimental arrangements can present over 180 digitized outputs to the 

data acquisition system to be sorted for each event. In order to handle 

this sort of dlmensionality, the system developed at the Holifleld 

Facllity has been executed fully in térras of CAMAC. This not only pro- 

vldes large expansión capabilities but allows us to benefit from design 

and development work done for high-energy physics.

Our data acquisition system is based on three independent 

Perkin-Elmer 3320 CPU's each with 1MB of fast memory. This year, two of 

these will be upgraded to 2MB. A schematic representation of one-third 

of our system is shown in Fig. 17. Each of these systems, including 

those on-line taking data, operate under a multi-tasking system which 

supports a number of concurrent tasks. This system, which has now been 

operational for about a year, has proven very effective during the first 

round of experiments.

V . FUTURE PLANS

With the Holifield Facility set to become fully operational later 

this year, it may seem a bit prematura to be looking toward major 

facility expansión. However, the realities of the funding process are 

such that we have to plan now for what we may hope to have operating by 

the beginning of the next decade.

When we are able to operate routinely with 25 MV on the terminal 

of the Pelletron, we will have the ion energy capabilities shown in 

Fig. 18. Our recent studies for facility expansión have centered on
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Flg. 17. Schematic representation of one-third of the 
HHIRF data acquisition system.
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replacement of one exlsting booster cyclotron with a superconducting 

cyclotron patterned after the second stage being built for the double 

cyclotron facility at Michigan State Universlty. Typlcally, such a 

booster would provlde us more than an order of magnltude Increase In 

avallable Ion energy. The performance capabllities are shown In 

Flg. 19. Of particular interest to us with this system is the total 

amount of energy that may be introduced at the reaction site. There 

are now indications that there are some processes where the important 

parameter is this total energy and not the energy per nucleón.

Recasting the previous figure in terms of total ion energy yields the 

performance curve shown in Fig. 20. Thus, it is seen that the proposed 

facility would be capable of introducing a very large energy impulse at 

the reaction site for a wide variety of ion-target combinations.

That, however, is something to consider for the long-term future.

In the nearer term, our efforts will be directed toward working to 

achieve full performance from the 25MV Pelletron and to utilize these 

new ion beams for physics research. An important aspect of this will be 

the continued development of new experimental devices and adding new 

accelerator capabilities.

This year, one such new experimental device, a velocity filter/beam 

trap will be added on a new beam line from the tándem. This device, 

designed under the direction of Harold Enge and built at MIT, will 

enable fusion-type reaction studies to be performed with detection at 

zero degrees.
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Currently under design is a new subnanosecond beam pulser and 

chopper system for the tándem. The implementation of this system wlll 

include Installation of a rebuncher cavity in the hlgh voltage terminal 

of the tándem. This system, which we hope to have completed in about 

two years, will then add time-of-flight experimental capability to the 

tándem. This is particularly important fpr studies involving the 

emission of neutrons.

As we work on our accelerator and experimental programa over the 

next few years, we should expect that there will be many areas of common 

interest and concern between our facility at Oak Ridge and yours at 

Buenos Aires. We have enjoyed the participation of your staff members 

at Oak Ridge over the past several years and we look forward to an 

increasing collaboration between our facilities that will be to our 

mutual benefit.
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TIME DEPENDEN! VARIATIONAL DESCRIPTION OF ALPHA-ALPHA SCATTERING"''

M.Saraceno

Departamento de Física, Comisión Nacional de Energía Atómica 
1429 Buenos Aires, Argentina

1. Introduction

The microscopic description of the scattering of nuclear fragmenta

is rather complicated. For light fragments the methods that have beeu
1 2)applied with success are the Resonating Group Method ’ (ROM) and the

3 A)Generator Coordínate Method ’ (GCM). They are closely related and

their main advantage is that the Pauli principie between fragments is

preserved exactly. The computation of the overlap and energy kernels

that provide the microscopic input to these type of calculations is at a

very sophisticated stage and makes use of powerful mathematical tech- 
5 26)ñiques ’ (Bargmann space, Group Theory). As the fragments become 

heavier the analytical computation of the kernels becomes more and more 

involved. More significantly the usual assumption that the internal 

structure of the fragments remains unchanged through the collision 

becomes invalid and the need to perform coupled channel GCM calculations 

arises^\ Both the RGM and the GCM provide as output fully quantum 

mechanical Information like relative motion wave functions and elastic 

phase shifts.

The other method that has been used is the Time Dependent Hartree

Fock (TDHF) approach. This method, based on a time dependent variational

principie in which the wave function is constrained at all times to be a

Slater determinant, can be and has been applied to many reactions in all. 
8 )mass regions . It provides a reasonable description of many cualitative 

and also quantitative features of the scattering including the deep 

inelastic and fusión regions in heavy systems. The principal disadvant

This is a preliminary report on Research Program developed in 
collaboration with Profs. P.Kramer and F.Fernandez from the Institüt 
für Theoretische Physik, Universitat Tübingen, Germany.



ages of TDHF are the lack of a practical way of extracting quantum mecha- 

nical Information from the calculations and their intrinsic numerical 

difficulty.

In this paper we propose a method to treat the scattering of compo- 

síte fragments using the Time Dependent Variational Principie and app Ly 

it to the simple but still quite realistic case of alpha-alpha scat­

tering.

The time dependent description of interacting alpha-clusters has 

been studied recently^ * However the emphasis has been in the cla»-

sical description by initial valué calculations much in the same spirJ.t 

as in TDHF. In this work we shift the emphasis to the study of the syn- 

plectic structure associated to the norm kernel. We are thus able to 

incorpórate the effects of the Pauli principie assigning them to a dis- 

tortion of the relative motion phnse space and to study quantitatively 

their influence on the scattering.

Instead of solving the equations of motion and displaying trayec- 

tories we show how meaningful quantum information (in this case the elas- 

tic phase shifts) can be extracted from the phase space diagrams. These 

phase shifts include the effects of the Pauli principie at a semiclaf,- 

sical level and compare very favorably with the full RGM calculation of 

Okai and Park^^^ at a fraction of the computational effort.

The method is readily extended to heavier fragments and makes u£;e 

only of the diagonal part of the energy and normalization kernels in tte 

Bargmann representation^^ General analytical expression for these kei-

nels are available in explicit form for most binary combinations of frag-
 ̂ 40^ 40^ ments up to Ca- Ca.

From the point of view of the TDVP, our method of computing the 

phase shifts extends to the continuum the requantization technique;? 

proposed for TDHF quantized bound states for trayectories with periodic 

boundary conditions^^’
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2.1 The Time Dependent Variational Principie

Recently, we have studied the structure and the geometry of the

Time Dependent Variational Principie (TDVP) in quantum mechanics,

especially in relationship with Lie Groups and symplectic structures on
1 4 )orbits of their coadjoint representations . In this section we review 

briefly the symplectic structure and the variational equations 

associated with states parametrized analytically, independently of the 

existence of such a group structure.
*)We assume a variational wave function parametrized in

terms of L complex parameters z^ , i=l,...L . The significance of the 

parameters depends on the problem at hand and generally represent some 

geometric property whose approximate time dependence one wishes to 

extract. We will assume that the dependence of the wave function on the 

parameters is analytical. This requirement is in most cases violated if 

one wishes to use normalized wave functions and therefore we will not 

assume a definite normalization. Accordingly we modify the usual^^^ 

variational principie to make the action, and therefore the equations of 

motion, invariant under a change of phase or normalization of the wave 

function.

We define the action as

S = \iL[z(t)]dt (2.1)

where the lagrangian is
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C _  _i_ <y|y> - <Y|y> _  <y[H
<4' Y> <4' h'>

The bar denotes complex conjugation. The use of z in the ket wave 

function is conventional and most of the time we will abbreviate 

|4'(z)> = I z> . In tdiis section we set -tí = 1 .
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Using the parametrized w.f. we can rewrite this as

(2 . 2 )

The ingredients needed to compute the action are then the norm and 

energy kernels

^  ( 2 . 3 )
= <z z>

■VI <z H z> (2.^0

Variation of the action yields the equations of motion

and c .c. (2.3)

where g^^ is given by

(2 .6 )

The symplectic structure associated with the parametrization is revealed 

by defining a Poissor bracket for general functions F(z,z)

V 30 dG r  - 1 3F
{F.G; - 9z^^^i’^j^ 32^ 3z.^^i’^j^ 3zj (2.7)

The fundamental brackets are given in terms of the inverse of g

(2 .8 )



With these definitions the equations of motion take the symplectic form

iz^ = and c.c. (2 .9 )

This form implies energy conservation along the solution trayectories. 

Once the equations of motion are solved and a specific trayectory z.(t) 

is found, the approximate solution to the time dependent Schroedinger 

equation is given by
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'F(t)> = exp (iS) I z(é)>
(<zIz>) (2 .10)

where S is the action (2.1) computed along the given trayectory.

The main advantage of defining the lagragian as in (2.2) is that 

the equations of motion are independent of the phase and nonnalization 

of the wave function. The proper phase and norm^^ are restored by 

computing the action integral.

We should remark here that when the symplectic structure

(2.7) and the fundamental brackets (2.8) become the usual ones of 

ordinary classical mechanics in complex form. This happens when the 

overlap has the form

exp I z 2 
i=l ^ ^ (2 .11)

In this case the action becomes

S =
i=l 1 1 1 1 dt (2 .12)

This form, when real and imaginary parts of z are defined as
16^z^=(l/2) (q^-iPj^)j reduces to the canonical action in real form

(2.13)



2.2 The Trial Wave Function

The trial wave function that we will use in the TDVP is a Slater 

determinant built up from oscillator states centered at different 

positions. Therefore the basic assumption is that each of the fragn¡ent 

ground State can be well represented by a Slater determinant of four Os 

oscillator states and that in the collision process they remain un- 

excited. This is the usual assumption in the RGM or GCM description of 

the scattering of composite partióles.

Instead of using the single partióle oscillator states in their 

r-representation we use the analytically simpler Bargmann representation 

and use the associated coherent states to construct the antisymmetrized 

trial wave function. Due to the simplicity of the fragments we will use 

rather pedestrian methods. More elabórate methods are available for more 

complicated cases^\

We describe the ground State 14*^ a nucleus of N nucleons by a 

properly antisymmetrized wave function of single particle oscillator 

states of frequency CO • The state ) is a wave packet whose mean 

center of mass (CM) coordinates are at the origin in phase space

- 108 -

where

i - V  • i - ”''1=1 1. 1“*
(2.14)

A fragment with non-zero C.M. coordinates is constructed as a coherent 

State

I  z> = exp (z .A"*̂ ) 1 <|)> (2 .15)
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where

= 1/2 (Rb..’ - i \  P)h TT“ ^Tí (2 .16)

and where the complex vector z is related to the CM mean valúes as

(2.17)

<z I z:Jf- “  7 ^ ( 5  + 2 )

In (2.16) and (2.17) b = .N Y\ (̂ hlíVviU)] is the oscillator lenght of a 

partióle of mass Nm in a potential of frequency ÜO.

For two fragments of mass number and N2 the trial state is

( 2 . 1 8 )

áwhere O L  ± s  the antisymmetrizer. We can introduce relative and total CM 

coordinates by the transformation

,1/2 , 1
AA

nI»!
il>

( 2 . 1 9 )

and
i  = -  (b +  i b  P / f i )  
^  {2 ^

1 -1 (2 .20)

In (2.19) and (2.20) R and P are the relative coordinates of the centers 

of mass of the two fragments and

3 = . — ^  y || pmo) (2 .2 1 )
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is the oscillator length corresponding to the reduced mass number 

M ® ^1^2^(Nj+N2),With this transformation the trial State is rewritten as

JcM- S." ■ “ P “ P Í - b: I* i *2>

where we have used the fact that is symmetric in the partidoCM
coordinates to commute it with the antisymmetrizer. Because of transla-- 

tlonal and Galileian invariance of the relative haini.l tenían and because 

we are using single partióle oscillator states we can drop the 

dependence altogether and deal only with the trial State

is the creation operator for quanta of relative motion while s is a 

complex vector related to the relative position and momentum of the 

fragments by (2 .2 0)

The State | is built from non-orthogonal single particle states 

and is totally antisymmetric. It is parametrized analytically by the 

complex vector ^  and it is not normalized. If we attempt normalization 

analyticity would be lost. In any representation | s'^ is a Slater 

determinant. Techniques for the explicit computation of the overlap and 

mean valúes of one and two body operators with these states are 

s t a n d a r d ^ ^ T h e  explicit expressions needed for the alpha-alpha case 

are given in the appendix.



Notice that the state  ̂̂ '> does not have a well defined quantum 

angular momentum but that a classical valué can be extracted from the 

vector s as

L ' = R x P  = K i s x s  (2.23)

The applicatlon of the general formulas of section 2.1 with the trial 

wave function \ŝ '> yields equations of motion for s(t) which take the 

form
i  y g i  =4 ®ii i „ and c.c.J 9si

where g _  and )f{ are given explicitly in the appendix.

Although we could solve these equations (numerically) directly in
9)terms of s as is done in ref. \  it is more convenient to first 

introduce canonical variables in such a way that all the usual results 

of classical two body scattering can be applied. The price to be paid 

(which turns out to be a bonus in terms of physical insight) is that the 

new phase space in which the motion occurs has a more complicated nature 

than ordinary phase space and its more distinct feature is the 

appearance of forbidden regions which can be directly linked to the 

Pauli principie. We devote the next section to the study of these 

features.
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3. Transformatíon to canonical variables

We have seen that the variables R and P are the distance and 

relative momentum of the centers of mass of the two fragments. In the 

scattering of two structureless particles they form a canonical pair, 

i.e., in classical mechanics or [iP^.R^ ]=tí in

quantum mechanics. This is in turn reflected in the fact that their 

complex combinations analogous to (2.20) satisfy |^s^,sj^ = • The

deviations of the fundamental brackets from unity reflect the composite 

nature of the fragments and allow a study of the effects of the Pauli 

principie in classical phase space.
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3.1 The Pauli distortion factor

The overlap of the trial states for two alpha clusters is

<s•A 1s> = exp s.s(l - exp- -^.5 ) (3.1)

The fundamental bracket \  unity and is computed

explicitly in the appendix. To find a transformation that turns s into a 

canonical variable we go back to the action (without the energy term)

%  ■ 5 T  - *Í

Using (3.1) we find

Sq = \dti_(s,s - s.i) u

where

u ( s . s )  =^ A*
3(s.s)

i n / T  . 1 *
1-exp-  - i  s . £

(3.3)



Then in terms of new variables

= «i ^

the action is given by

- 113 -

and c.c. (3.A)

S„ = \ dt (3.5)
“ ■ J

2 '”

It is straighforward, although rather tedious. to show that, using the 

bracket defined in (2.7) and with g"^ calculated explicitly in (A.2) we

have

{u. (s,s), ü) (s,s)} =1 V ^ . J ^ IJ
(3.6)

= {u)̂ ,u)j} = o

These brackets become obvious when we consider that the action, in terms

of U), takes the canonical form (2 .12).

In the new variables the equations of motion become

and c.c. (3.7)

where we have assumed given in terms of ^  by inversión of (3.4).

We can also define real quantities in analogy to !R and ^  by

where r = Ru^ and p = Pu'̂  are canonical. In terms of these variables 

everything will look like ordinary classical mechanics. In fact the 

action will be
s .  W p . r  - ¿ . r )  - ^ ( r . p )  dt (a-?)
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which leads to the equations of motion

£  = P = [ p » ^ }  (3.10)

with the brackets defined as

However the allowed ranges of the new variables have been changed 

reflecting the fact that the phase space has a more complicated 

structure.

The mapping (3.4) between the s^ and the variables is not

analytic and is not canonical. However it transforms the non-canonical

variables s . into canonical CO.. The existence of such a transfonaation

is guaranteed locally for any symplectic manifold (this is known as
19)Darboux Theorem ). In (3.4) we have found a global transformation that 

defines canonical variables everywhere. We can thus study the mapping 

and in particular its boundaries. To this effect notice that the norm 

kernel only depends on the scalar quantity s.7 . Its allowed ranee is
A -

O < s. S < o>

The allowed range of the analogous quantity is found by examining

the function

u.o) = s.s u(s.s) = s.s
»V* Vfc -W V» M  ^  V .

exp- -I- s.s '
1+2 -----
_ 1-exp- ys.s (3.11)

This function, which for reasons that will become clear below will be 

called the Pauli distortion factor, is plotted in Fig.l . We finri 

immediately that its range of allowed valúes is

4 < Cü.Cü <  00
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distoried

< Pauli forbidden-
■W\. \ W  \\

10 20 ZZ

Figure 1:

Pauli phase space distortion factor for alpha-alpha 

scattering. The limit between "Pauli distorted" and "folding" 

has been taken (arbitrarily) at the point where U) .15 and 
s.s differ by 1%.



In Fig.l we distinguish three regions:

a) w.ü) < A Forbidden región

b) 4 < (D.ü < 10 Distorted región

c) 10 < (¿w Folding región

The limit between b) and c) is somewhat arbitrary and here it has be'ín 

taken where 60 .ü5 dlffers from s.s by 1% . The reason for the ñame In 

c) is as follows. If we were to omit the antisytnmetrizer in the trial 

wave function (2 .2 2) the overlap would be exp s.i and then tO.tó would 

equal s.s throughout their ranges. This has been drawn as a dotted line
-V*

in Fig.l . The deviation from this line reflects the effects of the 

Pauli principie. In the asymptotic región where 10.CO Cí s.s the effects
AA«

of the antisymmetrizer disappear and the trial wave function becomes a

product of two determinants. In the appendix we show that in this limit
21)we obtain the double folding approximation .
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3.2 Radial coordinates

To see the significance of the quantity tü.LO and to exploit the 

rotational invariance of the hamiltonian we introduce radial variables. 

To this effect notice that as the fragments are spherical the energy 

will only depend on scalar combinations of s ,  namely s.s, s.s and s.s . 

The same will happen upon transformation to the new variables . Thus

“ M_(u.üj,ü).(ü,ü).cj) (3.12)

This implies that the angular momentum defined as

L = -H 1 = -K¿ü X (3.13)



is conserved. Notice that is not quantized and can take any

continuous valué. Moreover, the relationship with the asymptotic angular 

momentum L*defined in (2.23) is,

L = u L'

Therefore only in the folding región do the conserved and the asympto;ic

angular momentum coincide.

We now introduce radial canonical variables by the formulas
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l/2 (o)̂ + 0)̂ ) + üJ.ü)-  = ^
k = = *“̂ í  ü)̂

“Rr 2ir

1^= ■ti ^ “ (üJ.tü) -

1 / 2

With this transformation we can rewrite the haiin I t c r ? f*s

= Vt(k,r,l^) (3.15.) 

which defines a reduced radial two body scattering at fixed angular 

momentum 1^. As the energy is conserved the phase space trayectories

will be equipotentials in the k,r plañe. Therefore to find k as a 

function of r there is no need to explicitly solve the equations of

motion and find r(t), k(t) although this could be easily done 

numerically.

3.3 Effects of the Pauli principie in the radial phase space

We have reduced the equations of motion derivad from the 

variational principie to what looks like an ordinary radial scattering 

problem in classical mechanics. There are, however, important new



(ü.ü) = 1/2 <\o AA. r /bj + b 2 (lc2 + l2 /r2)

features which are hidden in the transformation (3.4). First of all i:he

hamiltonian is highly non local: by no means a kinetic energy quadratic

in k can be separated. For the same reason the centrifugal barrier wlll
2 2not appear simply as an additive term proportional to 1 /r but there

2will be a complicated 1 dependence. But the most significant rew 

feature is the appearance of an 1-dependent forbidden zone. Its size and 

shape is given by = 4 which translated to radial variables means

These are closed curves whose size decrease with increasing 1. For 1-4

they shrink to a point and disappear altogheter for larger 1. These

regions are shown as shaded areas in Fig.2 for 1=0,2,4 . Also shown as a

dotted line is the limit of the folding región at ÍO.íO = 10 . Outside

this región the effects of antisymmetrization are negligible.

At this point we should remark the cióse parallelism of our

discussion with the usual results on the effects of the Pauli principie

in terms of forbidden states of relative motion. These are obtained in

RGM by diagonalizing the overlap kernel and obtaining the states with
2)zero eigenvalue . When the trial single particle states are oscillatcr 

states of the same parameter, as in the present discussion, it is well 

known that the forbidden states of relative motion are also oscillatcr 

states with principal quantum number N<4, independent of 1 . Therefore, 

considering that N=2n^+1 , there are two forbidden states for 

1=0 (n^=0,l) ene forbidden State for 1=2 (n^=0), and none for 1^4. If 

now we consider that semiclassically a quantum State occupies an area 2 T  

in phase space it is clear from the shaded regions in Fig.2 that this is 

exactly the situation in the modified phase space, but depicted 

semiclassically. The forbidden area for 1=0 is double the area for 1=2 

and dissappears for 1=4 and its size has the correct magnitude (notice 

that as we have only drawn the part k ̂ 0  of the radial phase space the 

area of a quantum sta^:e in t a e s a  diagrams isTÍ).

- 118 -



The situation with respect to the Pauli distorted región Is very

similar. In the RGM calculation the non zero eigenvalues of the overlap
23)kernel are given by
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For N ^ I O  they are unity (to within 1%) signifiying that the effects cf
«

antisynmietrization have disappeared. The región 4¿N<10 corresponds to 

the región of partial forbiddenness. Semiclassically we describe this 

región by the area inside the dotted line where the asymptotic pha.se 

space (spanned by variables a) differs from the canonical phase space 

(spanned by variables íâ ) but is not forbidden.

It is not our intention at this point to study exhaustively the 

relationship between the diagonalization problem for the overlap kernel 

and the symplectic structure associated with it. As the simple 

illustration given above shows such a relationship exists and will be 

studied in detail in future publications. For the time being notice that 

all the Information about the structure of the global change of 

variables that turns the symplectic manifold into a canonical phase 

space is contained in what we have called the Pauli distortion factor 

which can be computed easily from the diagonal part of the overlap 

kernel in the Bargmann representation. Its physical meaning is closely 

related to the mean number of oscillator quanta in the relative motion.

In Fig.2 we have plotted the phase space trayectories for the 

hamiltonian in terms of radial canonical variables. The two body 

interaction and the oscillator parameter are the same as used by Okai 

Park^^\ The explicit expressions are given in the appendix. The Coulomb 

forcé has been included in the folding approximation only, thus 

neglecting antisymmetrization, to produce resulta comparable with the 

RGM computation of



A word of caution should be raised here concerning the assigiment

of angular momentum. As the trial wave function violates rotatLonal

invariance it is not clear from our analysls how to select the proper

1-values that have physical meaning. We have here used the Lsnger

prescription which is the procedure used when applying the WKB methods
22 )in heavy ion scattering \  By this prescription the quantum angular 

momentum is

L = V + 1/2 ^

The low allowed valúes of are 0.2,4.6 ,... (odd waves are forbicden 

for alpha-alpha scattering). The use of the Langer prescription is here 

validated a posteriori by the excellent agreement with the quantum 

calculation in the next section. It is obvious that the correct 

procedure to assign the angular momentum would be to use a proyected 

trial wave function in the variational principie. This would lead to a 

classical hamiltonian Hj^(k.r) in which the continuous dependence on 1  ̂

in (3.15) is replaced by a discontinuous dependence on the allowed 

L-values of the relative angular momentum. Because of the increased 

difficulty in using 1-proyected states in the variational principie it 

would be very desirable to study more in detail this question of the 

assignment of low 1-values so as to be able to use this (or another) 

prescription with confidence.

In Fig.2 the essential characteristics of the alpha-alpha 

scattering can be recognized. In all cases we have plotted the critical 

trayectory leading to the top of the Coulomb barrier. This trayectory 

leads to orbiting of the fragments at a fixed distance. Notice that the 

L=0 and L=2 barriers are well outside the distortion región indicated by 

the dotted line. This means that the barrier position and height is 

determined soxely from rhe folding part of the potential. For L=4
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instead the critical trayectory enters the Pauli distorted región and is 

therefore affected by antisymmetrization. Another feature that is 

clearly brought out in Fig.2 is that the forbidden región affects tae 

bound states of the system by exluding area in phase space that would 

otherwise be occupied by closed trayectories. This is the semiclassic.al 

statement of the results of the orthogonality condition model of 

Saito^^^ in which the effects of the Pauli principie are approximated by 

rendering the relative motion wave function orthogonal to the forbidden 

states.
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Figure 2:

Radial phase space trayectories 
for alpha-alpha scattering. The 
oscillator parameter is 
b = 137 fm. The trayectories 
are labeled by in MeV. The
shaded región Is
den and the dotted line gives 
the lirait of the región of 
Pauli distortion as defined in 
Fig.l . In all cases the criti­
cal trayectory that corresponds 
to the top of the Coulomb bar- 
rier is shown. The angular 
momentum has been assigned by 
the Langer prescription 
L= i+1/2.

6 r(fm)



4. Computation of phase shifts

Semiclassically, in the WKB approximation, the nuclear phase shifts

for two body scattering with a Coulomb plus nuclear potential are
.  ̂ 24) computed as

oo , 0 0

" \ k dr - \ dr (A.l)

where k and k^ are the wave numbers corresponding to the radial motion 

with and without the nuclear potential U(r).

k(r) = [2;uin ĵ E - U(r) - V^(r) - (1 +

k^(r) = [ 2f im Je - e^ - (1 + (4 .2 )

^o outward turning points for the two trayectories,

i.e. the points where k or k^ vanish. is the Coulomb potential which

at short distances can be different from the point Coulomb interaction
2

e Zj^Z^/r. The centrifugal potential is computed for the classical 

angular momentum 1 + %.

In figure 3 we have represented the phase shift (4.1) schematically 

as an area in radial phase space. Disregarding for the moment the 

forbidden región (B + C), it is the area bounded between the curves k(r)
and k (r), c

We propose to compute approximately the phase shifts with a similar 

formula where k(r) is replaced by the trayectory obtained from the 

variationa* principie. Examples of such trayectories were given in 

figure 2. The function k(r) is defined implicitly for a given CM energy 

E and angular noiTientum L by
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= ^(k,r, (L +

w h e r e X i s  given by (3.15).

In the computation of the area under k(r) the forbidden región 

should be excluded. The second term in (4.1) is not modifled. Thü 

resulting phase shift is agaln best characterized as an area in phase 

space. In figure 3 it is the area A-C.

In figure 4 we show the results of this computation and compare 

with the RGM results of Okai and Park^^^ with the same two body forcé. 

The areas were evaluated by dividing the phase plañe in a grid of

- 0.03 fm and ^ r  = 0.06 fm and adding the areas Ak Ar that 

satisfied the condition of belonging to región A (counted positive) o j :  

C (counted negative). The accuracy of the procedure was checked ir 

several instances by halving the size of the grid and verifying that the 

computed phase shifts did not change by more than one degree.

As expected the semiclassical phase shifts show a discontinuity ai: 

the energy corresponding to the top of the Coulomb barrier. Thiis 

discontinuity is caused by the sudden penetration of the trayectorv 

beyond the barrier radius as soon as the energy becomes larger that the 

barrier height. Quantum effects not included in the simple WKB formula 

(4.1), namely tunneling and reflection above the barrier, would smooth 

out this discontinuity when included. Both the magnitude and the 

position of the jump and the overall behaviour of the phase shifts is 

very similar to the full quantum calculation. In particular the 

repulsive effect of antisymmetry (the "Pauli hard core") is accounted 

for by the negative contribution (area C in figure 3) where the Coulomb 

trayectory enters the Pauli forbidden zone.
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Figure 3:

Graphical computation of the semiclassical phase shift 

(schematic). The area B+C is forbidden. k(r) is the trayectory 

as given in Fig.2. k^(r) is the Coulomb trayectory with the 

same energy and angular momentum. The phase shift is computed 

as the area A-C.
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Figure 4:

Nuclear phase shifts for alpha-alpha scattering. Full U n e  is 

fhe RGM calculation of Okai-Park^^\ Dotted U n e s  are the 

re.'-ul tñ of this paper.



5. Discussion and conclusions

It is not the intention of this paper to attempt a detailed 

comparison, or even a detailed fit, to experimental data. We have taken 

the same parameters of an existing c a l c u l a t i o n ^ w h i c h  is fairlj' 

realistic and compared with our variational calculation. The main 

results of this paper are twofold. First we have considered the 

modification of the structure of the phase space resulting from the 

requirements of antisymmetrization. The symplectic structure associated 

with the norm kernel has been seen to contain many of the features that 

arise in RGM or GCM calculations. In particular it provides ,a 

semiclassical description of the states forbidden by the PaulL 

principie. We found that the phase space is modified by the Pauli 

distortion factor u which is directly related to the norm kernel. Thiis 

extremely simple result can be traced to the fact that the norm kernel 

only depends on s.s which in turn is a consequence of the fact that the 

alpha-particle is an SU(3) scalar. Thus we can State that the method 

used to transform to canonical variables in section 3 is directly 

applicable when the composite partidas are SU(3) scalars. In 

calculations involving heavier fragments we expect that our method will 

provide a fairly accurate description of the effects of 

antisymmetrization on the folding potential. This can be done either 

with the full kernels or with a step by step inclusión of the effects of 

exchange of an increasing number of particles. In fact the decomposition 

of the overlap kernels according to the number of particles exchanged is 

well known and it would be possible to study how the symplectic

structure changes all the way from a "fíat" phase space when no exchange 

is included to the full effects of antisymmetry.

The second result that we want to stress is the fact that 

meaningful quantum Information on the scattering can be extracted from
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the classical equatíons derived from the variational principie. This 

problem of requantizing the variational equations has been approachrd 

recently by many authors  ̂ but only in connection with bourd

State problems in simple models. We have shown here that in a fairly 

realistic situation these requantization methods can be extended with 

success to scattering. This discussion is relevant to current TDHF 

calculations which deal mainly with scattering initial conditions. In 

fact we can view our approach as a constrained TDHF. This comes aboiit 

because although we restrict the trial wave function to be a Slater 

determinant at all times we do not allow it to be the more general 

determinant. Thus all internal excitations of the fragments are frozen. 

In the alpha-alpha case this constraint is not very limiting and the 

effects of partially relaxing it by allowing breathing mode oscillations 

of the fragments have been analyzed recently^\

It is interesting to notice that the methods used for bound state 

requantization can also be applied in this case. In fact periodic 

trayectories can be seen in figure 2 (i.e the small loop at -6 MeV ia 

the L = O phase space). However in this case these trayectories are too 

small to hold a quantum state so that the Bohr-Sommerfeld condition is 

not satisfied at negative energies. This is a pleasant result because 
g

Be has no bound state and it is strongly dependent on the fact that the 

forbidden area is not counted when applying the Bohr-Sommerfeld 

quantization condition. In other systems where bound states exist one 

can well imagine a uniform description of bound states and phase shifts 

within the same time dependent variational description.
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Appendix

We collect here the relevant formulas £or the case of alpha-alpha 

acatterlng. Ihey can be darlved using the general methods of =>, or, for
the simple case at hand also from

a) Trlal state.

' r exp

where
B
/V-s,

We use b-1.37 fm In accordance wlth ref.‘^>. Thls valué of b ylelds

a rms radlus of 1.45 fm for the alpha-cluster and an oscillator 
frequency Yii i i= 20.73 MeV.

Overlap and symplectlc structurp.

-  « P  . . 8 ( 1  -  „ p -
(A.l)

The matrix defined In (2.6) is

82
ij as.93*. = ufi,.. + S.s.v1 J 1 J

where u Is defined In (3.3) and v-3V5(s.;)2l„/|/’. . is the sum of

a diagonal and a separable matrix. Its inverse has the same foro, 
and is easily found to be

( g  - u -1
. jk u+s.sv (A.2)

Then according to (2.8) the fundamental brackets are

(s‘‘)j^ - u-' 6 ., -. jk U+S.SV j k
(A.3)
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c)

These brackets enter in the definition of the symplectic structuie

(2.7). The factors u and v are evaluated expllcitly from (A.l)

u

V =

1 +
2 exp- -r- s.s ________ 2 ^

1-exp- j  s.i

exp - 1/2 s.a 
(1 - e x p  - 1/2 s.s)^

Notice that, as s.s-^ u-»-l and v ^ .  
Two body forcé:

The two body interaction between nucleons is taken to be a mixture 

of Rosenfeld + Serber forcé with a Gaussian radial dependence. The 

hamiltonian for the relative motion (with the CM energy subtracted) 
is

H

É l

+ V + V _ Reí coul

_ 1
Reí 4Am )'

2
where

v(r) = Vq (W+MP^+BP +HP^Pg.) exp - ^  ( ^ . 4 )

The parameters chosen are in complete agreement with ref.^^^ and 

are p>=0.46 fm Vq=-72.98 MeV, W=0.3742, M=0.4408, B=0.1159, 

H=0.0691. They correspond to a mixture of 94% Serber + 6% Rosenfeld 
forcé.

The hamiltonian kernel.

Coul

<S S>
(B.i) (A.5)

( A . 6)
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= 8W + 4B - 4H - 2M 

X g  = 8M + 4H - 4B - 2W

T ) ;  = K {1 +  I ( s+ 5 )  +  I l í g - s ) - I ( 8 + i ) ] E 2  -  2[ i ( s )+ I ( Í ) - 1 - I ( s+ Í )1 e j

(1 - E)2

T )e  “  ^0 ^0 I ( s - i )  +  I ( s + i )  -  2 [ l ( s )  +  I ( i ) ] }  — L _
(1-E)2

K q  = 2 V q [i +  2/(b2e)]"^^2

I (x )  -  exp 1̂ - i 6b 2
1+ 2 B M  

E = exp f- 1/2 s . sL am. «M*

In the final calculations the constant t e m s  in U  a n d ^ ,  yielding 

the ground State energy of the two separated alphas, were 

subtracted.

The Coulomb interaction was calculated neglecting antisyimnetri- 

zation as

p(r2+R/2)drjd^ (A.7)

where p  is the density distribution of each fragment. The normaliza- 

tion was determined by comparison to the point Coulomb interaction 

at large distance. The result is

Coul (R) . ^  ert ti-)
(A.8)

where erf(x) is the error function^®^
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e) The folding limlt.

In both TTand ^  a leading term can be Isolated whlch dominates 

asymptotically for oo. Therefore in this limit the hamiltonian
becomes

- i  hü)(s-i)2 + X j  i(g+;) 

whlch in terms of the real variables R,P takes the standard folding
form

(A.9)
with

^  (R) - exp - - i S L
l+2b2g

Also from the overlap (A.l) we see that asymptotically the norm is 

N = exp s.s and therefore by the argument given at the end of 

section 2.1 the variables R and form a canonical pair. This shows 

that in what we have called the folding región (outside of the 

dotted line in fig.2) the relative cluster coordinates are 

canonical and the hamiltonian is given by the local folding 

potential plus the kinetic energy corresponding to the relative 

mass. As the fragments come closer (in phase space) the energy 

(both the kinetic and potential parts) and the phase space are 

modlfied. Further in a forbidden región is reached which reflects 

the states of motion that viólate the Pauli principie.
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Quite a few neucleons can be transferred in a heavy ion collislon at

energies above the Coulomb barrier. There is also a significant dissipation

of initial kinetic energy. One could have therefore expected that the final

quantum State dlstrlbution in such processes, be statistical. That is, that

all accessible quantum states be- equally probable. The experimental result

is very much to the contrary. While there is definitely dissipation of

energy, there is a significant release of kinetic energy. For any exit

channel the energy distribution has an asymmetric bell shape with an

optimal Q valué (Q is the difference between the final and initial kinetic

energies in the center of mass system). In this lecture I shall outline an

analysis of the deviation of the observed energy distribution from that

expected in a statistical theory. Further details and examples can be found
1 2 )in two recent papers ’ .

In the statistical limit all final quantum states (allowed by the 

conservation laws) are equally probable. Since we observe that this is not 

the case, it is necessary to find a way to assign non uniform weights to 

the quantum states. On intuitive (but also on theoretical^^) grounds we 

wish surh weights to be as uniform as possible, since we do expect that 

such collisions are predor.ilnantly "statistical" in character. Of course, 

the weights cannot be complctely uniform (i.e. equal) since that would be 

the purely statiírtical limit. To determine a distribution of quantum states 

which is "as random as possible" we use the procedure of maximal entropy^\



Entropy is defined as
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5 -  - 2 ’ P ^ R [ 1 ]
t

where P. is the weight (the probability) of the i'th quantum State. It 

should be stressed that equation [1] is correct only when the summation is 

over quantum states. Say how the only restriction is that the distribution 

over quantum states is normalized

Then that distribution which is of maximal entropy subject to the 

constraint given by equation [2] can be found by the method of Lagrange 

multipliers,
_ e xp (- ^‘) [3]

Here is the Lagrange multiplier. For the constraint [2] and its

numerical valué is to be determined by inserting the form [3] into [2]. 

Since is a constant, we have

^  N  t x / >  ( - Á c )  1

or
p. ,  ( - A o )  r

where N is the number of quantum states.

It is therefore possible to recover the statisticál limit by 

maximising entropy subject only to the consti;aint of normalization. Since 

the early work of Buttle and Goldfarb^^ we expect however that heavy ion 

collisions be subjected to another constraint reflecting on "orbit 

matching". That is, since the ions are heavy and essentially classical in 

thelr motion the distance of closest approach for the incoming part of the 

trajectory should be equal to the distance of closest approach for the 

outgoing part of the trajectory. There should thus be an "optimal" or most 

probable final kinetic energy. Rather than most probable we shall use the 

mean valué. Henee, from kinematic considerations we expect the mean Q valué 

to be constrained. (Refinements of the considerations leading to an optimal



Q valué can be found in ref.2). Since

^ ^gg = [5]
where E is the total energy, E the excitation energy and E^ the final 

kinetic energy we can rephrase the constraint as a given mean valué of E*.

Let US then maximise the entropy subject to two constraints:

(i) normalization, given by equation [2] and (ii) given mean valué of E*
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where E (i) Is the internal excitation energy of the quantum state i. There 

are how two Lagrange multipliers and the result is

^  e x p  - A d ¿ 0  t7]

Among all the possible distributions which are (i) normalised and (ii) have 

a given mean excitation energy, distribution [7 ] has the highest entropy

i.e. is as uniform as possible while still being subject to the two 

constraints. Note that using [2 ],^ q  can be expressed as a function of ,

¿ j e x p  ('-A* - A  c ¿ ^ )  1

[9]

or 5,

(»>cp(A«̂  «  6 xp C"“  ̂^  ) [8]
Henee there is only one parameter in equation [7], namely , and its valué 

is to be determined from the implicit equation [6 ]. Using [8 ], the equation 

for A  is

(0)/^ex/y
Experiments typically do not measure the distribution of quantum 

stntes particularly so at the energies of interest here where the quantum 

stiites are so dense that they are practically a continuum. Rather, what is 

measured is the distribution P(E*) of energy such that P(E*)Se * is the 

probability of all states with excitation energy in the range E*,E*+Se *

2 P .  1101
all i such that
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Figure 1;

Figure 2



* *
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Using [7] for and since for a small E ,E (i) is constant,

P í E * ) S E * = e * p í - A . - > E * ) ^  1
all i such that

E * á  B*(i\ 4 C * + í e

1111

Here f(E ) is the density of states

§(eO S e * ,  W * C e * 4 Í E * ) - N ' f E * )  [121
*

where N(E ) is the number of states

N'íe») = Z* 1
all quantum states such that ^  ^

Typically, it is convenient to use a normalised density of states

PYe»). ? (£ * ) / f ? (E * ) é i * [14]
and henee examine the "surprisal" defined by

"surprisal" »  [15]

Figure 1 shows some acual results for the channel at

105 MeV at the grazing angle. It is evident that equation [11] Is very well 

satisfied. Many other examples are discussed in [2], Other ’applications 

have been published, e.g. to fission processes [6 ]. Here we conclude with

soitK' geii' r .iT 'M - ’is.rion.

First, if the approach is of general use it should also apply to other 

collisions where the final state distribution is expected to be statistical 

but is not. Figure 2 shows a molecular example, the photofission of 

CH^CHCl^^ The observed vibrational distribution of the HCl molecule (dots) 

is quite deviant from that distribution expected if all final quantum 

states are equally probable (dashed line) but the deviance, - [P(v)/P°(v)] 

has a rather simple dependence when plotted vs. the vibrational energy E 

(E is the total energy and P (v) is the normalised number of quantum states 

which correspond to the same vibrational quantum number of Hcl).



o\
Next, how about direct reactions. Figure 3 shows the results for a 

very direct processes. The deviation from statistics is extreme, but it 

still has a simple structure. References 3 argües that this is not an 

accident but that our working hypothesis 'the distribution of final states 

is as random as it can be, subject to constraints' can be shown equivalent 

to quantum collision theory and that the constraints can be identified in 

terms of (i) the Hamiltonian of the system and (ii) the initial state. 

Further discussion and examples can also be found in the review^^.
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Concluding Remarks

D.R.Bes

Physics Department, CNEA, Argentina.

Before leaving Buenos Aires I just collected the Proceedings of our 

first workshop in order to get inspiratlon in the concluding remarks 

there, which were delivered by a sensible fellow^\ Among these 

conclusions I found a diagram about the future time table of the Tandar 

Project which predicted the acceptance tests for the first half of 1982. 

We must remember that at that time not even the location of the project 

was decided. I would like to pay may respects to Emma and coworkers for 

the fact that, in spite of the many difficulties along the way, an 

important fraction of the machine is assembled inside the tank, the gas 

system is finished and the concrete building is almost ready. (It is 

also true that a small fraction of the concrete lies in the form of 

dusts inside the aluminum coins, which is not so good for the 

electrostatic properties of the machine, according to Dr. Ball).

The two first workshops were the result of a concentrated ¡effort by 

the local community of physicists (assited by selected friends from 

Brazil and Chile) in order to become acquainted with i) the problems 

that could be attacked with the tándem and ii) the details of the 

equipment (including manpower and costs) that was used at that time in 

other laboratories to investigate these problems. The main question that 

these two workshops tried to answer was what to do when the beam would 

be out. This problem has not been discussed again in the successive 

workshops. It is my opinion that this activity should be increased by an 

order of magnitude in our Department.
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The third and fourth workshops had a different character. The main 

part of these workshops consisted of lectures delivered by three and two 

foreign visitors, respectively, during two weeks. An important 

by-products were the fact that Computer codes brought by some visitors 

were implemented during the workshops and that a few of our younger 

colleagues found the possibility of excellent training opportunities in 

the visitor's laboratories.

There has been another changa of character for the fifth workshop. 

It looks more as a small conference or symposium. In lieu of lectures, 

we have enjoyed the presentation of several review talks on different 

branches of many-body experimental and theoretical physics: the theory 

of high angular momentum states in nuclei (Prof. Mang); a summary of the 

first experiments performed in the similar machine at Oak Ridge (Dr. 

Ball); the possibilities associated with postacceleration techniches 

(Prof. Sala); the State of the art on phase transition in solids 

(Dr. Axe) and current developments on application of the theory of 

Information to heavy ion reactions (Prof. Levine) and of methods of 

quantification the TDHF solutions (Dr. Saraceno).

A considerable amount of time was also devoted to the presentation 

of works performed in different institutions of Argentina, Brazil and 

Chile. They covered practically all of nuclear physics. They were 

presented in order of decreasing energies: fusión and fission, 

peripheral reactions, optical potentials, giant resonances, rotational 

and gamma-like structure of nuclei, life time measurements. There has 

also been a technical contribution on data adquisition.

Because of this wide range of ineterests, I do neither think it 

useful (ñor I am able to do it) to comment on each individual 

presentation. I will rather try to make some general remarks:
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1) The presentation of individual contributions in any large or small 

.conference has the usual drawback that is doesn't necessarily lead to

the cooperative endeavour implied by a workshop. This danger reminds me 

of the fact that several years ago the U.S.Post Office included the 

Physical Review in the category of "paid advertising mail". According to 

Prof. Lee Grodzins (who told me this anecdote) physicists were outraged 

until they realized that that was exactly what it was.

2) The amount of work presented constitutes solid evidence of the 

existence of an almost critical mass of nuclear physics in this región 

of the world. This appears to be more so since the presentation was far 

from complete: among the CNEA contributions only one dealt through only 

five minutes with experimental research. In view of my previous remark 

about self- advertising I am not sure whether to blame or praise my 

experimental colleagues by their neglect of the pressing requirements of 

our chairmen.

3) A promising fact is the appearance of a contribution signed by 

Chilean and Argentine coauthours. Let me remind you also about the 

existing México - Sao Paulo - La Plata collaboration on the cluster 

structure of nuclear matter. Perhaps the most useful part 'of the 

workshop took place outside the lecture room. There have been many 

discussion on different projects between the participants. Should a 

sizeable fraction of these projects be accomplished, the workshop would 

have been an important success. The selection of a place outside Buenos 

Aires, in which the participants may spend together their leisure hours 

would also be completely justified.

Other most important aspect of the some subject will be dealt with 

in this afternoon's session on the policy of external users in the 

Tandar Project.
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I like to express my regret because of the abscence of our two 

British invited speakers. I owe my opportunity to work in physics to 

Niels Bohr's program of bringing together scientists from conflicting 

countries. Therefore I would like to transmit to Drs. Satchler and 

Gelletly the fact that we missed them as we missed Drs. Bayman and 

Bertrand. Although we understand their decisión, I am relieved that the 

step to cancell their visit was not taken by us.
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A DESCRIPTION OF THE TAÍIDAR FACILITIES

E.Pérez Ferreira

Departamento de Física, Comisión Nacional de Energía Atómica
1429 Buenos Aires, Argentina

In December 1979 two significant events were celebrated at the 

Atomic Energy Commission: 25 years of continuous and fruitful operation 

of the 28 MeV Synchrocyclotron and the beginning of the construction of 

the building to hosta new 20 MV Tándem Accelerator.

These two outstanding events occurring at the same time are a sign 

of the attention that the AEC has ^ilways payed to basic research. This 

attitude has proved to be particularly fruitful in developing our own 

hability in the fields of applied peaceful nuclear technology.

More than two years have already passed since that date and, as most 

of you have seen during your visit to the site last Monday, we are about 

to finish both the buildings and electromechanical works at least in 

those aspects that are relevant to the operation of the Accelerator. 

Provided God and NEC help us, we should have the facility opérartional 

some time late in this year or perhaps early next year.

Facing that possibility, our anxieties are being transferred from 

controlling our contractors, supervising technical drawings, and verify- 

ing cash-flows, into the way to secure the best possible utilization of 

the fí:c2 Iñ fy. This has been a point of real concern from the very begin­

ning of the Project. This has been shown by the ambitious program for 

training young nuclear physicists (started in 1977) as well as by the 

serles of meetings of the type of this one that we have held every year 

since 1978.
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We are convinced that the best way of obtaining an optimum utiliza- 

tion of the facility is to make it available not only to other groups of 

CNEA but also to external users of our country and from abroad. That is 

why we want to take profit from this opportunlty and the presence here of 

some of such potential users to express our intention regardlng the 

character we wlsh to impose to the new Tándem laboratory.

Accordingly, the aim of my talk is to sketch the main features of 

the accelerator, its exptected performance and the auxiliary equipment 

which will be available. Shortly, I shall recall those aspects which are 

interesting for the user. Anyhow, a more detailed description of the ac­

celerator has been already presented elsewhere.

Regarding the machine I shaLl only mention that it is a 20 MV 

straight through Pelletron, built by NEC to fullfil CNEA specifications.

2. Ion source

Three interchangeable modules have been ordered for the ion source 

to provide most types of iones. One is a duoplasmatron ion source from

which one can expect to get tenths of nAmps of H , O , C1 , Br and I .
li

It appears to be directly usable for all gases which form stable negative 

iones. This source is arranged to produce the high DC currents (50 to 100 

nAmps) of H needed for the pulsed beam mode of operation.

The second is a negative Helium Ion Source of the charge exchange

type.

Finally, the third is a sputter-cone type source which is very use- 

ful for producing beams of heavy metallic negative ions.

The three ion sources can quickly (several hours) be iuterchanged 

and made operational inside the injector system. The duoplasmatron ion 

source is now being successfully tested.

- 146 -



147 -

3. Pulslng system

Gas an foil stripping systems are contalned in the interior of the 

terminal. The foil stripper consists of two modules each of which holds 

about 200 foils 9.5 mm in diameter. A second foil stripper with about 200 

foils, 1.9 mm in diameter, is located in the first dead section of the 

high energy column.

5. The analyzer magnet

The analyzer magnet is a 90° double focusing unit with a mass-energy 

product of 500 supported on a rotatable base so as to be able to place 

the beam in the direction of any of the experimental lines. In addition 

to the 90° exit port, there are ports at 0° and a 15°. This latter port 

has been designed to mass analyze heavy molecular beams, which can not be 

bent through 90°.

6 . Experimental area

We arrive nows to the experimental area, whose design was considered 

of utmost importance. The experimental area occupies approximately a 270° 

sector consisting of two all purpose shielded rectangular rooms of about 

22 X 23 meters, covering a 180° sector. There is also a heavy shielded 

area for high radiation experiments, which was planned to accomodate part 

of the on line facility now being used at the lALE Project. There are 

also t;wo unshielded experimental rooms for off-line use. Finally, there 

is an experimental room in the basement directly below the analyzer mag­

net, as I mentioned before, to be devoted to studies with heavy molecular 

beams.

7. Experimental lines

For the time being, we are planning to have in operation 5 outgoing 

beam lines for experiments in nuclear physics and one assigned to other



fields of research or applications which will eventually require special 

equipment. For the six lines the standard equipment such as Faraday cups, 

steerings, vacuum systems, beam monitors, etc., is already available.

Let me now refer in particular to the different experimental lines 

for nuclear physics.

- Isotope Separator on line facility. A home—built isotope separator 

being used since 1970 to masa analyze fission products from thermal neu­

trón induced fission of uranium will be upgraded and moved to the new 

laboratory. Recently the possibilities of the system have been broadened 

through the design and construction of a new non gaseous ion source. A 

further improvement will be possible at the TANDAR laboratory with the 

use of heavy ion projectiles.

- Gamma-ray spectroscopy. A general purpose gamma-line will be im- 

plemented, where the present studies of ( -xn) reactions being performed 

at the Synchrocyclotron shall be continued through Hl-xn reactions. A 

versatile set of reaction chambers for gamma-gamma coincidence measure- 

ments, for angular distributions and for timing using the pulsing system 

are going to be installed. Also a special chambers for on line measure- 

ment of conversión electrons will be built.

- Heavy Ion Scattering. The Tándem will be devoted to a large 

extent, to heavy ion studies. Various proposals for a heavy ion scat­

tering chamber were considered and finally it was decided to build a 

reaction chamber based on the design used at the Weitzman Institute. It 

consists of a cylindrical body with a sliding steel foil to allow rota- 

tion of the chamber and two independent rotatable arms for angular dis- 

tribution measurements. A number of interesting features have been 

incorporated to the original design such as the possibility of using the 

kinematical method or a combination of binary angular distribution with 

the times of flight of the fragments. Some developments on heavy Ion 

detection are being also carried out.
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- Light beam Une. A general purpose high quality scattering chamber 

has been ordered from General lonex to be used for light icr irduced reac- 

tions. The chamber has already arrived and begins to be mounted and 

tested.

- Magnetic spectrometer. The flfth line will be equiped with a mag- 

netic spectrometer. Considerable discussion on the type of spectrometer 

has preceded a final decisión which favoured the split-pole type in stead 

of a Q-3D device. Of course considerations regarding the investment in- 

volved were not absent from this decisión. Further discussions with 

Scanditronix showed the advantages in quality and cost of a new recent 

design by Enje known as "orange sector spectrometer".

8 . Data acquisition system

It has been planned so as to provide both a máximum of flexibility 

in the hardware implementation of the different required functions and a 

simplification of the software development.

For the conventional computing componente we have purchased a DEC 

(VAX 11/780) as the main processor with a PDF 11/34 as front end proces- 

sor. This will provide the link between the system and the display 

processor, a Versatex printer/plotter and the CAMAC subsystem which will 

handle the actual interaction with the experiments.

The CAMAC compatible experimenta] controller interface is presently 

undcr construction.

9. Other facilities

Several support laboratories are being installed in the accelerator 

building, namely, for ion source maintainance and (future) developments, 

and for the production of detectors, targets and strippers.

A library and a well equiped workshop complement the support facili­

ties .
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10. Staff

Fourteen engineers, and thirty techniclans integrate the Technical 

Assistance División of the Physics Department, which is ready to take cara of 

the accelerator operation and maintenance and of all the related technical 

jobs, including assistance to the experimental physicists in the 

developments for the different experimental lines.

11. Performance

The expected performance for the 20 MV Pelletron is summarized in the 
following table.
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Voltage rating 
Voltage stability 
Proton Energy Range

DC Proton Current
- Design Capability
- Acceptance Test Valúes

DC Alpha Particle Current 
(Acceptance Test Valúes)

DC Sulphur Current
(Acceptance Test Valúes)

DC lodine Current
(Acceptance Test Valúes)

DC Gold Current
(Acceptance Test Valúes)

Pulsed Protons 
(Acceptance Test Valúes) 
_1.0 nanosecond FWHM 
A.O MIIZ frequency

5.0 - 20.0 Megavolts 
+2 kV
10.0 MeV - 40.0 MeV

20 nAmp at 10.0 MeV to 40.0 MeV
3 nAmp at 10.0 MeV to 40.0 MeV, 75% 
transmission**.

1.0 nAmps at 60.0 MeV

150 nAmps at 10.0 MV terminal 
voltage, 15% transmission**
200 nAmps at MV terminal 
voltage, 15% transmission**

50 nAmps at 10.0 MV terminal voltage 
100 nAmps at 20.0 MV terminal voltage

50 nAmps at 20.0 MV terminal voltage

. 3 milliamps 12 MeV 

. 5 milliamps 26 MeV 

. 8 milliamps 40 MeV

Pulsed lodinc 
(Acceptarjce Test Valúes) 
_3.0 nanosecond FWHM
4.0 MHZ frequency

1.0 nAmps at 6 MV terminal voltage
10.0 nAmps at 13 MV terminal voltage
10.0 nAmps at 20 MV terminal voltage



Charge Selector Efficiency For the gold beam at 20 MV, the amount of
beam in the most probable charge State 
plus one charge will be less than or 
equal to 0.8 pnAmps and the amount of beam 
in the most probable charge state minus 
one charge will be less than or equal to
1.0 pnAmps.
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*

**particle micro or nanoamperes of ions of the most probable charge state.
% transmission defined as particle current of most probable charge state 
measured after analyzer magnet image slit divided by particle current 
measured at input Faraday cup multiplied by 100.

12. Future upgrading

Some precautions were adopted in order to be ready for future impro-

vements at a minimum cost. One, is the possibility of changing the NEC

tubes into HVEC tubes by adequate dimensioning the inner diameter of

castings. The second is to have the tank designed for higher SF, pressure
6

than required, so as to be able to increase the terminal voltage in the 

case of future improvements of the tubes (this provided that they could 

admit higher voltage gradients). Finally we left plenty of room behind 

the experimental area in order to be able to adapt the building for the 

eventual installation of a post-accelerator facility.

When speaking about the future one should also mention that the build­

ing now in construction is what we cali "Sector A" of a much larger 

building whose "Sector B" will lócate all the activities of the Physics 

Department together with the Radiobiology Department. In a second stage of 

the TAMDAR Project will be constructed within the same campus, the main 

building and special laboratories for all the basic research being done at 

the Atomic Energy Commission together with the main library, 

accomodation facilities, auditorium, etc.

Mariscotti will now tell you about our preliminary ideas about how 

all these facilities could be made available for external users.









SOME IDEAS ON EXTERNA! USERS

M.A.J.Mariscotti
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Departamento de Física, Comisión Nacional de Energía Atómica 
1429 Buenos Aires, Argentina

I would like to start with two preliminary remarks to help dispel the 

anxiety that you may experience as you prepare to listen to this talk. 

First, the sketch of the program suggests that my talk should go on and on 

until is time for the clossing dinner. This is scheduled to take place at

21.00 hours, so that we have 5.00 hours from now. And not even a coffee 

break! Be your mind at rest. I'll do my best to be done with the job in the 

shortest time, probably no more than 20 minutes.

The second source of anxiety was pointed out to me by a friend while 

having dinner together the other night. After a few glasses of wine he 

asked me: "What type of external user do you have in mind?". I was 

startlet. -He said: "l am referring to your announced talk. According to 

the tittle you are going to tell us some ideas on external users". I admit 

it took me a while, but then I realized that he was right. To all of you 

who may have been wondering but didn't daré to ask, I apologize. The tittle 

of this talk should be: "Some ideas on external users policy". It was not 

our intention to discuss the external users themselves such as preferred 
hair color, shoe size, etc.

The real purpose of this talk is to induce a discussion or rather, an

exchange of ideas, on the subject. To do this I should like first to share

with you the ideas we have been discussing ourselves. If I am not able to

elicit any comments from you I will feel that I have failed. Even then my

introduction would have served the purpose of informing you that we would

like you to come and use the machine and also particípate with comments. 
and suggestions at any time.



The baslc philosophy is that the key to a productive scientific 

activity is exchange of ideas and exchange of information, henee the 

implementation of a policy that welconies physicIcts from other laboratories 

will work to our benefit. Something about this we already said last year to 

some of you who attended the previous workshop.

There are several ways in which we can pursue this policy.

One of course is getting money to support a visitors program. This we 

shall try to do but will naturally be limited and henee will involve not 

many people and only specific projects.

Another is to arrange special bilateral agreements between 

institutions. These sometimes work, and sometimes get entangled in the 

bureaucracy. We have had some good experiences in this regard such as the 

cooperative program that is under way with Brookhaven National Laboratory 

supported by the CONICET and the National Science Foundation.

A third one may be achieved by means of the proposed International 

Center for Nuclear Physics which is going around and we have submitted to 

the International Atomic Energy Agency. The idea is to offer the TANDAR 

installation to set a Center tailored after the Center in Trieste. I think 

that there were a few copies of this proposal at hand here for you to see.

I should say briefly that at present the response of the lAEA has been 

positive except for the funding which the Agency is reluctant to provide. 

In this regard, I should point out that we have been told unofficially by 

people from the Agency that to succeed one should secure as much support as 

possible from other countries. Therefore I take this opportunity to ask for 

your support and consideration as to how this could be done.

Finally, we have discussed, as I said, our external users program. In 

doing this we have taken into account the experience in other laboratories, 

Our ideas in this respect are the following:

First we considered at lenght if it was convenient to distinguish 

between internal and external users. We came to the conclusión that it was

- 156 -



best to do so, namely, to allocate beam time to internal and external users 

separately. Some laboratories do this, some others don't. An argument in 

favor of this is that it is to the benefit not only of the internal users 

but also of the external users, because in this way one makes sure that 

there will be people taking care of the equipment at each beam Une, at 

least those set up locally.

The time allocation for external users would be distributed by an 

advisory committee to which proposals should be submitted. For practical 

reasons this committee would be formed mostly with local people. This 

committee would be assisted by a group of nternational advisers to whose 

the committee may refer to ask for their opinion in judging the academic 

valué of the proposals. One should bear in mind that we expect to have 

proposals which belong to fields other than nuclear physics.

Consideration has also been given to the time distribution between 

internal and external users. It is actually too early for establishing a 

percentage of beam time for each group. Some of us have thought loosely of 

50% each, some others 70% and 30%. It seems more reasonable to wait until 

the response from the potential external users makes it possible to obtain 

a fair estímate.

Periodically there would be a cali for proposals (every three months? 

-perhaps more- experience should dictate the appropriate frequency to send 

out these calis). They would be sent to anybody who has expressed the wish 

to be included in the respective mailing list (for the moment and until the 

advisory committee is integrated anyone who so wishes can write to the 

Department).

Projects may involve internal and external users together. In such 

cases one can arrange to split the time between "internal" and "external" 

b^.^m time. In general, it turns out to be convenient that an experiment be 

carried out in collaboration with local people but this of course will not 

be imposed on anybody.
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External users may be encouraged to set their own commlttee to have a 

voice in recoiranending improvements in the facility to the Dept. Chairman.

External users will be entitled to use the Instruments, electronics, 

data acquisition system and all conventional equipment in the laboratory.

In principie there would not be funds to pay for travel or per diem 
for external users.

This brief account gives you an idea of what we have in mind with 

respect to external users policy. I now would like to hear your comments.

Since this is the last talk of this Symposium I should now like to

take a few minutes to acknowledge several people, if the chairman permits 
me.

In the first place I wish to thank, in behalf of all the members of 

the Physics Department, the presence here of our visitors who kindly 

accepted our invitation to come and who have contributed so much to this 

workshop by sharing their knowledge and experiences with us. Since we are a 

family of friends I do not need to be very formal and so I will say that 

they deserve a special thanks for having come in spite of the difficult 

circunstances which are taking place in our country at this time. We cannot 

dismiss the fact that more than one of you must have pondered seriously the 

convenience of staying home before coming. Thanks again for your friendly 
decisión to come.



Now I would like to mention other group of people who have been mostly 

behind the "curtains", so to say, working very hard to make this workshop 

possible. I refer to the S.W.A.T Group for such is the ñame they have 

acquired after several herolc achlevements. I don't really know what

S.W.A.T means but most of you may be familiar with the popular TV series 

starring a group of very special guys who get where the action is always at 

the right time to save mankind from disaster. A member of this group is the 

fellow who has been driving people and goods for most of the time in the 

last two weeks: He is Horacio Soler.

Then there was a guy who was here over Easter and all this week making

sure that we would get soap in our bathrooms, the plumber would be at hand

for emergencies, took care of making this white board for us, made sure

that the projectors would work and many other things (he had trouble to

convince the man in charge that in order to have hot water at 7 a.m. it was

necessary to switch on the furnace at an earlier time!): This is Jorge 
Vidallé.

Another member of S.W.A.T, provided us with newspapers. color TV. 

special tour guides (at one time I saw him directing the trafic in downtown 

Mar del Plata to make way for our buses). He is Libertario Rodríguez.

The head of S.W.A.T has been busy for several weeks now. He came to

this place to arrange everything. I know he even had an encounter with the

administrator here who said to him: "may be we won't be able to do this"

-to what he responded firmly: "Sir, this shall be done" and so it was. This 
is Jorge Prieto.

Now I come to the girls which should never be absent in a S.W.A.T. 

type adventure as this surely one. One of them was the girl you saw coming 

forth and back with your plañe tickets. You gave her your tickets (surely 

with some apprehension as to whether you would see them again) and there 

they came back with the right reservation (at least I hope it was so).
She is Liliana González.
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The other girl you know better. She was able to get many things for 

our confort. Not to go into details, I will mention just one example. I was 

told that somehow she was able to convince a fellow from IBM that there 

wasn't any better deal for him than letting us have that big animal called 

panther" that is sltting in the entrance hall (the Computer that types) 

for nothing. I've been trying to imagine what could have seduced him so 

effectively into doing this. We are now thinking on how to best use her 

powers to get a Boeing 747 for the big Conference in 1985. She is María 

Teresa Carmuega.

Finally , we want to thank the two fellows who have been organizing 

this meeting all along and by that I mean many months. They are the ones 

who get all the blame and very little recognition. I know they are tired 

and will enjoy Sunday night going to sleep with the feeling that this is 

over, or is it? Well, we now have the opportunity to tell Roberto Perazzo 

and Olga Dragún that we thank them very much for having provided for a 

magnificent week of scientific and social exchange. Thank you all.
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I. Introduction

Giant resonances are manifestations of elementary modes of nuclear 

excitation. Since giant resonances are general properties of all nuclei, 

they lend themselves to description as general properties of nuclear 

matter. The term giant resonance has over the years come to be used 

nearly synonymously with the giant dipole resonance (GDR) discovered 

in the 1940's. However, as we know from theoretical considerations and 

now experimental observation, such a correspondence is largely a product 

of history.

In 1970 the first non-dipole giant resonance, the giant quadrupole 

resonance (GQR), was experimentally observed.^ It is significant to note 

that the observation of this new giant resonance was not made by photo- 

nuclear reactions, the conventional means of exciting the GDR, but by 

direct reactions —  specifically, inelastic scattering of médium energy 

protons and electrons. Thus, new resonances and new techniques were 

simultaneously thrust upon the well established field of photonuclear 

physics. In the ten years since the discovery of the GQR the study of

*Operated by Union Carbide Corporation under contract W-7405-eng-26 with 
the U.S. Department of Energy.
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so-cal led giant multipole resonances has grown into a bonafide subfield 

of nuclear physics, one that is pursued in most medium-energy nuclear

physics fácilities throughout the world.

In this talk I will review the current situation as regards obser- 

vation of the new resonances. Since the bulk of the results have come 

from hadron measurements, I will concéntrate on results from hadromc 

direct reactions. This selection is prompted by constraints of time and 

should not be interpreted as a negative opinion of results from electrón 

scattering or particle capture, areas of study which have provided signi- 

ficant and important contributions to the new resonance field. More 

detailed information on this topic may be found in references 1-3.

Although this talk concentrates on non-dipole resonances. it is 

helpful to remind ourselves of the properties of what was for so many 

years the only giant resonance established experimentally. Figure 1 

shows the spectrum of ^°®Pb as seen in the (y.n) reaction.^ The only 

structure observed in the spectrum is the peak from the GDR centered at 

about 13.5 MeV of excitation energy. The fact that photoabsorption pro- 

ceeds overwhelmingly by dipole absorption leads to such beautiful GDR 

spectra which are uncomplicated by competing reactions. (Excitation of 

the GDR is 10-100 times stronger than E2 excitation via photoabsorption. 

This selectivity makes photoabsorption measurements of higher multipole 

resonances very difficult.) As shall be seen later such clean spectra are 

unfortunately not the case for excitation of giant resonances via direct 

reactions.

Consideration of the GDR systematics established over many years can 

provide a guide for the search for resonances related to other modes of
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Fig. 1. Giant dipole resonance 1n as observed in the (y.n)

reaction (ref. 4).



nuclear excitation. Shown on fig. 2 are valúes of the excitation energy 

(E^) plotted as MeV, the width and sum rule depletion for the GDR

for many nuclei spanning the periodic table. For nuclei with mass above 

~ 130, the GDR is located at the systematic energy of ~ 78 MeV and

most of the GDR sum rule is accounted for. For lighter nuclei the reso- 

nance energy falls steadily from the systematic valué and less than 100% 

of the sum rule is accounted for (at least up to ~ 30 MeV of excitation). 

The width of the GDR is narrowest near shell closures (A=90, 144, 208) 

and widest for deformed nuclei (e.g., rare earth nuclei).

These systematics yield a few characteristics of giant resonances 

that may be useful for experimental searches for new resonances.

1) Giant resonances are general properties of nuclei.

2) The excitation energy of a giant resonance varies smoothly
with nuclear mass (at least over most of the nuclear mass range).

3) Giant resonances exhaust an appreciable fraction of an appropriate 
sum rule.

4) Giant resonance strength is generally localized in excitation 
energy (more an experimental than theoretical necessity).

II. Background

Giant resonances are often considered to be highly col 1 active modes 

of nuclear excitation in which an appreciable fraction of the nucleons of 

a nucleus move together. Indeed the motion is so collective that it is 

appropriate to think of these modes of excitation in hydrodynamic terms 

like the oscillation of a liquid drop.

Figure 3 shows a representation of several of these modes of 

oscillation, where L represents the angular momentum quantum number of
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the mode. The monopole (L=0) mode is a spherically symmetric oscilla- 

tion or compression of the nucleus; the dipole (L=l) is pictured as a 

motion in which the neutrons and protons oscillate in bulk against each 

other while the quadrupole mode is an oscillation of the spherical 

nucleus to óblate shape then to prolate shape. Oscillations with L > 3 

are, of course, possible but are not shown. The nuclear fluid has 

neutrón, proton, "spin-up" and "spin-down" components and henee, for each 

multipolarity (L) there are four possible combinations of these com­

ponents. Modes in which neutrons and protons oscillate in phase are 

characterized as isoscalar modes (denotad as T=0 here) while those modes 

in which the neutrons and protons oscillate out of phase are called iso- 

vector (T=l). Similarly, spin-up and spin-down nucleons oscillating in 

phase yield S=0 modes while the so-called spin-flip modes (S=l) are pro- 

duced by spin-up and spin-down nucleons oscillating out of phase. The S=0 

oscillations are the electric modes while the S=1 oscillations are the 

magnetic modes. The well known GDR is an example of an L=l, T=l, S=0 mode 

of excitation, while the first 2+ level of nuclei are examples of L=2,

T=0, S=0 modes.

The collectivity of these modes (i.e., of the nuclear states that 

are the observable manifestation of the various modes) can be deduced by 

studying the transition rates for their electromagnetic excitation (or 

de-excitation) or by measuring the cross sections for their excitation 

Via direct reactions such as inelastic scattering. Useful "benchmarks" 

for comparison are the single particle transition rates and sum rules.

While the former provide an estimate for a single nucleón promoted from
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one Shell-model level to another, the latter tell us how much total tran- 

sition strength we can expect for a mode having particular (L,T,S) 

valúes. Throughout this talk giant resonance strength will be described 

in terms of the energy weighted sum rule (EWSK) which is a particularly 

useful sum rule because it is nearly model independent. Generally, the 

criterion for a transition to be considered collective is that its tran- 

sition rate be many (> 10) times the single particle valué, in which case 

the transition would exhaust an appreciable fraction of the EWSR for the 

mode in question. As we shall see giant resonances exhaust 20%-90% of 

their sum rules.

For direct reactions thetransition rate and the angular momentum 

transfer are generally deduced by comparison of measured angular distri- 

butions with those calculated by use of the Distorted Wave Born 

Approximation (DWBA). The analysis procedure for giant resonance states 

is the same as has been established for direct excitation of low-lying 

states. In the case of electrón scattering the transition rate, B(EL), 

for the State in question can be directly obtained. In in^lastic hadron 

scattering however, the situation is not nearly so direct. Comparison of 

the calculated cross sections with those measured, yields a quantity 

called the deformation parameter, 3|_, as:

measured / calculated (1)

If g|_ is assumed to be proportional to the mass multipole moment for a 

uniform distribution then
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Whether or not the transition rate as directly determined in inelastic 

electrón scattering or deduced in hadron scattering through use of 

equations (1 ) and (2 ) yieid the same result has been an often debated 

topic. However, it is clear that hadron inelastic scattering is more model 

dependent than electrón scattering. The appli catión of the DWBA theory to 

giant resonance excitation by hadron inelastic scattering has been detailed
5

by Satchler and the experimental results have usually been analyzed 

following Satchler's formalisms. The EWSR is related to the transition 

rate as:

S l  = B (E L ) ( E f  -  E , )  ¿  Z e V - - 2 >  , ( 3 )

where and Ê. denote the energies of the final and initial states in the 

transition and <r*‘> is the RMS charge radius of the ground state. For 

T=S=0 transitions and <r^> = [3/(L+3)]r‘- for a uniform mass distribution, 

the EWSR for a transition of multipole L can be written as:

2L-2
■ Sirm

where m is the nucleón mass and A is the nuclear mass number.

2Using equation (2) relating 3|_ and B(EL) the following expression 

for in terms of 100% EWSR depletion is obtained (for T=S=0):

2
„2 _ 2.rh L(2L+1) 1 60L(2L+1)
\  - - 3 Í T - - ^ 2  E ------ ^73 , (4)

AR A  ̂ E ’

1/3
if R = 1.2 A fm and E = excitation energy in MeV. Equation (4)
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provides the limit of the EWSR for a transition of tnultipole L and energy

E. Throughout this talk the measured giant resonance cross section will 

be presented as a fraction of the limit from equation (4). Sum rules for 

isoscalar monopole transition and isovector transitions are different and

have been treated by Satchler

Figure 4 provides a representation of transitions that might

comprise various electric modes. The figure schematically represents 

single-particle transitions between shell-model states of a hypothetical 

nucleus. Collective transitions result from coherent superpositions of 

many such single-particle transitions. Major shells are denoted as N,

N+1, etc. and are separated by ~ l-fio) or ~ 41 A MeV. Giant resonances 

may be considered to result from transitions of nucleons from one major 

Shell to another, under the influence of an interaction that orders these 

transitions into a coherent motion. The interaction for inelastic scat- 

tering can excite a nucleón by at most Wt(D, or, to state it differently, 

the nucleón can be promoted by at most L major shells. The number of 

shells is either odd or even according to the parity.

Thus, the isovector giant dipole resonance (GDR) is built up of El 

transitions spanning Ifio). The GDR might then be expected to be located 

at an excitation energy of ~ 41 MeV; however, it is located at ~ 77

A"^^^ MeV. This difference arises from the fact that the spin and 

isospin dependence of the nucleon-nucleon interaction ensures that the 

S=T=0 collective states move down in energy, and that S=1 or T=1 states

move up from the expected energy.

For E2 excitations two different classes of transitions are allowed.

The first of these, with lowest energy, is comprised of transitions
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within a major Shell, the so-called Otíu transitions. A second set is 

comprised of transitions between shells N and N+2, the 2tío) transitions. 

These transitions would be pushed up or down in energy from for iso- 

vector or isoscalar modes respectively. While the Otío), E2, excitations 

are identified with the familiar low-lying Z"*” levels, the 2f1üj class carry 

most of the EWSR and are associated with the GQR. By similar arguments 

E3 excitations of l-Hw and 3tiü) and E4 excitations of Otíu, 2tfüj and 4ñu are 

expected.

For each class of transitions (El, E2, etc.) the sum rule should be

exhausted by the sum of the. strength in all the transitions. For example,

for E2 transitions the sum rule should be exhausted by the sum of the

strength in the Otío) and 2tí'o) transitions.

For the GDR we know 100% of the sum rule is accounted for (fig. 2).

What about other multipoles? Figure 5 shows the percent of the EWSR

depleted in the first 2'*’ level of even-even nuclei. Except for the

lightest nuclei, only ~ 10-15% of the EWSR is accounted for in the first

level. Table 1 shows a few cases (from inelastic scattering) where

the entire bound State excitation región (£ neutrón separation energy)

was studied. Only for '̂̂ Mg is any appreciable fraction of the L=2 EWSR

strength found in the bound-state región. Thus, there is good reason to

expect considerable quadrupole strength to be in the aN=2 excitations.

Indeed, less than one half of the possible sum-rule strength for any

multipole is located in the bound states for the nuclei studied. In

fact, there were predictions^ that the aN=2 quadrupole strength would be

-1/3appreciable and localized at an excitation energy of ~ 60 x A MeV.
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TABLE 1. Percentage of isoscalar EWSR multipole strength depleted in 
bound states of ^^Mg, ^^Ca, and

Nucleus

Multipole1

0 1 2 3 4 5 6 7 8

24ng 40 10 3

^Oca 0 0 14 38 7 11 1 0 .2 0

208p, 0 0 20 47 14 3 3 2 1

From these brief background comments one derives a cotnplicated picture 

of giant multipole resonances. For each multipolarity there may be four 

independent modes and for each of these modes there may be more than one 

class of transitions, e.g. —  for L=4, S=0, T=0 we could find a 2fía) and 

4tfo) giant resonance. How then do we sort out this complicated picture?

The answer lies in the selectivity of the nuclear reactions we use to 

search for the resonances. We have already seen an outstanding example of 

such selectivity in the photonuclear excitation of the GDR.

Since we have said that photonuclear reactions are not especially 

well suited to study giant resonances other than dipole we must, of 

course, ask what is an appropriate technique? The answer has been 

through direct reactions, especially inelastic scattering, of médium 

energy projectiles. It has long been known that the inelastic scattering 

reaction provides strong excitation of low-lying collective T=S=0 states. 

Thus, it seems reasonable to assume that high-lying collective states of
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similar modes should also be excited. Inelastic electrón scattering had 

been used for some time to study the GDR. However, while the electrón 

scattering mechanism (electromagnetic) is well understood the selectivity 

of the reaction is rather low. The use of hadrons as projectiles pro/i- 

des much more variety for the reactions and thus, more selectivity. This 

can be seen by consi dering the effective interaction between a nucleón in 

the projectile and one in the target nucleus. The interaction is botn 

spin and isospin dependent. For example, the central part of the 

interaction may be written as in Table 2.

TABLE 2

Vocíl-ij) + Vii(rij)o,-oj

T=0 T=1 T=0 T=1
S=0 S=0 S=1 S=1

GQR GDR spin-flip MI
Ist 2+,3-

lAS

2-, 3+ Gamow-Tel1er

(P.P‘) (P.P‘) (P.P‘) (P.P')

(a,a') 

(d,d')

(p,n),(3He,t) (p.n),(3He,t)
(6Li,&He)

The four modes for each multipolarity arise from a different terni in 

the effective interaction. For example, the low-lying 2'*' and 3" nuclear



states are produced via the T=S=0 term, the GDR and the isobaric analog 

resonance (lAS) are examples of excitations from the isospin term, T=l, 

S=0. Isovector electric giant resonances arise from this term. The so- 

called "spin-flip" states, T=0, S=1 arise from the a*a term while the 

spin-1sospin term provides, for example, MI states and the Gamow-Teller 

transitions. The various hadronic probes produce dramatically different 

strengths for the four components of the interaction. The (p,p‘) reaction 

can excite all four terms, but excitation of the T=S=0 term would be ~ 9 

times (for cross section) greater than the other three terms. On the 

other hand alpha partióles which have T=S=0 will produce only T=S=0 tran­

sitions while excluding excitation, to any observable extent, of states 

arising from the other three terms. Thus, inelastic scattering of médium 

energy hadrons will dominantly select the T=S=0 states for excitation. 

However, in charge exchange reactions, such as (p,n), T=0 does not contri­

bute to the interaction and it is thus possible to study t=l excitations 

alone. The (®Li,^He) charge exchange reaction provides still further 

selectivity in that only S=l, T=1 modes are excited. Thus, use of a 

variety of hadronic probes and reactions may help to unravel the expected 

complicated giant resonance spectra. This discussion will concéntrate on 

the results from inelastic scattering.

Since the inelastic scattering reaction has been utilized for low- 

lying level studies for so many years, why have such measurements not 

observed the giant multipole resonances earlier? At least part of the 

reason lies in what studies are fashionable and what are not at a given 

time. The advent of high resolution semi-conductor detectors and magnetic
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spectrometers led to nearly a complete preoccupation by nuclear experimen­

tal i sts with the first few MeV of nuclear excitation energy. The excita- 

tion región above ~ 10 MeV was simply thought to be uninteresting.

Figure 6 shows a plot of a complete inelastic proton spectrum.^ The 

spectrum is complete in that nearly al 1 protons emitted at 27 degrees by 

the ^^Fe target were observed (some protons are undetected for Ep 1 1.5 

MeV). The región of this spectrum above an excitation energy of ~ 10 MeV, 

the región which has been so often studied, contains only ~ 5% of the 

integrated inelastic cross section. At the highest excitation energ> end 

of the spectrum (lowest emitted proton energy) a large peak is observed 

which is produced by the nuclear evaporation process. The rather flct 

región between the evaporation peak and the neutrón separation energy is 

called the nuclear continuum. This región is often described as arising 

from a pre-equi1ibrium partide emission process. The topic of this talk 

and for that matter of all the giant multipole resonance work during the 

past years is the small bump located at ~ 16 MeV of excitation.

Systematic observation of this peak in many nuclei showed that it was not 

produced by kinematical effects or solely by GDR excitation. Rather the 

peak has been shown to arise primarily from excitation of a giant quadru- 

pole resonance (GQR).

Figure 7 shows spectra from a different inelastic scattering reaction
g

in which the giant resonances are more strongly excited. These data are 

from the ^^^Sn(a,a') reaction using 152 MeV alpha-particles at 12° and 

13°. At both angles a large peak at ~ 12 MeV rises from an otherwise fíat 

continuum background. (A peak from hydrogen (H) contamination in the 

target is visible in the 12° spectrum.) Another broad peak is seen at
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Fig. 6. Proton spectrum at 27° from 62 MeV protons in '"'̂ Fe. The ener^y 

of the outgoing proton is plotted at the bottom of the figure, 

while the approximate excitation energy is plotted at the top. 

Data have been plotted in ~ 1 MeV-wide bins up to ~ 49 MeV, 

then plotted in 50 keV-wide bins. Protons below ~ 1.5 MeV wera 

not detected in the experiment. The small, broad peak near 

Ex ~ 16 MeV is identified as arising from excitation of the 

giant quadrupole and dipole resonances (ref. 7).
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"^■'Sn(a,a') spectra for = 152 MeV (ref. 8). A decomposition 

of the spectrurn into giant resonances (establ ished and 

possible) and continuum is shown on the 13 degree spectrum.
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~ 7-MeV. The peaks from elastic scattering and inelastic scattering to 

low-lying leveis are shown on a much reduced scale. It is immediateb 

obvious that the experimental spectra we deal with in inelastic scattering 

measurements of multipole resonances are more complicated or. to State: it 

differently, less clean than the photonuclear spectra used to deduce the 

parameters of the GDR. While the (a,a') reaction provides selectivity of 

T=S=0 modes, al 1 multipolarities may be, and indeed, generally are 

excited. We show on the 13 degree spectrum a decomposition of the 

spectrum into quadrupole (GQR), and monopole resonances (GMR) and a peak 

from the so called low-energy octupole resonance (LEOR). These resonances 

are discussed in some detail below. A possible additional resonance is 

shown centered at ~ 24 MeV of excitation. This resonance is now known to 

arise from excitation of the giant octupole resonance (GOR) recently pro- 

posed from inelastic alpha, proton and helium-3 scattering.

Figures 6 and 7 serves to illústrate what is perhaps the most serious 

problem in inelastic scattering studies of giant resonances —  the giant 

resonance cross section is only a part (often a small part) of the total 

continuum cross section. Some assumption must be made about both the 

magnitude and shape of the continuum which lies under the resonance peak. 

It is assumed that the giant resonance cross section does not mix with the 

underlying continuum and the resonance peak is "stripped off" of the ccn- 

tinuum by extrapolating the continuum magnitude and shape from higher 

excitation energies. I feel that cross sections for the giant resonances 

cannot be obtained from inelastic scattering with less than a 15-20% abso­

luto uncertainty. We have not yet found a way to eliminate the continuum 

and leave just the resonance peaks.



The remainder of this discussion will be devoted to a summary of 

experimental resuUs on the new giant resonances, especially the electric 

multipole resonances.

III. Isoscalar Giant Quadrupole Resonance

In the notation of this presentation the isoscalar giant quadrupole 

resonance has quantum numbers (L,T,S) = (2, O, 0). The T=0 GQR was the 

first of the new giant resonances to be discovered^ and it remains the 

most well studied and carefully documented. In general there is excellent 

agreement between various types of hadronic measurements of the GQR and in 

most cases agreement with electrón and particle capture reactions.

Figure 8 shows inelastic spectra^ from five targets spanning a wide 

nuclear mass range, bombarded by 152-MeV alpha particles. In each 

spectrum a broad peak is observed at an excitation energy that varies 

smoothly with target mass. Prior to approximately three years ago the 

entire peak in each nucleus was attributed to excitation of the GQR. (For 

the (a,a') reaction the GDR is not excited to an observable extent.) 

However, as will be discussed below, we now know that (at least for nuclei 

heavier than about A=50) the peak contains both monopole and quadrupole 

resonances. The identification of the resonance, i.e., the portion marked 

E2, as an L=2 excitation is provided by comparison of the measured angular 

distributions with those calculated using the Distorted Wave Born 

Approximation (DUBA). The strength of the resonance in terms of percen- 

tdge deplction of the EWSR is determined by the normalization of the 

calculated cross sections to those measured. Figure 9 shows such a com-
O

parison for the five giant resonance spectra shown on fig. 8 . The data
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Figure 8

Spectra from inelastic 

scattering of 152-MeV 

alpha-particles on

2°8pb. 12°sn. ’V .
®®Ni and “^Tl. The g1ant 

resonance structure 

located near the excita- 

tion energy 63 x MeV

has been decomposed into 

contributions from the 

giant quadrupole and 

giant monopole resonances. 

The pe^k located at 

higher excitation energy 

in the and ^^°Sn

spectra are due to 

hydrogen contamination 

of the target (ref.8 ).

EXCITATION ENERGY (MeV)
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«cmídeg)
Fig. 9. Angular distributions of the E2 portion of the spectra froin fig.

6 . The data are compared to an L=2 DWBA calculation normalized 

to the indicated EWSR depletions (ref. 8 ).



are described very well by the DWBA calculation assuming the state to be 

quadrupole (L=2). For all five nuclei most of the T=0, L=2, EWSR is 

depleted in the resonance peak.

For nuclei having A < 40 the character of the GQR changes dramati-
9

cally as is seen in fig. 10. These data were taken with a magnetic
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spectrograph which provided energy resolution considerably less than

LOO k(

,-1/3

100 keV (FWHM). For ^^Ca one observes a broad peak located at ~ 63

MeV (position of arrov;) similar to those in heavier nuclei.

However, no such broad structure is found at 63 A MeV in the lighter

nuclei. Rather, the excita.tion energy región between 12 and 20 MeV

contains peaks arising from excitation of a large number of individual

states. Most of these peaks are attributable to L=2 excitations.

The sum of the L=2, T=0, EWSR depleted in the individual quadrupole states

is found to provide a significant fraction of the total EWSR.

Systematics for the energy, width and strength (sum rule) of the T=0

GQR are presented in fig. 11. The data were mostly taken from ref. 1 and

ref. 2. Where more than one measurement has been made on a given nucleus

the results were averaged. In general the excitation energy for the GQR
-1/3

for A 1 100 falls at the systematic energy of ~ 65 A MeV. For nuclei 

lighter than mass 100 there is a clear tendency for the GQR peak to fall 

below the systematic energy. For nuclei lighter than A=40 the energy of 

the strength centroid of the individual fragments has been plotted. The 

dashed line at 64.7 A"^^^ MeV is taken from a recent calculation.^^

The width of the GQR increases smoothly with decreasing nuclear mass. 

However, there are apparent shell effects in the data. The narrowest
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Fig. 10. (a,a') spectra for 120 MeV alphas on ^^Mg, and '"̂ Ĉa

(ref. 9). The arrows are located at the excitation energy 

63 X  MeV.
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resonance widths occur for A=40, 90, 142 and 208. The resonance is widest 

in the región of the rare earth deformed nuclei. This behavior is similar 

to that observed for the GDR (fig. 2) although the increase in the GQR 

width in deformed nuclei is not nearly as great as for the GDR. The 

dependence of the width predicted in ref. 12 provides a good 

description of the data. The valué of the multiplicative constant (90) 

has been increased from that suggested (58) in ref. 12 in order to fit the 

data.

The percentage of the T=0, E2 EWSR strength depleted in the GQR is 

shown at the bottom of fig. 11. It is to be noted that these valúes do 

not include contributions to the EWSR from low-lying (O+foi) quadrupole 

excitations. A trend to larger sum-rule depletion with increasing nuclear 

mass is clearly evident. For nuclei having A ^ 100 essentially 100% of 

the EWSR is found to be depleted in the GQR peak (2tfü) transitions), while 

for lighter nuclei 30-50% of the EWSR is typically found in the high-lying 

quadrupole states. However, considerably more EWSR strength is located in 

the low-lying 2'*' states of light nuclei than of heavy nuclei, so that the 

sum of the GQR (2fíü)) and low-lying quadrupole (Otíu) strengths exhaust 

~ 100% of the T=0, E2 EWSR in light as well as heavy nuclei.

IV. Isovector Giant Quadrupole Resonance

As pointed out earlier, excitation of T=1 (isovector) states vi a 

hadron inelastic scattering is much weaker than excitation of T=0 states. 

Charge exchange reactions excite T=l, S=0 states and there is 

evidence^^ from (n,p) measurements that the GDR is excited. However,

- 187 -



- 188 -

charge exchange reactions have yet to clearly show excitation of the iso- 

vector giant quadrupole (L=2, T=l, S=0). On the other hand, the electro- 

magnetic (e,e‘) interaction provides equal strength both T=1 and T=0 exci- 

tations (all other things being equal, e.g. —  EWSR, L, Ex). For the 

lighter nuclei (A < 40), partióle capture reactions provide information on 

isovector strength, however most of the data on the T = 1 GQR have come

from inelastic electrón scattering.

The left side of fig. 12 shows inelastic electrón scattering 

spectra^^ from ®^Ni. The broad peak observed at ~ 32 MeV of excitation is 

identified as the T=l, GQR^ This identification is supported by com- 

parison of cross sections for the peak with calculated E2 form factors as 

shown on the right side of fig. 12 for Ni and Ni.

Plotted in fig. 13 are the systematics for the T=l, GQR. The data 

are all from inelastic electrón scattering and are taken from ref. 15. 

Although much less data are available than for the T=0 GQR the systematics 

are very similar. The excitation energy follows the systematic energy 130 

A'1/3 MeV for heavier nuclei while for lighter nuclei the energy drops 

off. The width of the resonance increases rather smoothly as the nuclear 

mass decreases. The available results show that ~ 100% of the T=l, Eí'.

EWSR is located in the resonance peak. The trend observed in the T=0, GQR 

for smaller depletion of the EWSR for nuclei having A i 100 is not seen 

here, within the constraints of a much smaller available data base. The 

EWSR depletion shown on fig. 13 are based on use of the Goldhaber-Tel1er 

model. Use of the Myers-Swiatecki model for the (e,e') form factors 

results in a considerable reduction (~ 30% lower) in the EWSR depletion.
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Left; Inelastic 

electrón scattering 

from ®^Ni. The broad 

peak at 32 MeV of 

excitation is assign- 

ed as isovector 

quadrupole resonance 

(ref. 14).

Fiqure 12

Figure 12

Right; Form factors for the 

isovector E2 states observed 

(ref. 14) in ^^Ni and ®°Ni. 

The snlid curve is for the 

Goldhaber-Teller model 

while the dashed curve is 

from the Myers-Swiatecki 

prescription.
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V. Isoscalar Giant Monopole Resonance

Although the most thoroughly studied of the new g1ant resonances is 

the GQR, the resonance which has generated the most interest is the 

monopole. We discuss here the isoscalar giant monopole resonance (GMR) 

(L=0,T=0,S=0). Observation of the monopole, "breathing", or 

compressional mode of nuclear excitation is of special significance 

because knowledge of its excitation energy provides direct information 

on the nuclear compressibi1ity. During the past few years several can- 

didates for the EO resonance have appeared but most have not withstood 

the test of further measurements. These early measurements are 

discussed in ref. 1. It is important to note that some early indirect 

evidence for an EO resonance^^’^^ placed the monopole excitation at an 

energy of ~ 80 x MeV, a valué in agreement with those from the

recent more direct observations I will describe.

The first direct observation^^ of the resonance that was later 

confirmed to be the GMR was made using inelastic scattering of 120 MeV 

dlpha particles from ^^®Pb. Those data show the presence of two broad 

peaks in the giant resonance región of the spectrum. A larger peak 

located at 11 MeV (65 x A'^^^ MeV), the GQR, and a smaller peak located at

13.9 MeV or ~ 80 x A'^^^ MeV. This latter peak is near the energy of the 

GÜR in ^°®Pb (13.6 MeV), however the isovector GDR will not be excited by 

the (a,a') reaction with nearly enough cross section to account for this
1Q ?f)fi 197

n “W pe.ik. A similar peak was also found in Pb, Bi, and Au.
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Thus it was established that a here-to-fore not directly observed 

resonance peak was located at ~ 14 MeV for nuclei in the lead región.

The obvious question was what is the nature of the peak? It is an 

unfortunate circumstance that the angular distributions for L=2 and L=0 

excitation via the (a,a') reaction are identical in angular regions 

where the giant resonances are easily measured. This fact is

demonstrated on fig. 14 which shows calculated monopole and quadrupole

208angular distributions for the Pb(a,a') reaction using 152 MeV alphc, 

partióles. The two curves are nearly identical for angles as small as. ~ 5 

degrees with the L=0 curve.having somewhat larger peak to val ley ratics. 

The 120-MeV (a,a') data of reference 18 were taken in an angle range where 

L=0 and L=2 angular distributions are not clearly distinguishable. Shown 

on fig. 14 are measured cross sections for the 13.9 and 10.9 MeV resonan­

ces obtained using 152 MeV alpha particle inelastic scattering. The
O

measured cross sections for the two resonances provide good agreement 

with the calculations, but not positive L=0 identification.

However, as is seen in fig. 14, at very small angles the two angu­

lar distributions are out of phase and convincing identification of the

L=0 component could be made. Two groups have now provided measure- 

19 20ments ’ on a number of nuclei utilizing detection systems especially 

designed to study very small angle (down to zero degrees) inelastic 

alpha and helium-3 scattering.

P1Spectra from inelastic scattering of 129-MeV alpha-partides 

from and ^^^Sm at O, 4, and 6 degrees are shown on fig. 15. It is

immediately obvious from this figure that use of small angle techniques 

does not elimínate the problem of excitation of the underlying nuclear
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Fig. 14. Calculated inelastic scattering angular distributions for 152

MeV alpha particle excitation of the GQR and GMR in 

compared with data from ref. 8.

208Pb
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a ENERGY (MeV)

Fig. 15. Inelastic alpha partióle spectra at very small angles for 

129-MeV alpha-particles in and (ref. 21).
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continuum. Indeed the resonance to continuum ratio may be poorer at very 

small angles than at larger angles. Some assumption about the shape and 

magnitude of the continuum underneath the resonances must be made in orden 

to extract the resonance peaks from the spectrum. However, it is 

apparent, even in this figure, that the shape of the giant resonance peak 

changes considerably with angle.

Figure 16 shows the exciting advantages to be gained with small 

angle measurements.^^ The giant resonance peak, after subtraction of the 

continuum, is shown at several small angles for the reaction ^^^Sn(a.a') 

for = 129 MeV. It is apparent that the centroid of the entire peak 

shifts and the width of the peak is not constant as the angle of obser- 

vation varies, both effects being indicative of the existence of two dif- 

ferent multipolarities within the single broad peak. The peak is shown 

decomposed into two components which clearly change relative magnitude 

rapidly with angle. The angular distributions for the two components of 

the resonance peak are plotted in the lower part of the figure. The lower 

excitation energy peak has an L=2 angular distribution while the cross 

sections for the higher excitation peak follows the calculated L=0 angular 

distribution. Such measurements have now clearly identified the peak seen 

earlier at larger angles as the isoscalar GMR resonance.

The small angle experiments and measurements using the (p,p‘) 

redction^^ have now provided a significant body of information about the 

GMR in inany nuclei.

Systematics of the rnonopole resonance are shown on fig. 17. The top 

plot shows the trend with nuclear mass number of the energy of the GMR.
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Fig. 16. Top; Giant resonance spectra from the reaction ^^^Sn(a,a')

for = 129 MeV. The nuclear continuum has been subtracted 

from the data. The peak is decomposed into monopole and 

quadrupole contributions (ref. 22).
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from refs. 19, 20, 21 and 23.



As has been the case for the resonances previously discussed, for heavier 

mass nuclei the resonance is located at a systematic energy, in this case 

~ 80 X MeV. For lighter nudei the now familiar trend for the

reasonance to be found at lower excitation energy is observed for the GMR. 

The width of the monopole resonance shows a tendency to broaden as the 

nuclear mass decreases in agreement with the trend for other giant 

resonances. The sum rule depletion for the monopole resonance plotted at 

the bottom of fig. 17 shows that all of the T=0, EO, EWSR is accounted for 

in nuclei as light as ^°Zr. However, less than half of the sum rule 

strength is observed for the three lighter nuclei that have been studied.

Perhaps the most interesting aspect of the GMR to be derived from 

these studies is the lack of observation of the monopole resonance in 

nuclei having A £ 50. There are no apparent theoretical reasons to 

suggest that the monopole should disappear in light nuclei. On the other 

hand, we know the strength for other giant resonances becomes very 

fragmented in light nuclei. If such is the case for the GMR and the reso­

nance is spread over many MeV of excitation energy in light nuclei, then 

present measurement techniques may not be sensitive enough to lócate the 

EO strength.

It now seems clear that the GMR has been identified and systemati- 

cally observed in a wide mass range of nuclei. The question of the low 

sum rule depletion for mass 50-60 nuclei and the lack of observation of 

any EO strength in lighter nuclei is yet to be understood.

Observation of the giant monopole resonance is of special signifi- 

cance since the location of the GMR yields the valué of the compressibi- 

lity of nuclear matter. This comes about through the relationship from 

nuclear hydrodynamics;
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- 1 / 3For an energy dependence of 80 A MeV as determined for the GMR (fig.

17) and R = 1.2 fm, a valué of k ~ 200 MeV is deduced. The GMR
’ 00

observation provides the first measure of the compressibility of nuclear

matter, a fundamental nuclear property. The knowledge of the nuclear

compressibility is important to such diverse applications as the for-

mation of shock waves in heavy-ion reactions and the creation of neutrón 

stars in the supernova process.

VI. Higher Multipole Resonances

The basic experimental question pertaining to high-L (>_ 3) giant 

resonances is whether the resonance strength is sufficiently localized 

in energy to be observable above the large nuclear continuum. Of 

course, similar questions were asked about the GQR before its 

observation. Nevertheless, there are good reasons, as discussed below, 

to expect that high-L resonances will be very difficult to observe.

1) For L 4 the sum rule strength should be divided between at 

least three distinct classes of transitions. As shown on 

fig. 4, E4 excitations should be found at Oho, 2hw and 4hc>. 

Thus, 100% of the EWSR is in this case distributed among three 

transition classes rather than two as is the case for the GQR.

2) The excitation energy expected for the high-L resonances is

much higher than that of, for example, the GQR. That is to

say, the 3hn L=3, T=0, excitation should lie at a higher

excitation energy than 2hcj excitation. Since the EWSR valué is

inversely proportional to the resonance energy, and the ine- 
lastic cross section is directly proportional to the EWSR, the
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cross sections for the same EWSR depletion are lower for higher

excitation states.

3 ) It is expected that the width of the giant resonances will 

increase as the excitation energy of the resonance (and the 

muUipolarities of the resonance) increases. For example, 

calculations^^ by Nix and Sierk indicate that the width of the 

L=3 resonance should be ~ 3 times wider than the GQR while a 

L=4 resonance should be ~ 6 times broader than the GQR.

From these simple considerations one sees that searches for high-L giart 

resonances are faced with ar decreased EWSR strength spread over a much 

wider excitation energy range than for low-L resonances.

The difficulties described above to observation of high-L giant 

resonances indicate the need for reactions which provide larger reso­

nance cross sections and clear multipole identification through defini- 

tive angular distribution shapes. While no single reaction has appeared 

that will provide both of these desi red features, the use of médium 

energy proton inelastic scattering provides excellent multipole selec- 

tivity and médium energy (E ^ 25 MeV/amu) heavy ion inelastic scattering 

provides very large resonance cross sections. The use of heavy ions 

in giant resonance research is just beginning and will be discussed later 

in this presentation. However, use of médium energy proton inelastic 

scattering has already made significant contributions to the giant reso­

nance field.

The most important advantages to médium energy (p,p‘) studies of 

giant resonances are shown in fig. 18 which shows a plot of calculated 

angular distributions for the reaction Pb(p,p') at 200 MeV. Unlike
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the case for lower energy protons and comparable energy alphas, large dif- 

ferences exist between the angular distributions of neighboring L-transfer 

valúes. For example, the difference between the angular distribution for 

a puré L=2 giant resonance and a mixed L=2+4 even for only 15-20% L=4 

(EWSR) is very large. In addition, the cross sections are considerably 

larger in the angular distribution máximum than for the same L-transfer 

using lower energy protons. An additional advantage lies in the fact that 

the L=1 (isovector GÜR) excitation proceeds overwhelmingly by Coulomb 

excitation which decreases rapidly with increasing angle. For angles 

greater tha ~ 5 degrees the.GDR cross section is predicted to be as much 

as thirty times smaller than the L=0 cross section which occurs at the 

same excitation energy.

A. Isoscalar Giant Octupole Resonances

As discussed earlier there are two classes of octupole transitions, 

the Iffü) and 3tíu classes. In addition, the low-lying collective 

3“ states generally account for very little of the T=0, E3 EWSR thus 

raising the possibility that considerable octupole strength may be found

in the 3fíü) transitions.

Recently, what has been interpreted as a localization of Ifío),

3" strength has been observed^^ by inelastic scattering of alpha par- 

ticles from a large number of nuclei. Results from these measurements 

are shown on fig. 19. For most nuclei a broad peak is observed at the 

systematic energy of ~ 32 A MeV. Although for Au the peak falls 

considerably below this energy. Angular distributions for the peak 

cross section above the dashed line indicates an L=3 assignment for the
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excitation. Suggestions of such strength were al so made through the

^^^Au(p,p') reaction^^ and the ^^®Sn(e,e') reaction.^^ The fraction of

the EWSR depleted in the so-called low-energy octupole resonance is
40

10-20X for most of the nuclei studied. No LEOR is observed in Ca or

Within the past year systematic observation of a 3Hüj giant octupole 

resonance (GOR) have been made through inelastic scattering of 8ÜÜ-MeV 

protons,^^ 172-MeV alpha-particles,^® and 110-140 MeV helium-3 

particles^^ and 200 MeV protons.^^ Figure 20 shows spectra^® from the 

reactions ^^Zr(p,p‘) and ^^^Sn(p,p') for 200-MeV protons. Data are 

shown at angles which should provide máximum cross sections for excita­

tion of the GDR, GQR and GOR.

At 4°, a large peak is observed which is located at the excitation

energy of the GDR. The sol id curve shown on the 4° data is the GDR

4 ■shape and energy from (y.n) measurements, with magnitude fitted to our 

data. The GDR accounts for virtually the entire observed peak at 4°.

The GMR is located at nearly the same energy as the GDR but the DWBA 

calculations (e.g., fig. 18) indicate that the GMR cross section is at 

least an order of magnitude smaller than that of the GDR at 4°. Since 

the El cross section drops rapidly with increasing angle, the EO cross 

section becomes increasingly more important at larger angles. The 8° 

and 10° spectra were obtained at a máximum for the L=2 angular distribu- 

tion for ^^Zr and ^^^Sn, respectively. The sol id curve, taken from the
g

shape and location of the GQR as detemiined from (a,a') measurements, 

provides excellent agreement with the present data. The cross section
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Figure 20

Spectra from inelastic

scattering of 200-MeV 
90protons from Zr and 

(ref. 30). The 

multipolarities show^ 

for the re'onances 

are discussed in the 

text. The dashed line 

shows the shape and 

magnitude acsumed for 

the nuclear continuum 

underlying the reso- 

nance peaks.

EXCITATION ENERGY
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for the GDR at the larger angles is greatly reduced from that observeo

at 4°. It can be assumed that at these angles, the cross section in the

excitation energy región where GDR is located is comprised of GDR and

GMR components in unestablished proportions. In the 12° spectra broaci

peaks seen somewhat less clearly at 8° and 10° are observed at 25 ± 1

and 27 ± 1 MeV in ^^°Sn and ^°Zr, respectively. Figure 21 shows angular

distributions for these peaks. The data are seen to be very well

described by the L=3 DWBA calculation but not at all by the L-4

calculation. Thus, we interpret these peaks as arising from excitation

of the 3lfü), GOR (E3).

Similar data were obtained^^ earlier from inelastic scattering o1

800 MeV protons. Angular distributions from these data are shown in fig.

22. The data agree with the very characteristic angular distribution
208 I

calculated for L=3. Figure 23 shows a spectrum from the Pb(a,a‘)

reaction^® using 172-MeV alpha-particles. In addition to the GQR at

10.9 MeV and the GMR at 13.8 MeV the data indi cate another peak which

the authors subdivide into a peak at 17.5 MeV and one at 21.3 MeV. The

angular distribution for the 17.5 MeV peak agrees very well with an L=3

DWBA calculation. (The authors assign the 21.3 MeV peak as an isoscalar
29

dipole resonance [L=1,T=0,S=0].) The inelastic helium-3 measurements 

were made on a wider mass range of nuclei and the angular distributions

of the peaks are again well described by L=3.

The results from these measurements are summarized on fig. 24. The
-1/3

resonance excitation energy follows the systematic trend of ~ 110 A 

MeV. The dashed line gives the valué of 108.2 A"^/^ MeV calculated in
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Fig. 21. Angular distributions for the GOR compared with DWBA calcula- 

tions (solid and dashed curves) (ref. 30).
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Fig. 22. Angular distributions for the giant octupole resonance as 

excited by 800-MeV protons (ref. 27).
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i-'ig. üiant resonance spectra from inelastic scattering of 172-MeV 

aíHhd part cíes from The resonance structure is decorr,-

pos(.d inte a uQK (10.9 MeV), GMR (13.8 MeV), a proposed giant 

octupole resonance (17.5 MeV) and an isoscalar giant dipole 

re;, .nance .3 MeV) (ref. 28).
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ref. 12. The resonance width again follows the familiar trend of

increasing width with decreasing nuclear mass. The dashed curve for the 
-2/3

valué 140 A is from ref. 12 where the constant has been adjusted

from the author's suggested valué in order to fit the experimental

results. There is clear discrepancy in the sum rule depletion as

3 3
deduced from the (a,a') and ( He,'He') results on the one hand and the 

(p,p') results on the other hand. The EWSR strength depleted in giant 

resonances is inherently difficult to extract from inelastic hadron 

measurements because uncertainties in both the continuum shape and the 

model dependent calculations must be contended with. If one accepts, 

for example, the EWSR valué for the T=0 GOR of ~ 60% for ^^^Pb from the 

(a,a') measurement then all of the T=0 E3 sum rule strength is accounted 

for since ~ 45% of the strength lies in low lying states.^^

These results suggest that the GOR (3h<j) has been located.

However, as was the case ten years ago for the GQR and three years ago 

for the GMR, more data are needed to firmly establish the identity and 

systematics of this resonance.

B. Isoscalar Hexadecapole Giant Resonance

There has been no direct, (i.e. - peak observed in a spectrum),

experimental evidence for an E4 giant resonance (4,0,0). RPA calcula-

208 32tions for Pb have shown' that the 2hu giant hexadecapole resonance

(GHR) should occur at virtually the same excitation energy as the
oo 90P,

2hw GQR. Other calculations on Pb indicate that ~ 40% of the L=4

EWSR should be located in the 2ho .ransitions and ~ 60% in the

344hcj transitions. It was shown' through microscopic DWBA calculations
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that the resonance cross sections from 61 MeV (p,p') and 96 MeV (a,a') 

measurements on were consistent with the existence of ~ 20% of the

T=0 E4 EWSR within the (predominately) GQR peak. However, the inclusión 

of L=4 strength was based only on the total resonance cross section since 

the angular distributions could not definitively indicate a necessity

for inclusión of GHR strength.

While the angular distributions for L=2 and L=4 excitations are not 

very different in low energy proton and alpha-particle inelastic 

scattering, as pointed out earlier, the differences are very large for 

higher energy inelastic proton scattering. The angular distribution dif­

ferences between L=2 and L=4 should provide for rather easy detection of a 

20-40% mixture of E4 strength in the GQR peak even with uncertainties on 

the data as large as 20-30%.
30

Figure 25 shows angular distributions for the GQR peak from the 

reaction ^°Zr(p,p') and ^^°Sn(p,p') (fig. 20). The comparisons of fig.

25 show that the GQR cross sections are well described by the L=2 DWBA 

calculation. The sensitivity of these results to higher multipole 

contributions in the GQR peak is shown by the dashed curve which results 

from a mixture of only 5% of the L=4, EWSR, with the L=2 angular 

distribution. Clearly, the GQR peak contains very little, if any, 

contribution from excitation of a 2tíw, E4,, giant resonance. This state- 

ment only indicates that there is no major L=4 strength within the GQR 

peaks shown in fig. 20. Strength from zrfu, E4, resonance excitation may 

be present but, may be many MeV wide and thus, escape detection in the 

present experiment. Similar results have been obtained for Ni and 

20«Pb.
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^c.m. (deg)
120cFig. 25. Angular distributions for the GQR peak in and ^̂ '"Sn 

excited via 200 MeV (p,p*) compared with DWBA calculations 

(solid and dashed curves) (ref. 30).



The location of the GHR is thus an unsolved question. If the strength 

is localized at all it will probably be situated at very high excitation 

energies. The calculations of ref. 12 place the L=4 strength at 150 

MeV or ~ 25 MeV in ^°®Pb. It is also very likely that the peak 

would be even broader than that reported for the GOR. Location of the 

GHR presents a considerable experimental challenge as does the location 

of even higher multipole resonances.

VII. Future Directions

There are many uses of direct reactions for giant resonance studies 

that I have not described. Of these, the recent work in charge exchange 

studies of isospin/spin flip giant resonances is most notable. Such 

studies as (p,n), (n,p) and (n-, ir°) require another lecture in order to 

do justice to the topic. I believe the recent results from these charge 

exchange measurements are only the beginning of a very exciting new era 

of measurement in giant resonances.

Since this discussion has dealt nearly exclusively with excitation 

of the so-called new giant resonances vi a inelastic scattering of médium 

energy hadrons, I would like to mention two inelastic reactions which 

show potential promi se for giant resonance studies, but which have not 

yet been exploited. Some of the future direction in this field is cer- 

tainly to be found in the use of heavy-ion inelastic scattering and pión 

inelastic scattering. I briefly discuss some very new results from the 

heavy-ion field.

The primary advantage to heavy-ion excitation of giant resonances 

is the large resonance cross section expected with higher energy inci- 

dent beams. Figure 26 is a plot of máximum cross section (grazing
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angle) versus incident energy for L=2 and L=4 excitation. (Q = -12 MeV,

100% EWSR) in the reaction ^^0'). For 400 MéV ^®0 beams the

GQR cross section should be ~ 50 mb/sr, nearly five times larger than 

for the 200 MeV (p,p') reaction and twice as large as achieved with 150 

MeV alpha-particle inelastic scattering. Some measurements of giant 

resonance excitation using low-energy heavy-ions have been made.^^

However, the small cross sections realized in those measurements provi­

des no advantage, in fact, provides a disadvantage over what can be 

achieved with other probes.

Recently, measurements^^ have been made of inelastic excitation of 

giant resonances using the 400 MeV ^^0 beam from the HHIRF accelerator 

at Oak Ridge National Laboratory. A partial spectrum of the giant reso­

nances is shown on fig. 27. The GQR is clearly visible at 10.9 MeV as is 

a peak at 13.7 MeV which arises from excitation of the GMR and GQR. The 

peak at 17.6 MeV is not completely understood but may be the same as the 

peak reported^^ to be L=3 in 172 MeV alpha-inelastic scattering (fig. 23). 

The peak at 24.8 MeV probably arises from kinematical nucleón pick-up and 

subsequent decay processes. The large peak (off scale) at ~ 7 MeV of 

excitation arises from excitation of states in the^^ü projectile which 

are Doppler broadened. The solid lines indicate fits to the peaks and the 

estimation of the shape and magnitude of the underlying continuum.

The most obvious giant resonance feature in the spectrum of fig. 27 

is the very large ratio of the GQR peak height to the height of the 

underlying continuum. The ratio is ~ 2.2:1. Using 152-MeV alpha par­

tidos^ the best ratio obtained for the GQR in ^®^Pb is ~ 1:1 .

- U 6  -
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The measured angular distributions for the GQR and GDR + GMR peaks are 

shown on fig. 28. Indeed the GQR cross section reaches a valué of 50 mb/sr 

over twice that obtalned using 150 MeV incident alphas. The calculations 

show that ~ 100% of the GQR is accounted for, in excellent agreement with 

results using other probes. However, the calculations assuming 100% of the 

GMR cannot, by nearly a factor of three at stnall angles, account for the 

magnitude of the 13.7 MeV peak. Since the ^^0 projectile is isoscalar it is 

expected that nuclear excitation of the GDR would be very small. Coulomb 

excitation of the GDR is indeed possible and the calculated GDR cross section 

is shown on fig. 28. However, the sum of the GDR and GMR excitations do not 

quite agree with the data. It is to be noted that there is no low-lying 

GMR State in which to test the calculation.

Thus, use of heavy-ion inelastic scattering does indeed, provide .i very 

large GQR cross section with the added benefit of a very large peak to con- 

tinuutn ratio. This combination makes the heavy-ion probe very useful for 

excitation of the GQR and measurement of the resonance subsequent decay 

modes, especially rare decay modes.

VIII. Summary

Through this rather rapid summarization of the experimental measure- 

ments of electric giant multipole resonances hopefully one sees that the 

field has progressed a great deal during the past ten years. The parameters 

of the giant quadrupole resonance are now firmly established by an extensive 

set of measurements. The GQR is providing a significant influence in other 

areas of nuclear physics. The monopole resonance has now been established
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and its observation has provided the first direct measure of the nuclear 

compressibility. A strong case for the existence of a giant octupole reso- 

nance is now being made through a variety of hadron reactions.

However, we certainly have not exhausted the supply of giant multipole 

resonances. The newer techniques such as higher energy proton scattering, 

charge exchange reactions, heavy-ion scattering and pión reactions offer con­

siderable hope for identifying new resonances during the next few years. We 

have come a long way in the past ten years but there is still a great deal to 

do in the giant multipole resonance field.
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INTRODUCTION

You are all familiar with the Segre chart shown in fig. 1 with all of 

tile atable isotopes shown as black squares, and with the regions of deforma- 

tion and the proton and neutrón closed shells marked. Until the last few 

years our knowledge of the level structure of these nuclei has been limited 

in three main ways. Firstly it was limited to states of relatively low 

spin. Secondly it was confined to states at low excitation, and thirdly it 

was restricted to nuclei near the line of stability. In the 1970s with the 

advent of a new generation of accelerators and improved instrumentation 

this situation has changad rapidly. We have learned a great deal about 

high spin s t a t e s a n d  we now have 'complete' level schemes up to 2 MeV, 

within a certain range of spin, for a small number of nuclei derived

from (n,Y) studies. With heavy ion and high energy proton beams we have 

also pushed out far from stability with studies of both in-beam gamma- 

ray emission and radioactive decay. From these developments we hope not only tio
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Fig. 1: A versión of the Segre chart showing the stable nuclei as a function
of Z and N. The magic numbers and known areas of deformation are shown.



observe new phenomena, but to gain greater insight into nucleon-nucleon 

forces from observations under a wider range of conditions, and to produce 

better models of nuclear structure. New and improved nuclear models have 

already a p p e a r e d o v e r  the last few years.

As you have recognised at C.N.E.A., to particípate in these pioneering 

efforts near the frontiers of Nuclear Physics requires a suitable accelerator. 

Since 1974 a Tándem Van de Graaff with a planned terminal voltage of 30 MV 

has been under construction at Daresbury in Cheshire. This accelerator, 

known as the Daresbury Nuclear Structure Facility (NSF), is now complete and 

it is planned to have the first real beam from it during the week of this 

meeting. My brief in this lecture is to outline the experimental facilities 

available at or shortly after start-up, and to give you some feeling for the 

kind of Physics we plan to do with the facilities.

I will not say much about the accelerator itself other than to remind 

you of its main features and properties since they dictate the nature of the 

experimental programme to a large extent. The NSF is a conventiona1, 

vertical tándem, which should operate initially at 20 MV while we learn how

to run it, and be capable of running at 30 MV terminal potential eventually.
(8)The design incorporates a number of unconventional features aimed at 

achieving the required voltage and machine performance.

Figure 2 shows the expected energy per nucleón of the beam projectiles 

as a function of the projectile mass number A. Curves a) and b) are for 

terminal voltages 30 MV and 20 MV respectively. These results were 

calculated assuming foil stripping in the centre terminal and a second 

stripper foil placed one third of the way down the high-energy coliamn. This 

figure also shows the Coulomb barrier for a Uranium (Z = 92) target as a 

function of ., and the Coulomb barrier for At 20 MV

we are over the barrier on U for ions up to A 'v 80, and at the design 

voltage of 30 MV ions with A 160 are over the barrier.
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Fig. 2: This shows the predicted projectile energy per nucleón as a fiinction 
^proj for the NSF at a) 30 MV, and b) 20 MV. Curve c) is the 

Coulomb barrier for = 92, and d) gives the Coulomb barrier for 
Zproj = ^ h '

Some of the design figures for typical transmission efficiencies, charge 

states and beam currents for a variety of heavy ions are summarised in Table 

^O'IO). The first and second strippers were assumed to be gas and foil 

strippers respectlvely. For aome of these beams, tube loading and other factors 

will mean that the final beam currents will be well below the quoted valúes.

T a b le  I .  Transmission efficiencies. charge states and projected beam currents on target for some heavy ion beams. The slits o f  the 
90 analysing magnet for the accelerator have been assumed to be wide open

20 MV 30 MV

Initial 
Ion beam 
type (fiA-ve) Trans.

Ist Stripper 2nd Stripper
Final
energy
(MeV)

Final
beam
(pnA)

%
Trans.

Ist Stripper 2nd Stripper
Final
energy
(MeV)

Final
beam
(pnA)

Charge
S ta te %

Charge
State %

Charge
State %

Charge
State %

8 35 13 39 246 1400 15 9 35 14 44 400 15008 29 17 27 300 40 8 9 29 19 29 500 408 25 20 23 340 600 6 9 25 23 23 580 6007 20 21 20 346 400 5.6 9 20 27 28 660 5607 17 23 18 373 40 3.9 9 17 29 23 700 507 17 23 18 373 300 3.7 9 17 30 22 720 3607 17 23 18 373 15 3.6 9 17 30 21 720 187 17 23 18 373 9 3.6 9 17 30 21 720 107 16 23 18 373 58 3.2 9 16 30 20 720 64

a
Fe
Br
I
Ta
Au
Pb
Bi
U

10
0.5

10
10

1.3
10
0.5
0.3
2

14
8
6
4
3.1
3.1
3.1
3.1 
2.9

The percentage transmissions quoted above are in terms o f  the number o f  particles in the incident negative ion beam. The charge states quoted for
each stripper are the most probable states and the percentages quoted at each stripper are for the number o í  particles transmitted for furtlicr acccler-
ation takmg mto account the fraction in the charge state, the initial emittance o f  the incident particle beam and the múltiple scattering inlroduccd
by the stnpper. The estimated final beams are, as is usual, quoted in particle nanoamps. The máximum input beam has been Umited to 10 u A for 
convemence. ^
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The expected machine performance in terms of energy resolution is 

siommarised in Table II. For light ions terminal stability is the limiting 

factor, but for heavier ions straggling in the second (foil) stripper 

eventually dominates. Even for the heaviest ion given here, namely lodine, 

the resolution ÓE/E is expected to be less than or equal to 3 x 10

T a b le  I I .  Bcarn energy resolution. A two stripper system with a terminal potential o f  30MV was taken. The centre terminal stripper 
was assumed to be argón gas with an equivalent thickness o f  0.01 gm'^ and the second stripper a O.lgm  ̂ carbón foil with a 
uniformity o f  10%. The terminal voltage stability was taken as 1 in lO'̂

Ion Lithium Carbón Sulphur Bromine lodine

Energy loss in terminal stripper (keV) 0.5 3 15 20 20
Straggle from terminal stripper (keV) O.l 0.6 3 4 4
Q, terminal stripper 3 6 8 8 8
Energy loss in second stripper (keV) 4 15 150 500 730
Straggle from second stripper (keV) 0.8 3 30 100 150
Q , second stripper 3 6 12 22 25
Terminal stability (keV) energy sprcad 12 21 35 55 61
Foil inhomogencity (keV) 0.4 1.5 15 50 73
Final resolution (keV) 12 20 50 125 180
Final energy (MeV) 120 210 350 550 610
«£■/£■ 1 X 10-* 1 X  10-" 1.4 X 1Q-" 2.3 X  10“ 3 X  l O -

The main advantages of a Tándem Van de Graaff are its energy precisión, 

easy energy variability, d.c. beam, the wide range of beam species which can 

be accelerated, and the pulsing system we plan eventually. Thus the NSF 

should be a flexible and powerful tool for tackling problems in Nuclear 

Structure Physics.

Figure 3 shows the completed NSF Tower with the ion-source room on top 

and the beam rooms on the right.

Figure 4 shows a cut-away view of the NSF. The tower is 70 m hiah 

with the ion source and injector equipment housed at the top. Below the 

ion source room is the 45 m high pressure vessel. There is 13.7 m of active 

column above and below the centre terminal. This centre terminal contains 

quite a lot of equipment including gas and foil stripping, followed by an 

offset quadrupole triplet for charge state s e l e c t i o n . It also contains 

pumping, valves and diagnostic equipment. The centre terminal is surrounded
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Fig. 3: A view of the NSF accelerator tower at Daresbury.
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Fig. 4: A cut-away view of the NSF accelerator tower.

by an intershield which is required to reduce tlrie Electric field at the 

terminal. To achieve 30 MV without an intershield one would have to increase 

the dimensions of the machine with considerable increase in cost.

While we waited for the machine to be ready we have been doing two 

things. We have been preparing equipment for use at the NSF, and at the 

same time we have been running experiments elsewhere. It is my task to give 

you some idea of both the experimental programme we have prepared and a few 

of the experiments we have been doing.

II. EXPERIMENTAL PROGRAMME 

Figure 5 shows the general layout of the beam rooms at the NSF and 

some of the equipment. We see the central accelerator tower in the middle
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Fig. 5: This shows the layout of the three experimental areas at t±ie NSF 
with the central accelerator tower in the middle of the diagram.

of the diagram. At the foot of the machine, below the pressure vease1 , is 

a 90° analyzing magnet mounted on a hydrostatic bearing. This allows us to 

rotate the magnet to direct the beam into any beam line. The experimental 

area is divided into three rooms, which are separated by 1 m thick concrete 

walls.

II.1 Gamma-Ray Experimenta

These three areas are devoted to different experimental activities.

Area 3 for example is mainly for y - r a y  spectroscopy where we will have lew

radiation beams, There is a wide variéty of y - r a y  detection equipment

available, which I will not describe in detail. (Hljxny) studies to obtain

Information on high spin states in rare-earth and actinide nuclei will be

one of the main activities at the NSF, and one piece of apparatus developed
( 12)for these studies is worth mentioning. A group at Liverpool University 

has developed an array of Compton-suppressed Ge(Li) detectors which all



view a coimnon target. In this system six. Nal Compton-suppression shields 

are mounted in a vertical plañe through the target. The six Ge(Li) 

detectors within the shields view the target at ±30°, ±90° and ±150°, and 

the centre of each detector is 27 cm from the target. A Nal backscatter 

detector is mounted at the entrance of the suppression shields. A 'ball', 

consisting of 60 BGO crystals of hexagonal cross-section, surrounds the 

target and provides siim energy and gamma-ray multiplicity Information. 

Analogue signáis provide Information about the siim energy and the niimber 

and location of detectors contributing to the sum. This system will provide 

Ge(Li) spectra with peak/total ratios of 70% at 1.33 MeV, and in Y“Y 

coincidence exoeriments the proportion of peak-peak coincidences will 

approach 50% of the total. This is a powerful tool for gamma-ray studies, 

and is a development of an array already in use at the FN tándem of the 

N.B.I. , Risi¿.

11.11 Magne tic Spe ctrome ter

Area 2 is dominated by a large magnetic spectrometer which is shown 

in figure 5. This is a QMG/2 s p e c t r o m e t e r , one of the Q3D family. The 

basic geometry of the spectrometer is shown in figure 7. The spectrometer 

has a sliding seal target chamber which allows it to operate at any angle 

from -16.5° to 159°. It has a large solid angle and high resolution so that 

it is well suited to a wide variety of different scattering and reaction 

studies with light and heavy ions. The essential characteristics of the 

spectrometer are listed in Table III. In the initial programme it will be 

used to study two proton transfer (^^0 ,^*^C), (^^C,^^0 ) etc), exchange 

reactions such as (^Le,^Be), light nuclei far from stability with reactions 

such as ^ ^ M g ( ^ ^ O , o r ,  ^^Mg(^^O,^^O). When the tritón beam becomes 

available next year there are also users eager to study (t,p) reactions on 

the Actinide nuclei. A target chamber suitable for particle-y coincidence
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Fig. 6 : A view of the QMG/2 spectrometer at t±ie NSF.
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Fig. 7: The general layout of the QMG/2 spectrometer.

Table III

Oiaracteristics o f  thc QMG/2 magnetic spectrometer

Mass energy product at ¿'mean (MeV. amu) 193
First order resolving power (£-/A£ =  D/1Mh ) 4300
Dispersión along focal plañe (cm/% mom.) 11.3
Momentum range (%) 10%
Solid angle (msr) 10
Range o f  kinematic factors 0.3
Angular magnification 1.1
Vertical magnification 4 - 7
• 'ocal plañe geometry Straight
Focal plañe length (cm) 113
Focal plañe angle (deg) 45°

studies will also be available, and experiments of this type will no doul:)t 

be undertaken.

The QMG/2 was built by AB Scanditronix of Sweden and was installed 

in 1980 and has been tested by Dr. N. Sanderson of Daresbury Laboratory. 

Measurements wit±i a-particle sources have shown lihat it performs to 

specification.

Further tests require heavy ions from the accelerator, and will begin 

as soon as some beam is available. The focal plañe of the spectrometer is



1.2 m long, and the focal plañe detector will consist of position-sensi-ive

proportional counters combined with a gridded ionization chamber divided

into several regions. It has a delay-line system to give the position,

which must be determined with an accuracy of < 1 mm if the counter is not

to make a significant contribution to the overall resolution. A 0.5 m
(14)detector is already in operation and measurements with a distributed 

parameter delay line indícate that a resolution of 0.64-0.75 mm can be 

obtained with a 600 mm line. These measurements show that the resolution 

deteriorates approximately as the square root of the length of the line.

It is thought that a lumped parameter line will give better results.

In Area No. 1 there is a 1 m diameter scattering chamber built by 

Birmingham U n i v e r s i t y . It has two independently-movable arins which 

may be positioned to an accuracy of about one minute of are. Detectors 

can be mounted singly or in arrays on each arm. There is a target ladder 

which allows targets to be introduced into the chamber via a vacuum look. 

This scattering chamber will be used for a variety of charged particle 

reaction studies. For example it is proposed^^^^ to look at the break--up 

of ^Li as a function of bombarding energy to observe how the reaction 

mechanism changes from break-up of the projectile in the Coulomb field at 

low energies to the rapid fragmentation at the nuclear surface observed 

at high energies. Other experiments will involve high resolution studies 

of light partióles in coincidence with projectile-like fragments and 

provide Information about particle unstable states formed by inelastic 

excitation of the projectile, multinucleon pick-up and transfer leaving a 

highly excited ejectile.
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II.III The Recoil Separator

Area 3 will also contain a less common device, a Recoil Separator,
(18)designed jointly by Daresbury Laboratory and Liverpool University . In
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essence it is a device for separating fusión evaporation residues from beam 

partióles. This will allow the measurement of coincidences between seLected 

evaporation residues and gamma rays or other evaporated partióles. It will

also allow other experiments with selected residues.

In fusión evaporation reactions the reaction products emerge froii the 

target with the same momentxjm as the beam partióles but with different 

velocities (v). One can then use the properties of the crossed-field 

analyzer to separate the reaction products from the beam. Figure 8 shows 

the device schematically. The beam partióles and reaction products em<2rge 

from the target and enter a región with crossed electric (E) and magneiic 

fields (B). They are subject to a forcé F = q(E + v^B). If we adjust the 

magnitude and direction of -these fields so that partióles with the mean 

velocity of the fusión products pass directly through the system then the 

beam partióles will be deflected into a beam dump. A quadrupole triplet 

prior to this crossed-field analyser is necessary to ensure that a large 

angular range is accepted by the device. The two crossed-field analysers 

produce a beam dispersed in velocity, and a second focussing device, a 

quadrupole triplet, brings it to a focus in a plañe. Those ions in the 

same charge State, and with the same mass, but with different velocities, 

can be brought to a focus by a sector magnet with a uniform field. The

beam is now dispersed in A/q rather than v.

The design is such that the first crossed-field analyser disposes 

of the beam, while the second operating independently Controls the 

velocity dispersión in the intermedíate focal plañe. The magnetic

Fig. 8 : The layout of the Recoil Separator.



focussing of the recoils has to be designed very carefully because of tha 

spread in Bp (magnetic rigidity) needed to accommodate the velocity ranga 

being accepted. Essentially this is because the focal length varies wita 

velocity. The system chosen minimises this effect in the dispersión phatse. 

The ions entering the sector magnet are selected first by velocity (typically 

= ±1%) and then by A^/q to sufficient accuracy to resolve to one ur.it 

if the correct valué of q is known. This can be done if the detector 

measures the energy of the ion to sufficient accuracy. A resolution ~

"V- 3% would give A^ to 4% using the selected velocity and this is sufficient 

to determine the integer q to one unit using the selected A^/q. This then 

gives A^ to the accuracy of the resolution of A^/q. The main design 

parameters for the separator are summarised in Table IV.
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Table IV

Some parameters o f  the recoil separator

Magnetic quadrupoles
Aperture 155 mm
Length 250 mm
Máximum field gradient 12T  m ‘ ‘

Crossed field systems 
Dipole Magnet

Aperture 340 mm
Length 1000 mm
Máximum field strength 0.6 T 

Electric field
Aperture 100 mm
Length 1000 mm
Píate voltage ± 300 kV 

Dipole magnet
Aperture 90 mm
Radias 1500 mm
Bending angle 50°
Máximum field 1.5 T

Angular acceptance A0 =  AO =  ± 50 mrad
Velocity acceptance A K /l^ =  ± 1%
A tq  Image size 2.3 mm horizontal

60 nim vertical
A lq  dispersión 4.8 mm/%
Velocity dispersión at velocity slit.s 11.5 mm/%
Overall length ~  12 m
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Figure 9 shows v/c versus for on Ca, A^ on A^ and Ca on A^. 

Estimates based on our knowledge of the stopping powers of heavy ions 

suggest that one unit in A^ will be resolved above the line marked a and 

ene \init in Z will be resolved above the line marked Z.

Al

Fig. 9: For the Recoil separator one unit in Aĵ  will be resolved in the
región above the line a) by an E detector. One unit in Z will be 
resolved above the line (Z) by a AE detector.

What form does the detector take? Figure 10 shows a schematic diagram 

of the detection arrangement. The focal plañe is inclined at an angle of

13 to the beam and a thin C foil is placed at 30 to the beam. Grids on

either side of the foil accelerate the electrons produced on to a multi-

channel píate with an anode readout to give the position signal. There is

no focussing between the foil and the multi-channel píate - the position

signal is preserved by proximity. This should give ^ 1 mm resolution over

a 4 cm foil, and provides a fast time signal. The beam passes on through a
2thin window, which consists ofRj45 yqm/cm of heat stretched polypropylene,

Mulrichannel píate

Fig. 10: A schematic of the detection system for the Recoil Separator.
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into the lonization chamber. This is filled with Isobutane at 20 Torr

pressure. Three signáis, AE^, AE^ and E^ are taken from the chamber.

The Recoil Separator was designed with a view to studying prompt y -

rays from fusión reaction products in order to study nuclei far from

stability. In this mode yrays emitted from the recoiling nucleus in or

near the target are detectad in coincidence with ions which have passed

through the separator. For an ion of energy ^ 1 MeV/A the time-of-fliaht

throuah the 12 m lonq separator is 0-5 ysecs. A time signal is deriveá

from the multi-channel píate and the signáis from the lonization chamber
(19)determine the projectile mass. Price has described this mode of

114operation in terms of the specific case of Xe. The reaction chosen was 

^®Ni + ^®Ni at the Coulomb barrier of 180 MeV. A target thickness of 'b 300 

ygm/cm^ would result in a velocity spread of ±5% and angular spread of ±35 

mrad. With an acceptance o f  ^  ^  ±1% and A0 = A<() = ±50 mrad the efficiency 

would be 4%. With the measured reaction cross-sections of Kirchner et al 

one can calcúlate the expected A/q spectrm at the final image slits, 

Fig. 11 shows the calculated A/q spectrum. This distribution was calculated

L

109
54

- 5  -4  -3  -2  -1 ^  T 5 3 4^ "5 S”
Horizontal D istance (mm)

Fig. 11: The calculated A/q spectrum for the Recoil Separator in the case 
o f  114xe produced in the 5 8 ^ 1  + 5 8 ^ 1  reaction (see text).



(21)using the beam optics progran TURTLE , and the most probable charge states

were calculated using the semi-empirical equations of Nikolaev and Dmitriev
( 22 ) . The A/q slits would be set to accept particles with A/q = 114/25,

which would be unresolved from particles with A/q = 105/23. Since the

separator has been set to accept a velocity spread of ±1% about the centre-

of-mass velocity the energy signal from the counter would differentiate

between A = 114 and A = 105. In addition the Ae signáis would allow Z

Identification. Table V summarises this calculation, and indicates that a
114Y-ray taking a large fraction of the Xe cross-section would lead to 

approximately lOOO counts in the photopeak in 45 mins. It should be noted,
(19)

as pointed out by Price , that a y-y recoil experiment would be much 

slower, but having tagged the y-rays in a y-recoil coincidence experiment 

it would be possible to dispense with recoil detection for the y-y 

coincidence measurements.

This instrument is in the course of construction and is expected to 

be operational by Summer, 1983.

Table V

Illustrative reaction ^®Ni ( ̂ ®Ni, 2p) * l‘*Xe at 290 MeV

Total cross section for y-ray production 10 b
Cross section for production of 10 mb
Target thlckness 300 i¡q cm"^
Total rate In Ge(Ll) detector

llmited to 50 x 10^ s“ *
Beam Intenslty 6 partióle nA
Rate of ^^‘‘Xe In lonlsatlon chamber ~ 47 s"^
Total rate in lonlsatlon chamber ~ 300 s~*
Recoil translt time through system ~ 800 ns
Coincidence timing resolutlon ~ 2 5 ns
Photo-peak rate of a major ~ 0.35 s~^ or
'^‘‘Xe f-ray in a Ge(Ll) detector 1000 counts in
in coincidence with the recoil the photo-peak
separator in 45 mins.
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Another method of on-line separation, which allows us to look at the

radioactive products of heavy ion reactions, is to stop reaction products

inside an ion source and following ionization to extract them into an

isotope separator. Area No. 1 also contains just such an isotope separator

designed at Manchester University and Daresbury Laboratory for use both on-

and off-line to separate by mass stable and short-lived nuclei. The design
(23) of the separator was aimed at meeting the following design requirements:

(i) Dispersión and resolution good enough to separate nuclei with 

mass number up to A 250,

(ii) Simultaneous collection of a number of different isotopes in the 

focal plañe, typically ±10%,

(iii) Medi\im current ImA) operation for off-line use and low current 

operation for on-line use,

(iv) Post-acceleration up to 100 keV to allow implantation, and 

(v) Coupled with (iii) flexible beam optics to allow the use of ion 

sources in different positions.

The overall layout of the isotope separator can be seen in figure 12.

In essence it is a simple device which separates ions by momentum with tiie 

use of a dipole magnet. There are two ion source positions. In on-line 

operation the ion source/target is in the position farther away from the 

magnet. This position is well shielded, to the equivalent of % 1.5 m 

concrete, and allows high radiation levels and henee the use of intense, 

accelerator beams. In this position there is an accelerator gap following 

the extractor and an electrostatic quadrupole triplet, which allows us to 

re-formthe beam at the off-line source position to act as the effective 

source at that point. The beam then passes through a cylindrical einzel 

lens and a planar einzel lens before entering the dipole magnet. The 

cylindrical einzel lens acts to increase the angular acceptance of the
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II.IV The Isotope Separator
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Fig. 12: The layout of the on-line isotope separator at the NSF - a detall 
from fig. 5.

separator. The planar lens allows us some vertical focussing. Figure 13 

shows U S  schematically the optics of the separator. The electrostatic 

elements in the system are shown as vertical lines and the magnet has been 

straightened out to simplify the drawing. A scale is shown. The approximate

Fig. 13: The optics of the isotope separator showing the functions of t.he 
various elements. The lenses are shown as vertical lines and the 
magnet has been straightened out.



distance from the source to focal plañe is 4 m. but the cylindrical einzel 

lens gives some control of the focal length. The figure shows the effect 

of the various elementa in the vertical and horizontal directions. This 

optical scheme should give a focal plañe inclined at ^ 25° to the central 

beam direction in the horizontal plañe, and at ^ 35° in the vertical plañe. 

The dispersión perpendicular to the central beam is approximately 10 mm 

for a 1% change in mass with the predicted resolution being better than 1 

in 10 . In this mode of operation we anticípate beams which are of low 

intensity, with beam currents of the order of yA.

In off-line operation the ion source will be situated closer to the 

magnet. Beam currents of a few mA are anticipated in this case and the 

lenses will not be used since space charge is the main factor in determinang 

resolution in this case. Here the focal plañe lies closer to the magnet as 

we can see in the plan view of figure 12. Some of the basic characteristics 

of the separator are summarised in Table VI.

Table VI

Basic Characteristics of the Isotope Separator 

Source to magnet distance = I .77 m

Magnet length = 1 ^

Bending Radius = 1 m

Bending Angle = 1 radian

Magnetic Field = 0.15-1.0 T
1000Dispersión perpendicular beam ----  mm for AA = 1A

Pole gap = 60 mm

Mass range m/M =±10%.

The optics of the separator are such that ions within +10% of the 

central mass may be collected in the focal plañe box. Experiments may be
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done with the separated beams at this point, eit±ier by collecting a partic­

ular mass on a tape which then transporta the activity to a counting 

station or by direct counting of the beam intensities. Figure 13 shows an 

exaraple of the results of a simple experiment of the latter type done at 

the McGill cyclotron^^"^^ , Here the aim is to look at the independent yields 

of Rb and Cs isotopes following proton-induced fission at 80 and lOO MeV.

The ion source used in this experiment was a surface ionization source and 

highly selective for the alkali elements. Figure 14 shows the measured 

independent cross-sections of the various Cs isotopes at the focal place of 

the McGill separator following proton induced fission of natural Uranium.

Fig, 14; Independent yields of Cs isotopes from p-induced fission of 
natural U.

Figure 15 shows the complementary independent yields of the Rb isotopes at 

the same bombarding energy. The dashed and solid lines represent second 

and third order polynomial fits to the measured points. These results 

allowed the conclusión that there does not seem to be any significant 

difference in the charge división for this mass split from the observed 

división in the thermal fission.

Fig. 15: Independent yields of Rb isotopes from p-induced fission of 
natural U.



Clearly one can apply this relatively simple technique to a wider 

range of elements and hombarding partióles with the hope of obtaining a lot 

more information about the fission process.

This type of yield measurement enjoys a number of advantages over 

radiochemical methods:

(i) Speed - a mass spectrum is obtained in a short period,

(ii) Accuracy - the yields obtained do not depend on a prior knowledge 

of gamma ray intensities or other nuclear decay properties,

(iii) Completeness - the yields of all of the isotopes with half-lives 

greater than a fraction of a second may be measured including 

those which are stable. As a result more significant tests of 

hypotheses about the mechanisms of charge división etc are 

possible,

(iv) Corrections - the particularly troublesome problem of corrections

for beta decaying precursors are much more readily made because

of the short irradiation and decay times.

Figure 15 shows a picture of the separator as it was three weeks ago.
-7It is mechanically complete up to the switchyard, it holds a vacu\am of lO

torr, and two ion sources are ready for use. A Freeman source has been

tested on a separator we have built as a test rig at Manchester, and is

functioning satisfactorily.

The target/ion source system is the key to successful operation of íin
(25)on-line separator. We have chosen the FEBIAD source developed at G.S.I.

as our initial on-line source because of its flexibility and proven record 

of successful operation with a wide range of ions. We have built a modified 

versión at Manchester and successfully run it on our test rig at Manchester. 

Figure 17 shows a diagram of the FEBIAD. Depending on whether the target is 

refractory or not it is housed just in front of or just inside the ion source 

cavity. Nuclear recoils from the target pass through a thin window on to a
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Fig. 16: A view of the on-line mass separator at the NSF,
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Fig. 17: A schematic diagram of the FEBIAD ion source.

hot surface, which is made of graphite felt or Ta. This is maintained at 

a high temperature, up to 2300°C, so that the nuclei stopped in the 

surface will diffuse out quickly into the small plasma región where an are 

discharge is maintained by forced electrón bombardment. The probability 

of ionization is high in this región and the ions are then extracted by l-Jie 

electric field of 30 kV on the extractor. They are then further accelerated 

up to loo kV across the acceleration gap. This voltage was chosen because 

it is appropriate for ion implantation and we already have a number of 

applications in mind which require it.

III. INITIAL RESEARCH PROGRAMME WITH THE SEPARATOR 

What sort of programme do we plan with the separator? There will be 

a variety of off-line uses for the separator such as the production of ttiin 

targets for the raagnetic spectrometer, the production of thin sources of 

heavy elements for conversión electrón studies to provide a knowledge of 

heavy element decay schemes which is important for reactor design, and for 

the reprocessing of nuclear fuel, ion implantation for metallurgy and solid 

State studies etc.



In tenas of on-line use we have four kinds of measurements in mind 

initially, which are related to some extent. There are some relatively 

straightforward 0- and y-n a-Y spectroscopy, direct mass measurements, láser 

hyperfine studies and nuclear orientation. I will mention the first of 

these briefly later. We have three mini-beam lines coming out of the 

separator, which we can see in figure 12. On the left hand beam line 

(viewed from the separator) we are building ian electrostatic sector 

designed to compénsate for variations in the velocities of ions from the 

ion source. In the FEBIAD this depends on the anode-anticathode potential 

and corresponds to an energy spread of ^ 20 eV. Comparison of masses with 

known masses will then allow us to determine mass differences directly.

III.1 Nuclear Orientation
3 4The central mini-beam line leads directly into a He: He dilution 

refrigerator. A view of the refrigerator in use is seen in fig. 18, and 

a schematic diagram of the refrigerator is shown in fig. 19. This device 

is basically of a standard design, and was purchased from Oxford Instruments 

Ltd., U.K. This particular refrigerator can be loaded from the top without 

interrupting the refrigeration cycle, and can be used independently of both 

the separator and accelerator for nuclear orientation studies. It is fully 

operational.

The special feature of this refrigerator is the side access tube seen 

in fig. 19. This allows a beam of separated ions to be implanted into a 

sample at the end of the coid finger. For most nuclear orientation 

measurements the separated ion beam of interest will be implanted into a 

ferromagnetic host. The essence of the method of nuclear orientation is 

then simple. The probability of emission for any nuclear decay depends on 

the angle 6 between the initial nuclear spin and the direction of 

emission for an ensemble of nuclei, when we average with equal weight over
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Fig. 18: A view of the He: He dilution refrigerator in use with W.D. 
Hamilton (Sussex) viewing the results (see fig. 22).
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all directions we observe isotropic radiation. As we can see in figure 20, 

where the simple example of a 1 O gamma transition is illustrated, the 

various substates are separated in energy by an amount hv = in a

magnetic field B. If the temperature is reduced to the point where hv kT 

then the Boltzmann factor exp -hv/kT in the population ratio of adjacent 

substates is ^ 1 so that there is appreciable ordering of the states. As a 

result the directional distribution of the emitted radiation is no longer 

isotropic.
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Figure 20: An example showing the effect of Nuclear Orientation

In general if we have a long-lived parent State of spin subject to

a magnetic field H at temperature T, and it decays by unobserved transitions 

to a State which decays with the emission of radiation then we 

observe a normalized angular distribution

W(6 ) = 1 + Z H, T)U^{X^)A^(X2)P^(cos 6)
X

where we are assuming an axis of cylindrical symmetry. The P^(cos 0) are 

Legendre polynomials, X is integral and restricted to even valúes for 

parity-conserving decays. The termination of the series is determined by 

the level spins and multipolarities of the transitions involved. In most 

cases it is limited to X $ 4. The distribution is normalised to high



temperaturas where all are zero and the distribution is isotropic.

This expression is convenient for analysis of the results in that the

'orientation parameters' contain the temperature dependent part and the

hyperfine interaction of the parent state, whereas the Information about

spins and multipolarities for the decay sequence is contained in the U A
X  X

terms. It is obvious that if one decay sequence is known the terms can

be found from the observed W(0) and the U A valúes for other sequencesA A
follow since the B^ are the same for all.

How big are the effects? If we are to obtain a hyperfine splittincj 

of 6 mK for a state with magnetic moment 1 nuclear magneton then a magnet:ic 

field B = 16T is required. Typically at 6 mK temperature the angular 

distribution of gamma rays under these conditions will be subject to changes 

of ^  20% compared to higher temperatures. A similar effect is obtained for

an electric quadrupole moment of 1 barn in an axially symmetric electric
18 — field gradient of 10 V cm .

It is not easy to generate extemal magnetic fields of the required 

order-of-magnitude. The most convenient and common mechanism for producing 

the required polarization makes use of a dilute alloy of the element of 

interest in a ferromagnetic host. The effective magnetic fields experienced 

by impurity nuclei in an Fe lattice have been t a b u l a t e d I n  many cases 

the field exceeds 20T and some are greater than lOOT. Thus a polarised iron 

matrix produces magnetic fields at the nucleus of an impurity atom

to give US the nuclear alignment we require for nuclear orientíi- 

tion measurements at 10 mK temperature.

The cooling power Q varies with the temperature of the mixing chamber 
according to

Q = Kn (T^ _ ^2 >
MC BASE

where n is the circulation rate of ^He in moles/sec, T^^ is the temperature
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of the mixing chamber and T is the minimum temperatura which can be
BASE

attained. The vs Q curve for the Dareshury refrigerator for two

valúes of the circulation rate is shown in figure 21. Nuclear orientation

measurements have been made with long-lived radioactive sources produced

in (n,y) reactions in the Universities Reactor at Risley, Cheshire. Figure
165 16622 shows a portion of the y - r a y  spectrum from the 1200y Ho- Er decay 

takenwith the refrigerator at 10 mK and 500 mK. The host in this experiment 

was Gd. One can clearly see differences in the relative peak intensities 

at the two temperatures.

üntil now use of Nuclear orientation has been limited to radioactive 

sources of half-lives of several hours or greater. It should be póssible 

to extend this type of measurement to nuclei with half-lives of a few 

seconds or lower. A very large number of nuclei fall into this category, 

many of them neutron-deficient nuclei readily produced in heavy ion 

reactions at the NSF,
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Figure 21: Cooling power versus the temperature of the mixing chamber at 
two different flow rates for the NSF refrigerator.



- 256 -

X10'’
1 -

530keV

S
i

OIc
d
msz

c
o

' “ H o — ( \  = 1200y)
............  coid (lOmK)
-------- warm(500mK)

----- '------------- 1----

570 keV

5 % k e V  611 keV 

----

Channel number
8

xIO'

Figure 22: This shows a small part of the spectrum from sources of
166h o  in a Gd host on the coid finger of t±ie dilution 
refrigerator. The spectra were recordad at 10 mk and 500 mK. 
Changes in y ^ a y  relative intensities are clearly visible.

What are the anticipated limitations on these measurements at 

Daresbury? One limitation is the heat leak into the refrigerator during 

implantation which will limit the attainable temperature. A second 

limitation is the available counting rate and henee the time required to 

achieve good statistical accuracy. Thirdly there is a more fundamental 

limitation namely the spin-lattice relaxation mechanism.

The heat input when implanting directly into the refrigerator is 

due to both radiation and the kinetic energy of the implanted ions. Stone 

has calculated that 1.6 nW will be deposited by 10^ ions/sec with 100

keV energy. A five degree deflection in front of the entrance hole in the 

side access tube prevents neutrals reaching the coid finger. This is 

negligible compared with the heating by radiation. The side access tube 

is cooled to 4k  except for a room temperature hole 1 cm in diameter a 

distance 1 m away. The direct radiation heating from this hole will be



0.3 yW. The cooling curve shown in figure 21 shows that the refrigerator

will maintain temperatures below 10 mK with this kind of radiation léale.

We have tested it with this hole open and it does indeed maintain a

temperature of about 7 mK.
(27)Stone also estimated the counting rates for a hypothetical

experiment. He assumed a primary production rate of 10^ isotopes/sec, a 

separation efficiency of 1%, and henee a máximum decay rate of % 10*^/sec. 

Allowing for Ge(Li) detector efficiencies at a distance of 7 cm we can 

expect counting rates of 1-lOO/sec in continuous, on-line operation. This 

should allow us to obtain W(0) to a statistical accuracy of 0 .1% in a 

few hours.

Since the ions are implanted there will be a time delay before
(28)equilibrium is reached. The Korringa relaxation mechanism via 

conduction electrons will dominate the spin-lattice relaxation time (T^). 

For this mechanism
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2T^T(hyperfine splitting) = constant

For dilute iron alloys

where y B,  ̂is the Zeeman splitting in MHz. This suggests T will lie in n hr -L
the range 1-100 seconds at 10 mK.

There may also be problems due to radiation damage in the host since

it is being created at low temperature and will take a long time to heal

because of the low mobilities.
(29)Vanneste et al ' have used this technique successfully to study the 

106 109^^ isotopes in the only on-line experiment of this type. They heive



also discussed a variety of other possible orientation mechanisms.

Nuclear orientation should prove a powerful technique for measuring 

moments, level spins and multipolarities. It will also próvida a useful 

link with solid State studies.

III.II Láser Hyperfine Studies

On the remaining mini-beam line we will begin m e a s u r e m e n t s o f

moments and charge radii by láser hyperfine spectroscopy. This is an oíd

technique revitalised by the use of tunable lasers. The hyperfine structure

revealed in atomic spectra is due to the interaction of nuclear moments and

the atomic electrons. A line such as the transition (589.6 nm) in Na

splits into a number of components due to the splitting of the levels into

components characterised by the quantum number F = l + j. This splitting

is normally some 4-6 orders-of-magnitude smaller than the atomic fine

structure. In addition if a sample contains a number of isotopes of the

same element each component will split due to the so-called isotope shift.

The isotope shift is the sum of two terms, the field effect and the mass

shift due to change in reduced mass. The latter is particularly important

in light elements. It can be calculated although there are difficulties due

to the effect of collective motion of the electrons. The field shift is

related to the change in the nuclear mean square charge radius in going
2 '̂ l''2from to A^ (6<r > ), namely
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2
where a|(|;(0 ) 1 is the change of electrón density at the nucleus in the 

electronic transition. It is not possible at present to calcúlate A ip (O) 

it is possible to calíbrate the optical isotope shifts by comparison 

with sufficiently accurate measurements of X-rays or Muonic X-rays, or
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measurements of electrón scattering. This is the so-called King Plot 

p r o c e d u r e . Uncertainties in this comparison domínate the final 

uncertainty.

In the initial experiments the technique used will be the crossed-

beam technique developed in B i r m i n g h a m . A well-collimated atomic

beam is formed (by stopping the separated beam in a Ta oven and forming a

beam of the evaporated atoms by collimation), which is irradiated

transversely by the beam from a tvmable dye láser to reduce Doppler

broadening of fehe scattered light. Resonance fluorescence may be observed

with a sensitive, light detector. The isotope shifts and hyperfine

splittings may be accurately measured by using a second dye láser locked

to a transition in a reference atomic beam and detecting the heterodyne

beat frequency between the two láser beams. An example of the kind of

spectra obtained with this technique, which was developed at Birmingham 
(32,33) ., is shown in figure 23. The figure shows the spectrum for the 

586.8 nm line of Sm. In the upper half we see the frequency markers. In 

the lower half the resonance lines from the even isotopes of Sm are marked. 

The remaining lines are due to the odd-mass isotopes of Sm which are split 

by the hyperfine structure. While the shifts are very small (1 in lO^) 

Doppler free spectroscopy allows them to be measured to 1 part in 1 0 ^ . If

SingI* Utar »c»n (hrou|(h Ihc S*fi. S nm II 
Of Sm.
Upf>vr trace ; írequency markar*

}00 MH,

lililí I I I I 1

Figure 23: Results of a single láser sean through the 586.8 nm line of 
Sm with the crossed-beam technique developed by the Birmingham 
g r o u p (32,33). The upper trace shows the frequency markers.
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the even, Sm isotopes all had the same shape the spacings between the

observed lines for these isotopes. would he the same. One interesting

feature readily observed in figure 23 is that there is a marked change in

spacing as we go from to ^^^Sm i.e. from N = 88-90. This is readily
2apparent in figure 24 where 6<r > for the even Sm isotopes is plotted cis a

2function of A. The results are normalised at A = 152. The valúes of 6<r >

for ^^^Sm and ^^^Sm follow the trend we would expect if the nuclear radius
1/

followed the liquid drop pattern, R = R^A Instead we see a sudden 

change in going from A = 150-152. This transition has been known for a 

long time. One of the first measurements at Daresbury will be to use tiie 

separator to extend this sequence of measurements to much lighter Sm 

nuclei. This will take us beyond the closed neutrón shell at N = 82 to

the predicted, a b m p t  transition (.34) back to a deformed shape in the light
139 (34)Sm nuclei below Sm. Leander and Moller , on the basis of deformed,

Shell model calculations suggest, that there is a región of deformation in

the light, rare-earth nuclei and that there is a promontary of deformed Pm

and Sm nuclei reaching out towards stability. Measurements of isotope

shifts should provide a good test of these predictions. It should be

possible to make the Sm isotopes of interest in reactions such as
t .6<t-*>

ISO

PATA )
Figure 24; Valúes of 6<r^> for the even Sm nuclei normalised to

These were derived from the data of figure 23. The variation
expected from the liquid drop model is shown as a dotted line.



or + ^^Nb. There is considerable Ínterest in this región,

not only because of the well known N = 88-90 transition, but because of the
(39)discovery of Ogawa et al of the apparent shell closure at Z = 64. I 

will not develop this theme here but will return to it later. A range of 

Gd isotopes will also be studied.
(36)It is likely that the collinear beam method for láser hyperfine 

spectroscopy developed by the Mainz group will be adopted. The essence of 

the method is shown in figure 25. Here the separated ion beam from the 

separator is passed thourhg a charge exchange cell where it is neutralized 

by alkali vapour and turned into an atomic beam. This eliminates any 

problems associated with ionio spectra. The láser beam is directed along 

the same path as the atomic beam. Resonantly scattered photons from the 

observation región are detected by a photomultiplier tube.
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(36)Figure 25: This shows schematically the collinear beam method of láser 
hyperfine spectroscopy.

This method of collinear superposition of the ion and láser beams has 

two advantages. Firstly the separated ion beam is used directly as the 

sample so that losses associated with forming an atomic beam in an oven are 

eliminated. Secondly it reduces the Doppler width below the natural width. 

On leaving the ion source there is an energy spread

26e = 6 (mv /2 ) = mvdv,

which remains constant. If the beam is now accelerated through a potential
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V then V = v ^ V / m .  In essence the Doppler width is reduced by the factor

A t /eV where kT is the thermal energy associated with the ion source (/v 20 
(25)eV for the FEBIAD ). The experiments can be carried out by tuning the

láser frequency or by varying the acceleration voltage.
2Figure 26 shows measurements of 6<r > for the Cs, Ba, Xe isotopes 

accumulated using this method. In this case the results are normalised to 

the measurement for the N = 82 closed shell nucleus, Again it is clear 

that the results do not follow the regular A  ¿ependence predicted by the 

liquid drop model. One feature of Ínterest here is the pronounced, odd- 

even staggering. If pairing had no effect than we would expect no such 

effect. Instead adding an urpaired nucleón increases the size of the 

nucleus by more than half the amount due to adding a pair of nucleons.

Figure 26: n
Measurements of 6<r > for Cs, Ba and Xe isotopes normalized to 
N = 82.

IV The Poor Man's Alternative to a Recoil Separator and an Isotope 
Separator

Up to this point I have tried to give you some idea of the experimental 

tools we have accumulated at Daresbury to try and exploit beam from the NSF.

I spent some time on the Recoil Separator and Isotope Separator which are 

aimed at the study of in-beam spectroscopy of very neutron-deficient nuclei 

and the study of radioactive species far from stability respectively. Today



I thought I would talk about experiments aimed in the same direction but 

carried out with much cheaper and simpler apparatus. We will see that 

these simpler alternatives can be effective although they lack t±ie 

sensitivity and flexibility of the Recoil and Mass separators.

If we want to study nuclei as far from stability as possible we are 

faced with a number of problems. in (HI, xnypza) reactions we find that 

the emission of protons and alphas is increasingly favoured as the proton 

and alpha binding energies fall relative to the neutrón binding energy. 

Clearly to reach the most neutron-deficient nuclei we must be able to 

pick out channels with a small fraction of the total cross-section. Since 

the channels of interest involve neutrón emission the logical way to study 

these nuclei is to observe the prompt y - r a y s  in coincidence with neutrons. 

This is the solution we have adopted and two sets of experiments are 

underway at Brookhaven National Laboratory using this technique - one 

aimed at nuclei with N = Z = 40 and the other at the tin isotopes near
looSn. They are both in the data-taking phase and at this stage I can

only give you an idea of where they are heading.

The basic experimental set-up is shown in figure 27. The target is
2on a thick Pb backing, ^  2 0  mgm/cm , which stops the beam. Charged
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Apparatus for studying v«ry neutrón deficiant nuclei 
usíng (HI. xn. yp, za) reactiona

Figure 27: Experimental arrangement for studying in coincidence
with neutrons and an E-AE charged partióle telescope.



particles are detectad in a AE~E telescope directly behind the target and 

behind that is an array of neutrón detectors filled with NE213 scintillator. 

Ge(Iii) detectors at 45° view the target at backward angles. The data are 

recorded event-by-event with pulse shape discrimination being used to 

distinguish between neutrons and gamma rays in the NE213 scintillator. A 

Pb shield, of % "  thickness, was also placed in front of the neutrón 

detectors to cut down the number of gamma rays reaching them.
40 70Figure 28 shows the E-AE spectrum in the telescope for the C a + Ge 

reaction studied by Varley et al^^^^. The large peak is that due to 

protons, and we can see various peaks due to 2 protons, an a-particle, etc. 

With software gates on these peaks and on the neutrons we can reconstruct
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E - AE SPECTRUM 
'‘°Ca+™Ge-K5MeV

Figure 28: E-AE spectrum recorded by Varley et al^^^) in studying the 
'^®Ca + ^^Ge reaction.

the spectra. Figures 29, 30 and 31 show portions of a GeíLi) detector 

spectrum in coincidence with a variety of different partióle ccmbinations. 

Gamma rays assigned to ^°^Sn, which involves the emission of two protoníj 

and a neutrón are marked in keV at the bottom of the figure. It is a 

simple matter to assign a gamma ray to a particular reaction such as the
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Figure 29: Ge(Li) spectra from gated by neutrons and charged
partióles in different combinations.
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Figure 30: Ge(Li) spectra from ‘̂°Ca + gated by different combinations
of neutrons and charged partióles.
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Figure 31: Ge(Li) spectrum froin Ca + Ge gated by different combinations 
of neutrons and charged partióles. The line at 151 eV sean in 
the 2pn-gate is not the same as the line seen in the 3p-gate.

2pn reaction, since it must appear in any spectriam gated by a siibgroup of 

these three partióles, namely the pn- or p- or n-windows but not the an- or 

ap-windows. One must still exeroise oare in interpreting the spectra. 

Firstly the 2pn is itself a subgroup of 2p2n or 3pn. Seoondly one must 

look oarefully at the gamma-ray energies. For example in figure 31 it 

appears that a gamma-ray at 151 keV appear in the 2pn- and 3p-windows. More 

oareful inspeotion reveáis that the line seen in the 2pn spectrum shifted a 

little to higher energy, and there are two gamma rays of almost the same 

energy.

This is confirmed by the resulta shown in figure 32 where we see pairt 

of a y “y coincidence spectrum gated by the two parts of this gamma ray 

doxiblet. The lower spectr\im due to the 152 keV gamma ray, now assigned

to ^°^Sn, partly breaks through in the upper spectrum, but the spectrum
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Figure 32: Gamma ray spectra gated with a single neutrón and the two parts 
of the 151-152 keV do\±>let seen in figure 31 (sea text).

associated with the lower energy gate does not break through in the lower 

spectrum.

The analysis of these data is still at a very preliminary stage. The

partial level scheme for ^*^^Sn extractad at this stage of analysis is shown

in figure 33. It is too early to say much about this, but it is clear that

one is not faced with the kind of simple band structure seen in deformad

nuclei. From the systematics of the heavier Sn nuclei ona would guess that

the ground state and the first axcited State are due to tha gy. and dR.
/2 /2

neutrón orbits. Sinca all of the observed paaks ara sharp we already know

they have lifetimas long compared with the slowing down time. Measurements

with a plunger and angular distributions will be carried out later this

month to flash out this leval schame.

With the same sat-up Listar et al^^®^ studied the ^ \ g  + ^®Ni and 
28 58Si + Ni reactions to look at the nuclei with N -v Z 'v. 40. Figure 34 

shows the gamma-ray spectrum from the + ^ \ i  reaction gated with 2
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Figure 33: Preliminary partial level scheme for

neutrons. Peaks from the p2n gate also appear. We see clearly the 2 O ,

4^ ->■ 2 ^  and 6"*" 4,^ lines in ^^Sr. Similarly figure 35 shows the 2n-gated
28 58 ^ + ■+• +spectrum from the Si + Ni reaction showing the 2 - > 0 , 4  -> 2 , and

•4" + 826 -> 4 lines in Zr.
77 78 80In these experiments in-beam y-rays from the nuclei Sr, Sr, Sr,

8o 82”86Y, Y, Y and Y have been observed as well as Zr. Figure 36

shows the systematic behaviour of the low-lying levels in the even Zr

isotopes. We see a steady decrease in energy of the first 2 state for the 

neutron-deficient Zr nuclei. This and the increasing ratio suggests

that deformation is setting in. This is supported by the results of figure 

37, where the energies of the first excited, 2^ states in the even nuclei 

with N Z 40 are plotted.



- 269 -

3001

277 keV 
(2*— O*)

503 keV 
(¿►‘— 2*)

'̂’Mq + ^ 'n í -  100 MeV 

[ ¡ f -2 n  Coincidencesl 

Lines in ™Sr

714 keV 
(6*— 4‘)

Figure 34; Ge(Li) spectrum from the + 5 % !  reaction gated with two
neutrons. Lines in are marked.

These results are again preliminary but are Ínteresting. In the 

spherical Shell model the subshell is complete at Z = 38 and the fp 

Shell is full at Z = 40. Thus in the Nilsson model there is a local 

minimum in the energy surface at zero deformation for both these nucleón 

n\jmbers. For Z = 38, however, the Nilsson model also shows a minimum 

energy, when 6 ^  0.28, associated with a large gap in the level spacing. 

The harmonio oscillator potential shows a shell closure at N = 40 for a 

2:1 deformation. These results clearly confirm the suggestion that the 

nuclei in this región are deformad. From this figure it seems likely that 

the Sr nuclei are more deformed than the Zr nuclei.
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Figure 35: Ge(X,i) spectrum from the + 58^1 reaction gated with two
neutrons. Lines in are marked.
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Figure 36: Hie systematic behaviour of low-lying levels in the even Zr 
isotopes.
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Figure 37: The energy of the 2^ State as a function of Z and N for nuclei 
with 28 $ Z $ 40 and 28 $ N ^ 50.

The success of these experiments has encouraged further refinements

of the techniques. At present the neutrón detectors have an efficiency

of 10% for 4 MeV neutrons. We have now designed a modular array of

neutrón detectors, again filled with NE213 scintillator with 12 detectors,

each 8" x 4" x 24" in dimensión, which we can stack in any way we want.

This will increase our detection efficiency for 4 MeV neutrons to 'v 50%,

in these reactions where they all go forward.
(39)It is also proposed to concéntrate on massive transfer to learn 

more about these nuclei. It has long been known that large numbers of high 

energy, light, charged partidas are produced in heavy-ion reactions. It 

now seems that this is due to massive transfer, in which the projectile 

breaks up into heavy and light clusters at the nuclear surface with fusión 

of the target and heavy cluster and the light cluster continuing with a 

velocity cióse to that of the beam partióles. In heavier nuclei it has

recently been shown that this reaction mechanism leads to the selective
(40) 144excitation of high spin states. For example, in the N + Sm

reaction there was no direct feeding of states with J ^ 26. One may



surmise that the use of heavier ion beams will allow the use of this 

mechanism to selectively excite high spin states, but this awaits 

experimental test. Even if the reaction does not have this degree of 

selectivity, however, it should still prove useful since the fast light 

cluster will carry away most of the excitation energy.

It is proposed to use a large. Nal siim spectrometer to measure the 

total y-Tay energy emitted in these reactions in coincidence with the 

various light partióles. This allows the selection, for example, of thosa 

reactions in which a-particles are emitted and lead to a residual state 

cióse to the yrast line. This state will then decay by a gamma-ray 

cascade. This can be selected with high efficiency and low background 

since the total cascade energy is known from the sum of the gamiaa ray and 

partióle energies. The technique has the advantage of identifying the 

nucleus with certaintv, allows the selection of the highest spin states 

and defines the entrypoint to the cascade with sufficient certainty to 

elimínate uncertainties due to feeding corrections. It is planned to

study reactions such as ^*^Ca(.'^°Ca,o) ̂ ^Sr, ^*^Ca(.^^Ca,2p) ^Sr and
58 . 28 . ,82Ni( Si,a) Zr reactions.

Clearly these experiments are aimed at the same physics as the 

Recoil Separator. They have the considerable merit of being much cheaper 

and the technique has been shown to work. They have the disadvantage of 

not separating the residues from one another and henee do not allow one 

to do further experiments with the residues. They are also much less 

sensitive.

A similar situation exists for the isotope separator - the poor man's 

alternative tñ this case is the He jet recóil transport system (HeJRTS). 

Again this is a simple technique which does not separate radioactive 

species bv either Z or A but allows us to transport the radioactivity away 

from the site of production, where the background is high, to a low back-
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ground counting position. We can then use a variéty of counting techniques

to study individual decays. We have used a HeJRTS to study a number of 
(42-45)radioactive decays. Today I will describe some measurements we made

on the neutron-deficient Yb isotopes populated in the B ^ /E C  decay of Lu

isotopes, which were produced in heavy-ion reactions on the Manchester HILAC

before its closure.

Fig. 38 shows the HeJRTS in schematic form. It was of the type

described by Kosanke et A thin Ti foil, of thickness 'v 1 mgm/
2cm , was used to se al the vacuiom of the accelerator and act as a window 

for the recoil chamber. The accelerator beam energy could be varied from 

the full energy of 9.6 MeV/nucleon with Al absorbers placed in front of 

the chamber. The recoil chamber could be varied in length and had an 

internal diameter of 0.75". A narrow, teflon capillary of intemal 

diameter 1.2 mm protruded into the chamber just behind the target, which 

was cióse to the TI window. In the experiments described here the recoil 

chamber was filled with He gas doped with controlled amounts of a monomer, 

usually benzene or diethyl sulphide. In general the chamber pressure was
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Figure 38; IleJRTS in schematic form (see text) ,
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Figure 39: The tape transport system^^®^ in schematic form. The tape
passes from the reservoir on the right through the evacuated 
collection chamber to a counting position viewed by the 
detectors. The arrangement of pnexamatic pistons allows it to 
be moved a fixed distance at any pre-set interval.

vacancies in electrón capture and internal conversión, this is an effective 

way of tagging gamma rays by element. Fig. 40 shows a Ge(Li) spectrvun in 

coincidence with Yb X-rays. This particular spectrum was taken with

O

C H A N N E L

-*J. i. -.I.-'C-TS-
n u m b e r

Figure 40: A Ge(Li) spectrum in coincidence with Yb X-rays. The sources 
were prepared in the ^^^Gd + 1 %  reaction with beams of ^ 95 MeV 

The decay of j[g the predominant activity.
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^ 2 atmospheres. The capillary leads into a small chamber evacúated by a 

large rotary pump. The end of the capillary was placed about 1 cm from 

an IBM tape which passed through the chamber from a tape reel to the 

counting position. The tape could be moved a fixed distance at pre-set 

intervals to transport the activity to the shielded counting position.

Radioactive nuclei produced in the target recoil into the He-jet

chamber and are thermalized by collisions in the He gas. They become

attached to heavy, molecular clusters formed by the irradiation of the

monomer. They are then swept into and through the capillary along with

the clusters. At the output end the clusters strike the tape and stick

to it. The tape system^"^^^ is shown in figure 38. It is a cheap and

inexpensive device and makes use of pneumatic pistons driven by compressed

air to move the tape at any pre-set interval longer than a few seconds.

The physical principies involved in the operation of a HeJRTShave been
(49)described by Wollnik . In general it is better to use an aerosol 

generator to provide the polymer clusters in a controlled way rather than 

rely on polymer formation in the beam plasma, which varies^^°^ with beam 

intensity, the L.E.T. of the beam partióles, etc.

In the experiments described here the Lu activities were produced 

in the N + Gd and ^^^Eu+ ̂ ^Oreactions. Initially excitation 

functions were measured with Ge(Li) detectors and low energy, photon 

spectrometers (LEPS), which are small, planar Ge detectors of high 

resolution. This allowed us to determine the optimum beam energies for 

producing the Lu isotopes of masses 158-165.

Since a variety of different elements are produced in these 

reactions, the observed gamma-rays were assigned to a particular element 

by measuring coincidences between Ge(Li) detectors and a LEPS with 

sufficient resolution to clearly resolve the X-rays of adjacent 

elements. Since K X-rays are emitted following the creation of inner shell



sources produced in the bombardioent of Gd with ^5 MeV N. The
165 . 164dominant activity at this beam energy is Lu, although lines from Lu

and are also present in the spectrum.

A variety of measurements were made at the energies required to

produce and In each case the pre-set source accumulation

time was matched to the half-life of the isotope of interest to optimise

the amount of activity from that isotope relative to others. Measurements

were made of y - y ,  y - X  and X-X coincidences where X indicates measurements

made with a LEPS spectrometer. The y-decay half-lives associated with thie

Y~rays were measured by following these decays through sixteen, equal

successive time intervals. The time intervals were chosen to cover several

half-lives of the isotope concerned. Figures 41 and 42 show examples of

these measurements. A pulser was also run into the spectrum and the

recorded intensities in the pulser peaks were used to correct for dead-time

effects. Decay energies were measured from the end-points of positron

spectra recorded in coincidence with gamma rays. The positrons were

detected in a hyperpure Ge detector. In the case of ^ ^Lu and Lu decays

the conversión electrón spectrum was also studied with a Si(Li) detector

and mini-orange s p e c t r o m e t e r . Some of the measurements are siammarised

in Table VII.

For ^^^Lu and ^^*^Lu decays gamma-gamma angular correlation

studies were made in order to determine level spins and parities. The

measurements were made with three Ge(Li) detectors. One was kept fixed at

35° to the tape carrying the source at a distance of 8 cms from the source.

The other detectors were placed successively at angles of 180°, 10°, 35°,

45°, 55° and 90° to the fixed detector at tlrie same distance of 8 cm from

the source. The measurements were normalised by recording the singles

spectrxjm from the fixed detector. Figure 43 shows part of the gamma-ray
162spectrum in coincidence with the 167 keV gamma ray emitted in Lu decay,
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Figure 41: Measured decay curves for the 243, 167, and 262 keV y r a y s  
emitted in the decay of ^^°Lu, ^nd 164^^ respectively,
Each time interval is 12 seconds long.

Figure 42; Decay curve of the 359 keV, 2:|' - o|, gamma ray emitted in the 
decay of ■‘■̂ °L'u.
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'1600 1800 ' 2000 ' 2200 
channel N°------- --

Figure 43: Part of a Ge(Li) spectrum in coincidence with the 167 keV, 
2'*‘ 0 + transition in emitted in 162lu decay observad
at three different angles between the detectors.

the 2^ 0^ transition in at three different angles. The three

spectra have been normalised and one can clearly see that the relativa 

intensities of the 631, 823 and 839 keV peaks change from angle to angle. 

The resulting angular distributions of the 839-167 keV and 631-167 keV 

cascades are shown in figure 44. The various lines show the best fits to 

the usual angular correlation function

W(0) = 1 + Q2A 2P2 CCOS 9) + Q^A^P^(cos 0),

for different initial spins in the cascade. Figure 45 shows versus 

arctan 6, where 6 is the dipole-quadrupole mixing ratio in the upper 

transition, for the various possible spin sequences in the 632-167 keV 

Cascade. It is clear that spin 2 with a puré E2, 632 keV transition is 

strongly favoured by the results.

These measurements have allowed us to'construct decay schemes for the 

various Lu isotopes studied. Figures 46 and 47 summarise the decay
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Directional correlation dafa

Figure 44: The measured angular distributions of the 839-167 keV and 631- 
167 keV gamma ray cascadas emitted in ^ l62yb decay. The
various lines show the best fits to the angular correlation 
for different valúes of the initial spin.

arctan 5 (L+1A )

Figure 45: A plot of x vs. arctan 6 , where 6 is the M1-E2 mixing ratio 
of the 631 keV transition, for the 631-167 keV gamma-ray 
cascade in decay.
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Figiire 46: Part 1 of *t±ie decay scheme (see fig. 47)
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Figure 47: Part 2 of the decay scheme (see fig. 46)
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scheme^^^^ of to levels in Figure 48 shows the decay scheme
163of Lu. Many of the transitions in these two cases are of lew energy. 

Without the use of LEPS it would not have been possible to \inravel these 

decays, I will not comment on these odd-mass decays except to say that 

our results suggest spin %  for the ^ ^ \ u  ground state in contrast to tíie 

assignment of spin V2 given by Ekstrom^^^^. Our result would suggest that 

the odd-proton is in the ^2 [404] orbit whereas his result is consistent 

with the V2 [411] proton orbital assignment. Our only explanation is that 

his sources were prepared in proton-induced reactions. It is possible 

that the two states lie very cióse together in energy and decay with 

effectively the same half-life, but it seems unlikely. One would have 

expected that Ekstrom would have observed the presence of a small fraction 

of a spin %  resonance in his atomic beam magnetic resonance experiments.

Iju. (238t8secs)
/

163Figure 48: The decay scheme of Lu
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Our reason for studying the Lu decays was principally to obtain 

systematic Information on t±ie even Yb isotopes. The shape transition at 

N = 88-90 in t±ie Sm and Nd isotopes is well known and we wondered how it 

would be moderated by the addition of eight extra protons. Fig. 49 shows 

the low-lying levels in the even, Sm isotopes as a function of N. It is 

readily seen that the heavier isotopes are rotational and that there is a 

rapid change to a more vibrational spectrum as we go from N = 90 to N = 88.

Figure 49: Systematic behaviour of the low-lying energy levels in the even 
Sm (Z = 62) isotopes.

We can see the same feature in figs. 50 and 51, where the energy of the 2^ 

State and for nuclei in this región are plotted as a function of Z

for fixed neutrón numbers. The gaps in the middle of these figures 

emphasize again the rapid change in deformation in these nuclei. It is 

worth noting that the Gd nuclei (Z = 64), which have a closed proton shell 

, make a jump from a near-spherical shape for N ^ 88 to the most 

deformed of these nuclei for N  ̂ 90.

In fig. 52 the low-lying levels in the even, Yb isotopes are shown 

as a function of N. Here there is a smooth progression from rotational 

to vibrational nuclei. If we compare the results for Sm and Yb, as in



Table VII
Measured Half-lives and Decay Energies of Lu Isotopes.

Isotope Hálf-life Decay Energy
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10.6 + 0.3 secs -
160l ú 36 + 1 secs 7.21 + 0.24 MeV

78 ± 2 secs -
1.37 + 0.02 min 6.74 + 0.27 MeV

16 3l u 238 + 8 secs 4.86 + 0.17 MeV
3.15 + 0.08 min 6.39 + 0.14 MeV

10.74 + 0.10 min 4.25 + 0.14 MeV

Table VIII
Comparison of Experimental and Theoretical Branching Ratios In 

Transition Energy CkeV) ly (Reí.) B(E2) [Rel.]^ IBA - 2^

^2 - \ 181.7 4:1.2 .<388 0.66

^2 - 577.2 loo 100 100

^2 - °1 820.4 59 10 9.9

°2 - ^2 267.0 ^1 1 .3 í:3476 424

°2 - 844.2 100 100 100

^1 - ^1 474.2 14.9 33 22.6

3 l - l 869.2 100 10 8.3

^2 292.2 4.5 100 100

°3 - ^2 401.3 ^14 ^1206 1639

°3 - 978.5 100 100 100

S  - ^1 142.6 $2.1 ^1325 59.9

S  - ^2 435.3 42 100 100

S  - \ 616.8 100 42 52.9

^2 - ^1 1012.4 i l . 2 .í:0.04 0.70

^3 - °1 1293.5 100 12 18.3

^3 - ^1 1049.6 69 23 2.1
653.8 28 100 100

^4 - °1 1358.5 11 3.6 5.0

^4 - \ 1115.3 100 86 10.5

^ 4 -  ^1 719.6 13 100 100

a) We have assuméd that all of the observed transitions are puré E2 transitions 
(see text).

b) See text for the basis of the calculations.
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Figure 50: The energy of the 2 i  states as a function of Z for fixed N for 
the rare-earth nuclei.

Figure 51: The ratio E4/E2 as a function of Z for fixed N for the rare- 
earth nuclei.
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Figxire 52:

88 90 92 %  96 
A—  158 160 162 164 166

Systematic behaviour of the low-lying energy levels in the 
even Yb (Z = 70) isotopes.

fig. 53, we can see that the transition is much more abrupt in Sm than Yb. 

The extra protons seem to have smoothed out the transition. Gasten et 

have explained the abruptness of the transition for Gd and Sm in 

terms of the idea put forward by Federman and Pittel^^^^ that it is due to 

the switching on of the strong n-p interaction for spin-orbit partner 

orbits. In the case of Gd, where the A = 146 nucleus is doubly-magic, the

E(0;i

E(2:i

1.5 
1.0 

0.5 
O 

1.5 
1.0F
0.5
O

86 80 90 92 %  96 96

Figure 53: A comparison of E4/E2 , E(2i), E(0]_), and EC22) for the Yb and 
Sm isotopes as a fiinction of N.
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protons have filled the gy, and ds. orbits. Outside the N = 82 shell the
/2 /2

neutrons start to fill the fy. svibshell but the spread in occupation
/2

amplitudes due to pairing means that they are already filling the h ^  orbit

near N = 88-90. The polarization of the proton shells causes the protons

to begin to fill the hn- orbit. The n-p interaction causes a switch to a
/2

deformed structure with the consequent disappearance of the Z = 64 gap. In

Yb the hi2/ proton orbit is half-full. As a result when the neutrons start 
/2

to occupy the orbit the strong n-p interaction does not switch on 

suddenly but increases smoothly and we get the much more gradual transition 

observed. It should be noted that the transition occurs at a higher neutrón 

number in Yb than Sm or Nd.

How else might we look *at these nuclei? One way is in the framework 

of the Interacting Boson Approximation (IBA) of Arima and lachello^^^. This 

model offers a simple description of collective states in even-even nuclei, 

with a Hamiltonian involving only a few parameters. In the versión of the 

m o d e l I B A - 2 ,  which treats neutrón and proton degrees of freedom 

separately, the parameters of the Hamiltonian can be related to the under- 

lying shell structure and thus can be calculated microscopically. In the 

IBA an even-even nucleus with N^(N^) pairs of protons (neutrons) is 

described as if it consisted of bosons, with total angular momentum L = O 

or 2, each formed of two identical particles. The Hamiltonian may be 

approximated by

The last term describes states of mixed neutron-proton symmetry, and can be 

neglected since they have not been identified in real nuclei and are 

expected to be at relatively high energies. If one makes the assumption



that e is the same for neutrón and proton bosons then the level spectrum 

of an even-even nucleus is determined by four parameters, namely e, K, xir
and These parameters may depend on and but they are expected to

vary smoothly with Z or N. Under these circiomstances it should be possible 

by finding the parameters for an isotopic (isotonic) series to establisíi 

the parameters for any nucleus within or just outside the región bonded by 

the range of and valúes studied.

In IBA-1, where no distinction is made between protons and neutrons, 

one striking feature of the model is the appearance of three, limiting 

symmetries, S U (3), S U (5) and 0(6). These correspond to the familiar rotor, 

vibrator and y-unstable oscillator of the collective model. Most nuclei 

lie somewhere between these. limits and are naturally described in terms of 

the transition from one limit to another. In the case of the Yb nuclei 

whose level spectra are shown in fig. 52 they would appear to be described 

naturally in terms of the transition from S U (3) to S U (5) as the number of 

bosons decreases.

We may also look at how level properties change in this región with

increasing proton number for a fixed number of neutrons. S c h o l t e n h a s

looked at the N = 90 isotones, with Z = 60-68, within the framework of

IBA-2. His results suggest that there is a transition from SU (3) to 0(6) 
160as Z mareases. yo'^^go next member of this isotonic sequence. It

is possible to extrapólate the parameters used by Scholten to Z = 70 and
/ C Q\

calcúlate the level spectrum of this nucleus. This has been done with
(59)the programs NPBOS and NPBEM using the parameters extrapolated from

Scholten's calculations as shown in fig. 54. No attempt was made to adjust

the parameters. The resulting level spectrum is compared with experiment

in fig. 55. Strictly speaking the limiting symmetries of IBA-1 do not

exist in IBA-2 but the 0(6) limit corresponda approximately to x = “X •
160In Yb we have x., = -1.2 and X =0.49. The calculation agrees quite
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Figure 54: The parameters used by Scholten in his IBA-2 calculations 
of properties of positive parity levels in the even Z, N = 90 
isotones. The extrapolations to 1:he valúes used^^®^ for 
are shown as the dashed line.

1.8 -

i  1.0

J" lO.T)

2;
kj

0] (10,61

Vj (10,61

Cj (10.3)

6t (10,3»

3;  (10.3)

0̂  (10,3)

2;  (10,2)

<  (10. 2)

2; (W.l)
0;  (10,0)

EXPT IBA* 2

70 90

Figure 55: A comparison of the observed level spectrum of 
IBA-2 predictions (see text) of ref. 58.

160.Yb with thíí

well with the observed level spectrum of ^^*^Yb although the compression of 

the higher levels is not reproduced.

Table VIII compares the measured B(E2) ratios from the various levels 

with the predicted valúes. Unfortunately the Ey^ dependence of the B(E2) 

valúes means that the intensities of many of the low energy gamma rays are 

expected to be very low, and we could only extract limits. In general 

there is excellent agreement between theory and experiment, and since the 

details of the wavefimctions are insensitive to small changes in the
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parameters this is iinlikely to change in a calculation in which the 

parameters are varled to find a good fit to the level spectrum. It is 

worth noting that the B(E2) valúes have been derived on the assumption 

that the transítions are puré E2 transltlons. Where the correlatlons were 

strong enough to be measured thls assumption is justified as can be seen 

from figure 45. In the case of the higher lying states, where we have n o  

reliable measure of the M1-E2 mixing ratio in the de-exciting transitions, 

the presence of an MI admixture would improve the agreement between the 

measured and theoretical B(E2) ratios.

Fig. 56 shows how various properties change as a function of Z for 

the N = 90 isotones. The experimental E^/E^ ratio and the differences in 

energy between the quasi-y and quasi-3 bandheads and the 4^ state are 

plotted on the left. It is seen that the E ^ / E ^  ratios change from a valué 

of about 3.0, a bit below the rotational valué of 3.33, towards the 0(6) 

limit valué of 2.5. At the same time the 2^ and Og states cross-over with 

the 2 y level approaching the 4^ state and the O^ level increasing in energy 

as we would expect in approachina the 0(6) limit. On the right the

B(E2.3;-Z;>
' .

1
1

■ ”5ií~r-ü6TA5.E“

Figure 56: The upper left graph show the E4/E2 ratio for the even Z, N = 90 
isotones as a function of Z. The lower left shows A(E(O2 )-E(4^) 
and A (E (2y)-E (4]̂ ) as a function of Z for the N = 90 isotones .
The measured B (E2; 2 ^ 0 ^ ) /B (E2; 2y~2i ) and B (E2; 3i-2i)/B (E2; 3i-4i) 
ratios are shown as a function of Z for the N = 90 isotones on 
the right. The valúes of these ratios for the S U (.3) and 0(6) 
limits are indicated.
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experimental B(E2;2y-Oi )/B(E2;2y-2^) and B(E2;3^-2^)/B(E2;3^-4^) ratios are 

plotted as a function of N. Although tJiey are not at the valúes associated 

with the S U (3) limit in the lighter nuclei they decrease towards the valúes 

of zero associated with the 0(6) limit as Z increases.

In his calculations Scholten^^^^ adopted a valué of 0.14 eb to match 

the experimental valué of B(E2;2^-0^) in The valúes of B(E2;2^-0^)

for all the N = 90 isotones calculated with the same effective charge are 

compared with experiment in fig. 57. The theory predicts the trend very 

well with the initial increase being due to the increase in the number of 

bosons, and the subsequent fall being due partly to the decrease in the 

number of bosons beyond mid-shell and partly to the change towards the 0 (6 ) 

structure.

Figure 57: The measured B(E2;2]_-0i) valúes for the even Z, N = 90 isotones. 
The valúes predicted by IBA-2(58), normalised to the valué for 
152sm (z = 62), are indicated by the solid line.

Overall we conclude that the IBA-2 calculations describe the properties

of the N = 90 isotones very well. These nuclei show a transition from SU (3)

to 0(6) in the terminology of this model. Since ^^^Yb also lies in the middle

of a transition from S U (3) to SU (.5) in the series of Yb isotopes, it appears

to be a nucleus very much at the cross-roads between all these limits. It
3.62will be very interesting to see the levels of Hf which should be closer 

to the 0 (6 ) limit.

Again it is clear that one can do many experiments with this simple 

device, the HeJRTS. One might ask why one should build an isotope separator



if this is so. As one might expect there are at least two disadvantages to 

the use of this technique. Firstly there are many experiments where one 

reqioires a single activity which has been physically separated from all 

others, e.g. for nuclear orientation studies. Secondly the sensitivity of 

these measurements is very limited, A more stringent test of the IBA-2 

calculations would require the measurement of the intensities of the many 

weak, low energy transitions which should be present (see Table VIII). With 

a separated source these measurements should be possible. With the HeJRTS 

technique, where one relies on coincidence experiments, the sensitivity is 

limited and the measurements will become less sensitive as one looks at a 

smaller fraction of the total cross-section.
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TRANSFER OF TWO NUCLEONS

G. R. Satchler 
Oak Ridge National Laboratory 
Oak Ridge, TN 37830, U.S.A.

1. Introduction

The transfer of two nucleons between projectile and target in a direct or 

peripheral reaction such as (p,t) or (i^O,i‘»C) may occur in one-step or two- 

steps. These we refer to as 'simultaneous' and 'sequential' transfers, re- 

spectively. In the former, the interaction acts once and both nucleons are 

transferred. In the latter, the interaction acts once to transfer one nucleón, 

the system then propagaates in one or more intermedíate states and is followed 

by a second action of the interaction to transfer the second nucleón. This pro- 

cess may be symbolized for the above examples as (p,d;d,t) and (^^0 ,^^N;^^N,^‘*C), 

implying the intermedíate formation of a deuteron or the nucleus ^^N. (Of 

course, the intermedíate system may exist in more than one State of excitation.)

In terms of a perturbation theory expansión, such as the distorted-wave Born 

series, simultaneous transfer is possible in first order while sequential trans­

fer requires second order. This is illustrated in Fig. 1. We are accustomed, 

perhaps, to thinking that a first-order process is more likely than a second- 

order one. However, a closer examination can prepare us for the possibil ity 

that this may not be so. The nuclear forces are predominantly two-body in

*Research sponsored by the División of Basic Energy Sciences, U.S. Department of 
Energy, under contract W-7405-eng-26 with the Unión Carbide Corporation.

■•■Work done in collaboration with W. T. Pinkston.
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character; henee, in first-order (Fig. la) only one of the two nucleons experi- 

ences an interaction. The possibil ity of finding that the other nucleón has al- 

so transferred arises only because its State within the projectile is not or- 

thogonal to the State in the target into which it transfers. This process 

corresponds to a kind of quantum-mechanical tunneling from the projectile to the 

target.1 However, in the two-step process (Fig. Ib) each nucleón is trans­

ferred under the direct influence of an interaction with the target; intuitive- 

ly, this might seem more plausible. It requires an explicit calculation to de­

termine which process is most likely in a given case, and such calculations are 

often beset with uncertainties. Nonetheless, it seems clear that the one-step 

and two-step amplitudes are frequently comparable in magnitude for light-ion 

reactions^ while the two-step may domínate in reactions with heavy ions.^ (The 

existence of strong Q-window effects, especially with heavy ions,*̂  may enhance 

the sequential process when there is a large mismatch between the entrance and 

exit channels. The gap may be bridged more easily in two steps, with the inter­

action acting twice.) Consequently, it is not safe to ignore the existence of 

sequential transfer. However, one of the main reasons for studying two-nucleon 

transfers is to learn about the two-nucleon overlaps (existence and extent of 

pairing corre!ations, etc.)* So we wish to know if this Information is still 

available when the reaction proceeds by two, sequential, one-nucleon transfers. 

Our purpose here is to gain some insight into the relationship between the two 

amplitudes by using a simple approximate form of the theory. For simplicity, we 

shall discuss a light-ion reaction and, to be specific, we choose the (t,p) 

reaction (or the inverse (p,t) reaction). Similar considerations apply to other 

reactions.
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A(o.b)B

Figure 1

(a) SitnuUaneous transfer, (b) sequential transfer. The wavy line 

corresponds to one action of the projectile-target interaction.
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2. The (t,p) or (p,t) Reaction

Apparently contradictory evidence exists for the relative importance of the 

two-step or sequential-transfer mechanism in (t,p) or (p,t) reactions. Indeed, 

the results of a confusing variety of sophisticated calculations are available, 

each of which treats properly some, but not all, aspects of these transitions. 

Among these aspects are: (i) the use of a realistic tritón wavefunction and the 

associated realistic interaction;5-e exact treatment of the finite-range

of the interactions (as opposed to use of a zero-range approximation), in both 

the one-step5-9 and the two-step®-^! amplitudes; (iii) accounting for the non- 

orthogonality correction to the two-step term,2 ,9 ,ii,i2 ŷ ^ich tends to cancel 

the one-step amplitude;^2-i*t (-¡y) allowing the intermediate n-p system of the 

two-step process to exist in continuum states, both spin-singlet and triplet, as 

wel 1 as in the bound, triplet deuteron ground state^^»^^ (sometimes this is 

called the 'deuteron break-up effect'). In addition, there is a sensitivity of 

the results to the optical potentials employed, and a particular sensitivity of 

the cross section magnitudes to the nuclear wavefunctions used to construct the 

two-nucleon overlaps.^»^

In view of the complexity of the theoretical description of this transfer 

process, the agreement with measured cross sections obtained by calculations 

which only include some of these aspects must be viewed with some caution. In 

this situation it is valuable to have an understanding of any general, albeit 

approximate, features that the amplitudes may possess, independent of these 

details, which may illuminate the results of more detailed calculations.

The point of the present paper is to use a closure approximation to the 

second-order distorted-wave-Born expression for the two-step amplitude in order 

to exhibit the similarities and differences in comparison to the one-step
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amplitude, especially with regard to the selection rules for spin-transfer.

This is by no means a new approach.^.16 it has been used to explain why 

simultaneous and sequential processes tend to yield similar angular distribu- 

tions and to depend upon the nuclear structure involved in the same way. 

Schaeffer and Bertsch^^ indicated schematically that, if the important inter­

medíate states had similar energies, their Green functions could be replaced by 

an average one and closure applied to the nuclear states. This results in the 

nuclear overlaps for sequential transfer being the same as those for simulta­

neous transfer, with the same selection rules. A closer examination of the spin 

angular momenta involved modifies the conclusión about the selection rules a 

little. For example, in the two-nucleon transfer (t,p) reaction, if the n-p 

system or 'deuteron' associated with the intermedíate states of the two-step 

amplitude appears in spin-singlet or spin-triplet states with equal weight, the 

selection rules for one- and two-step are identical. However, constraining it 

to be in a triplet State only (such as the common assumption that it is the phy- 

sical deuteron ground State) acts as a spin-filter and determines that the two 

neutrons are transferred with a particular mixture of total spin S = O or 1.

This mixture will differ from that for the one-step term. In this way, inclu­

sión of singlet deuterons could completely change the results for vector ana- 

lyzing powers and might modify conclusions that have been drawn from measure- 

ments of these quantities. It is sufficient, for our purpose, to consider the 

first and second-order distorted-wave Born amplitudes and to make various 

simplifying assumptions such as zero-range. While these may have large effects 

upon the magnitude of the amplitudes, they do not affect the underlying 

structure.
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g.l.__Gng-Step a.̂ pl 1ti‘des

The ¿rvcon Wuvefuncfion can be decomposed into components in wh1ch the two 

neutrons have a definite total spin S (where S = O or 1),

*, ‘ l ¥?{spins) i|.f(space). (1)
s i » ,

Then, aside from uninteresting multiplicative constants, the first-order DWBA or 

one-step amplitude for the A(t,p)B reaction is a sum of components,

t | ‘ >(S) = I dRdrdp m j ; A ) V ( r .p ) t ^ ( r . p ) x < * > ( R j ) .  (2)

for each valué of the total spin S of the two transferred neutrons. The spatial 

coordinates are defined in Fig. 2. The Xp ^nd are the usual distorted waves. 

The round brackets denote integration over the interna! coordinates of nucleus A 

and the spin coordinates of the protón and two neutrons; this factor remains a 

function of the spatial coordinates rj and r̂  of the two neutrons. A1so, is 

the spatial part of the tritón infernal State as defined in Eq. (1). The trans- 

fer interaction V is taken to be the post fonn, + (' p̂/\"UpgJ,

wrch U , being tnc optical potential for the outgoing proton, and with the usual
P'>

assunipoiop that í n e g l e c t e d .  Then

» ■ -p.Sn • ‘pr-¡ * V ,  • «lie - * vU p ‘ yrii. (3¡

In qeneral, V depencis on the spins, bul: since it cannot change the spin S of the 

transferred neutrons,^'' it is sufficient for our purpose to treat it as 

spin-independen!.

The spin matrix element gives a C1ebsch-Gordan coefficient expressing the 

angular moinentum coupling of the spins and Eq. (2) can be rewritten
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Figure 2

Coordinates used for (a) simuUaneous. and (b) sequential transfer.
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V(r,p)t^(r,p)x^^^(R^)clRclrdp,

where the function is the spatial part of the overlap of the two nuclei, i.e. 

the two-neutron form factor, correspondíng to spin S,

(4)

= (B|SM^;A) = 'l'B(5ŷ .riai .rz^zj’i'AÍ̂ AJ'l'SM (oi.oz)- (5)
^ S

It is this two-nucleon overlap which embodies the nuclear structure Information 

about pairing, etc., that we wish to extract from measurements on two-nucleon 

transfer reactions.

The predominant part of the tritón wavefunction is the symmetric S-state. 

Within it the neutrons have S = O, and the space function is a function of= u,  ddu Liie s p d t e  T u n c t i o n  '

the single symmetric variable.

u2 = r i 2 ^  + T23^ + ria2 = j  +  2 p ^ . (6 )

Frequently, a zero-range approximation is used in which one sets

Vi);? ^  D ( r ) 6 ( p ) ,  ( 7 )

SO that the proton is assumed to be at the centre of mass of the two neutrons 

and

»  V m  í X p ' ’ ( r ) « o S ( n . C 2 ) B ( ' ' ) x í ^ ' ( R ) d R d r .  (8)
t P

where R" = RA/(A+2).

The importance of the mixed symmetry S'-State of the tritón and of the D- 

state have been stressed by Nagarajan, ^  We consider here the S'-state



only. It is a sum of two terms, one with S = 1, one with S = 0. We ignore the 

latter component, since it results in the same selection rules as the symmetric 

S-state. The term with S = 1 has a spatial part of the form r-p g(u), so that 

there is a contribution to the amplitude
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T^A^(S=1) = <1 I x ^ ' V p ) *  *i|5^(ri*r:2)Vr*P g(u) x^^^RtjdRdrdp.

(9)

One cannot make the zero range (p = 0) approximation on this term because of the 

factor r*p. However, it is useful to consider the lowest-order non-vanishing 

terms in an expansión of the distorted waves in powers of p;

with a corresponding expansión for Xp~^ÍB'+p)* Since from Eqs. (2) and (4), V 

and 9 are even functions of p, we have

dp g(u)V r*p = O, (11)

so that the lowest-order term appearing in the expansión of Tg^^(S=l) contains

one factor of p *v_x * If we define a function E according to - -K

dp g(u)V r*p(p*Vpx) = E(>")r*Vĵ x. (12)

then we can write

T^^hl) ~ <1 V  I dRdr E(r)$^f| (ri.rz)

(13)

Later we will show that the sequential transfer process generates amplitudes 

very similar to Eqs. (8 ) and (13).
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2.2. Two-Step Amplitudes and the Closure Approximation

12)
In second-order DWBA, the transition amplitude r  ‘ for the two-step process

‘'Í2 )A(t,d;d,p)B, with intermediate nuclear states C, has a part T' ‘ which is second 

order in the interactions and a non-orthogonality correction term The

first part has the form^®

CRpdRddR'dR^, (14)

C

where we ignore spins for the moment. Here is the Green function for the 

propagation of the intermediate deuteron d (relative to the intermediate nucleus 

C) under the influente of an optical potential. If this optical potential were 

neglected so that the propagation was in plañe waves rather than distorted 

waves, Gj. would reduce to

G^'^^ÍR.R') ~ exp(ik^s)/s, s=|R-R'|. (15)

(The wavenumber could be reinterpreted as the local valué k̂ (T̂ ) at the posi- 

tion "R =ylR+R'l» thus introducing a '1 ocal-energy' approximation^ for the 

effects of the optical potential and the Coulomb field.) The quantities vrith 

round brackets are the usual nuclear overlap functions, or 'form factors', for 

one-nucleon transfer. In the post-post interaction form that we have adopted, 

the non-orthogonal ity term has a similar form except for having the oppo-

site sign and for the omission of two scalar factors, the Green function Gj. and 

the interaction for the (t,d) step. It tends to cancel the one-step 

amplitude.

The closure approximation consists of assuming that the intermediate states

" 1 2 )that contribute importantly in the expression for T' ' are sufficiently cióse
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together in excitation energy that the associated Green functions can be 

replaced by an average Ĝ .. We then assume that we have a complete set of states 

and use the completeness relation for the nuclear overlaps,

I(B|C)Gp(C|A) ^  \  I (B|C)(C|A) (16a)
C ^ ^ C

= G(.(B|A), (16b)

because of the closure relation

Í|C){C| - 1. (16c)
C

Despite the somewhat condensed notation, comparison with Eq. (5) shows that this

procedure results in the appearance of the same two-neutron overlap functions or 

BAform factors ♦ (Ci*C2 ) ^s those which appear in the one-step amplitude (4).

Consequently, provided the important intermediate states are sufficiently 

cióse for the approximation (16a) to be val id, nuclear structure effects such as 

pairing correlations will manifest themselves in much the same way in one-step 

or two-step processes. In this way, one can understand how analyses of measured 

cross sections using the theory for a one-step transfer alone may yield useful 

information on the relative behavior of spectroscopic factors for different sta­

tes and different nuclei,^^ even when the theory fails to explain the absolute 

magnitudes of the cross sections.

2.3. Further Comments on the Closure Approximation

One can easily construct model situations in which the procedure (16) beco- 

mes exact. For example, consider two-neutron transfer to a closed-shell target 

in which the intermediate states are puré single-particle j-states and the 

residual State has a puré configuration. Only one intermediate State can 

contribute, namely the corresponding single-particle State in nucleus A+1 with 

the same j, and Eq. (16b) becomes exact.
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The expression (14) assumes a single intermedíate State for the intermediate 

particle c = a-1, in this case a deuteron, c = d. More generally, both inter­

mediate nuclei may be in more than one State and expressions like (14) need to 

be supplemented by an additional sum over the states of c. In a heavy-ion re- 

action, both c and C may be comparable and henee should be treated on the same 

footing. This was done by Feng, et al.^ when they applied the closure approxi- 

mation. The tendency has been to treat light-ion reactions differently, by 

assuming that the intermediate light partióle remains in its ground state. This 

has been a matter of expediency; excited states of light ions are unbound and 

thus introduce a continuum of intermediate > 3-body states which greatly in- 

creases the complexity of the calculation. This has been done^^»^^ for the 

intermediate 'deuteron' (i.e., n-p system) in (p.t) reactions.

The closure approximation (16) may be applied to the states of c, as well as 

those of C, if the important contributions still come from a sufficiently narrow 

band of energies (i.e. narrow enough that the Green function ^Cc does not vary 

much). This results in the appearance of a second two-nucleon overlap or form 

factor (b|a), which again is the same as that which occurs in the one-step 

amplitude T^^^. Then the nature of the intermediate nucleus c plays no role 

and, for example, angular momentum selection rules are the same for one-step and 

two-step transfer. It is plausible that this is approximately val id for heavy- 

ion reactions^ where the important intermediate states are likely to be bound 

states of moderate excitation energy. It is not so obvious for light-ion re­

actions. The explicit calculations^^»^^ for ‘♦®Ca(p,t) at 20 and 40 MeV includ- 

ed the n-p scattering states, both singlet and triplet. Important contributions 

carne from the continuum states at 40 MeV, but the effect (on the cross section) 

was small at 20 MeV. The intermediate spin-singlet state is always associated



with continuum states of relative motion. Henee, the transition is dominated by 

triplet intermediate states if the contribution of the continuum is negligible. 

This constitutes a spin-filter through which the two-step process must pass and 

introduces differences in the spin selection rules compared to the one-step 

process. We return to this later. It is not clear from the results^^.is fo^ 40 

MeV, where the continuum j_s important, whether this kind of spin selectivity is 

still active.

2.4. Non-Orthogonality and the Second-Order Amplitude

If one introduces a truly complete set of intermediate states (for both 

intermediate nuclei), it is easy to show^^.i^* ^hat, in the post-post (or prior- 

prior) interaction form of the amplitude, the non-orthogonality correction term 

becomes equal and opposite to the one-step amplitude The two-step

term is then left as the lowest-order contribution to the transition. In

practice, however, it is not feasible to use a complete set. Formally, it im- 

plies non-convergence of the Born series because of the mathematical difficul- 

ties associated with the 3- and more-body states that appear when the intermedi­

ate states are unbound. One standard approach is to regard our calculations as 

being done within a truncated model space, limited to 2-body channels, and with 

effective interactions. Tnus, a complete set is ruled out frorn tne start. 

Nonetheless, the tendency remains for and to interfere destructively,

sometimes quite strongly (see Refs. 9 and 12-15 for examples), and this enhances

''(2 )
the importance of the two-step process described by T

( 2 )
One final note: the separation of the second-order amplitude T' into 

and is artificial. Despite the intuitive appeal of interpreting

as "the two-step process", one cannot physically distinguish these two 

terms from each other (ñor they from the first-order term ^). This is
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i Z )emphasized by the lack of uniqueness in separating T' ' into two parts; for 

éxample, if we had chosen the prior-post interaction form for T' \  there would 

be no term and henee no possibility of the cancellation of This

lack of uniqueness also renders ambiguous even the conceptual división into one- 

step and two-step. Only the total amplitude has direct physical meaning; its 

breakdown into pieces is merely a consequence of the way we do calculations. 

Nonetheless, the discussion of this paper can be valuable as an aid to under- 

standing the results of those calculations.

2.5. Approximate Two-Step Amplitude for (t,p) Reactions

We now consider the amplitude (14) in more detail. At first, we only al lew 

ground-state (triplet) deuterons in the intermediate state. Further, for sim- 

plicity, we adopt the zero-range approximation for each of the single-nucleón 

transfers and only consider the dominant symmetric S-state for the tritón.

Consequently, the spins of the two neutrons within the 

tritón are coupled to S = 0. Then Eq. (14) becomes

Tba’ = ,  í  D„(t.d)D„(d,p) I dr, x<->* ( ^ J i )  ( i m
C,m, ) y

^ (17)
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where D^(a,b) is the usual zero-range normalization constant for one-nucleon 

transfer. The coordinates used are indicated in Fig. 2(b). Also, s^ = 1 is the 

spin of the deuteron.

The spin overlaps are evaluated by first recoupling the spins in the tritón 

in terms of the resultants of the spins of the proton and the first neutrón. 

Our assumption of a particular deuteron state (triplet, s^ = 1) then selects the
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i j  = 1 part of the tr itó n . We then get

1 ‘
(2S+1)  ̂ W(i Sj s } ;  r  Mjmpli m̂ > D^(t,d)D^(tl,p)

(18)

- I í íCl'iCz x i" ’ * ( ^ r i )  (B|C) 4 * ’ (C|A) x{ * ’ (C2)

where S is the angular momentum transferred due to the spins of the two 

neutrons. Although these spins were assumed to be originally coupled to zero 

within the tritón, the 'spin-filter' introduced by interposing a deuteron with 

Sj = 1 has resulted in the appearance of transfers with both S = O and 1.

In order to simplify Eq. (18) further, we now make the closure approxima- 

tion (16). Substituting the numérica! valúes of the Racah coefficients in Eq. 

(18), we finally arrive at

2 ‘BA 2 'BA (19)

with

and

Xp’ '(ri)*

where
(20b)

rí = í+2 ri-
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Next, introduce the coordinates of the separation of the two neutrons^and of 

their CM relative to A,

r = ri - T2 . 2R = ri + ^  T2
or

rí = R" + 7  r. C2 = R - 7  r.

Further, assume that 15 has a short range in the variable r, so that we may 

approximate it by G^, the monopole part of G, where

G = l 5̂ ^j^(r,R)P^(cos0 ). (2 1 )

Here 0 is the angle between r and R. Then the lowest-order term arising from an 

expansión of the distorted waves in this range, like Eq. (10), should be a 

reasonable approximation. It is

dRdr (22)

Equation (22) is identical in form to Eq. (8 ), with D(r) there replaced by 

Gpír.R). (Note, however, that D(r) is usually assumed real, while "Ĝ  is com~ 

plex.)

Similar approximations can be made for Tg^^(l). Because of antisymmetry, 

the overlap function must be an odd function of the variable r; therefore 

the non-vanishing term of lowest-order in an expansión of the x's in powers of r 

is

<1 i  i  DJt,d)D „(d .p) J dRdr «J* ( C l -a JG jr .R )

(23)

" t -  }x<" ' (R ' ) *  r - ’ R Xp'’ (?')* x{**(R)l.

Equation (23), although not exactly the same as Eq. (13), is remarkably similar 

in form.



Clearly, a number of severe approximations have been made, so that the 

results obtained are qualitative and suggestive, not quantitative and rigorous. 

Nevertheless, they are useful aids in understanding the roles played by the 

simultaneous and sequential transfer amplitudes.

The remarkable similarity of Eqs. (8 ) and (22) for the S=0 amplitudes con- 

firms a result frequently observed in numerical calculations, that sequential 

transfer amplitudes tend to have the same dependence on angle as simultaneous 

transfer amplitudes. They al so tend to depend in the same way on nuclear bound- 

state properties, so that relative spectroscopic factors obtained from analysis 

of data based on the one-step DWBA are expected to be quite reliable, even when 

sequential transfer amplitudes are significantly large. These points have al so 

been made earlier.^»^^

The similarity of Eqs. (13) and (23) for the S=1 amplitudes is also 

interesting. These amplitudes have the same selection rules, the same depen­

dence on bound-state properties and, although not of exactly the same mathemati- 

cal form, appear to be very much alike. As a result, including sequential 

transfer amplitudes can be expected to have effects comparable to including the 

mixed-symmetry S' State in an exact finite-range treatment of the first-order 

amplitude. Both effects should influence the sensitive vector analyzing power. 

This injects some uncertainty into analyses based on the zero-range approxima- 

tion, such as Ref. 20, although the calculations of the vector analyzing power 

presented there are quite suggestive of the importance of sequential transfer.

It would be very interesting to compare the results of Ref. 20 with finite-range 

calculations made, for example, with the Computer programs used in Refs. 7 or 9.

2.6. Importance of the Deuteron Singlet State

Only one author has reported^^.is including the singlet State (s^ = O in Eq.

- 315 -
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(18)) of the deuteron in the calculations of sequential transfer. A proper

treatment of the singlet-state is non-trivial since it lies in the continuum,

If assumed to be quasibound, it could be included without difficulty in the same

way as the bound triplet-state; however, it seems that this would be a poor

a p p r o x i m a t i o n . I f  the singlet continuum is treated properly, it is incon-

sistent to ignore the triplet continuum; indeed, the only reported calculations

of the 'break-up' effect^^.is ¿o include both singlet and triplet contributions.

Granted that the problem is complicated, it is still illuminating to discuss the

consequences of the deuteron singlet states using a simplified approach.

Assume that the singlet and triplet intermediate n-p states contribute

equally and that they propagate in the same way (i.e. that is the same for

both). For example, one might assume that the triplet deuteron ground-state and

the zero-energy resonance dominated, and neglect the differences between

their energies and wavefunctions.

With this assumption, the total amplitude for sequential transfer is the

same as Eq. (17) except that there should al so be a summation over = O and 1.

Since the Green functions for singlet and triplet deuteron propagation are

assumed to be the same, summation of the projector |s^M^)(s^M^| over s^,
- (2 )

gives unity. As a result, the complete amplitude is equal to Tg^^(S=0) of Eq. 

(20a). The coefficient of T^^^(S=1) is identically zero. Similar results are 

obtained for the non-orthogonality terms. The spin-transfer selection rules are 

then exactly the same for zero-range sequential transfer as for simultaneous
«I

transfer with a totally symmetric S-State tritón. If this model were correct, 

including the sequential transfer amplitude could be expected to have little or 

no effect on the vector analyzing power. The model is oversimplified; for 

example, Hashimoto^^ finds the triplet states to be more important than the
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singlet ones. Nonetheless, it serves as a warning that it may be impossible to 

completely decipher the reaction mechanism problem unless the deuteron continuum

is properly included.

The following analogy is useful. The deuteron channel acts much like an 

optical Polaroid filter. In the tritón wave function the neutrón spins are 

coupled to S = O, which from recoupling we find is a linear combination of s^ =

1 and 0. The assumption of a triplet deuteron filters out the = O component, 

and the resulting tritón function, after filtration, is no longer puré S = 0; it 

al so contains S = 1 neutrón components. If the singlet and triplet deuteron 

states are included with equal weights, the filter is removed and only S = O 

neutrón transfer is possible.

3. The (g.d) Reaction

A similar analysis has been made of the (a,d) r e a c t i o n . Two sequential 

processes are available here, (a,t;t,d) and (a,h;h,d) (where h = ^He). Only 

Sj=l transfer is possible for the simultaneous transfer because of the zero spin 

of the alpha. If we assume an S-State of máximum symmetry for the alpha, only 

spin - Y  states are allowed for the tritón and helion. Thus, although they act 

as spin - ~  'spin filters', they impose no further constraint on the spin 

transfer. The spin-transfer selection rules are the same for simultaneous and 

sequential transfer. There could be, however, an isospin filtering effect which 

would result from any difference in propagation of the t and h partióles in 

unsymmetric, charged nuclear matter (i.e. if they had different Green 

functions).

By introducing similar zero-range and closure approximations, the one-step 

and two-step amplitudes are reduced to the same forms as Eqs. (8 ) and (22) for
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the (t,p) reaction. Again, the two amplitudes are seen to depend upon nuclear 

structure in the same way. The same two-nucleon overlap, analogous to Eq. (5), 

appears in both. In particular, there does not appear any phase difference bet- 

ween them that depends upon the spin of the residual nuclear State.

The latter point is especially relevant because of some observations of the 

Pittsburgh group22 on the reaction. Consider excitation of the

Í9s /2^3/2)j multiplet of states with J = 0.1,...9. Simple angular momentum 

considerations, together with the tendency of (a,d) reactions to favor large 

L-transfers, leads to the prediction that the one-step cross sections should 

show a regular stepped pattern when plotted against J, with the rise at each 

step increasing as J increases. DWBA calculations^^ confirm this (see Fig.

3 a). The discussion of the presént paper suggests that a similar pattern 

should be seen for the two-step process by itself and again explicit calcula- 

tions22 confirm this (Fig. 3(a)).

The measured cross sections^z show a rather different. saw-tooth pattern 

(Fig. 3); the predicted steady rise with L transfer is observed; however, the 

cross sections for the even-J members of the J=(L-1,L) pairs are larger than 

those for the odd-J members. Coupled-channels calculations22 including direct 

and sequential transfers reproduced these trends and seemed to indícate that the 

saw-tooth pattern resulted from successively constructive and destructiva inter- 

ferences of direct and sequential amplitudes due to a J-dependence in their 

relative phase. No such J-dependent phase factor appears in the present treat- 

ment"̂ , although it is able to account for the trends shown by the individual

^Although a coupled reaction channels code was used, the calculations of Refs.
¿¿ were made in such a way as to correspond exactly to the second-order 
distorted-wave Born approximation discussed here, including the use of the 
zero-range approximation. Further, the non-orthogonality correction t(NO) was 
not included. However, it is easy to see that this term, which tends to cancel 
the one-step amplitude, has exactly the same structure. Consequently, no J- 
dependent interference is expected from non-orthogonality corrections, either.
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Figure 3

Integrated cross sections, versus J, for the ^°®Pb(a,cl)2^°Bi reaction

exciting the (hg/2g9/2 ) multiplet. (a) Individual one-step and two-
J

step cross section; (b) coherent sum of one-step and two-step; as re­

portad in Ref. 22.



one-step and two-step amplitudes in terms of the reaction dynamics and the LS-jj 

transformation coefficients involved in the two-nucleon overlap factor. 21 in- 

deed, within our model, the integrand of the two-step amplitude differs from 

that for the one-step only by the replacement of the light-ion overlap function 

D(r) by G^(r,R), the average of the tritón and helion Green functions. The sym- 

metric part of the two-nucleon overlap *(r2 ,ri), from which any J-dependence 

must arise, is common to both amplitudes.

Our analysis makes it difficult for us to understand either the calculations 

presented in Refs. 22 or the experimental data, which seem to be nicely ex- 

plained by the coupled-channels calculations. Cross sections for 

2°®Pb(3He,p)2i°Bi show a similar behavior.23 The (^He,p) reaction differs from 

(a,d) in that S=1 and S=0 transfer are both possible. However, nuclear struc- 

ture factors make the S=0 contribution much smaller than that for S=l, so that, 

except for kinematic effects, one should expect the two reactions to behave in a 

very similar way.

Our approach differs from that using coupled channels in that we do not con- 

sider intermediate states explicitly but make the closure approximation. How­

ever, with the assumption of a single (gg/2h9/2 ) configuration for the final 

State in the 2°®Pb(a,d)2iOBi case, the result of making the closure approxima­

tion yields the same result as restricting the intermediate states to be the 

209pb and 209bí ground states, as was done in the coupled-channels calcula­

tions.
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1. Motivation

We are accustomed to the use of many simple models in nuclear physics. In 

the present context, the most widely used models are the optical model potential 

(OMP) for elastic scattering, and its generalization to non-spherical shapes, 

the deformed optical model potential (DOMP) for inelastic scattering. These 

models are simple and phenomenological; their parameters are adjusted so as to 

reproduce empirical data. Nonetheless, there are certain, not always well- 

defined, constraints to be imposed. The potential shapes and their parameter 

valúes must be "reasonable" and should vary in a smooth and systematic way with 

the masses of the colliding nuclei and their energy. Without these constraints, 

the potentials tell us very little, and they will be essentially useless for 

other purposes, such as in DWBA calculations.

One way of satisfying these constraints, without going back to a much more 

fundamental theory, is through the use of folding models. Remember that the 

basic justification for using potentials of the Woods-Saxon shape for nucleon- 

nucleus scattering, for example, is our knowledge that a nuclear density distri- 

bution is more-or-less constant in the nuclear interior with a diffuse surface. 

When this is folded with a short-range nucíeon-nucleon interaction, the result 

is a similar shape with a more diffuse surface. Folding procedures allow us to

* R e sea r ch  spo n so r e d  by t h e  D i v i s i ó n  o f  B a s i c  Ene rgy  S c i e n c e s ,  U .S .  Depa r tmen t  o f
E n e r g y ,  under  c o n t r a c t  W-7405-eng -26  w i t h  the  Un ion  C a r b i d e  C o r p o r a t i o n .



incorpórate many aspects of nuclear structure (although the nuclear 'size' is 

one of the most important), as well as theoretical ideas about the effective 

interaction of two nucleons within nuclear matter. It also provides us with a 

means of linking information obtained from nuclear (hadronic) interactions with 

that from other sources, as well as correlating that from the use of different 

hadronic probes. For example, inelastic electrón scattering measurements may 

provide a transition density for an excitation. Frequently this is

represented by a simple collective (deformed density) model when the transition 

is strong, whose shape may be of the form

'-Ír<í> (')

where is the ground State charge density distribution, is its radius,

C Iand is an amplitude or 'charge deformation parameter' for the 2 -pole

transition. The interaction for hadronic inelastic scattering is frequently

represented in an analogous way (the DOMP) where the transition potential U. (r)L I
is taken to be

'  eü "n ^  (2)

where U(r) is the óptica! potential for elastic scattering of that particular

N Lhadron, R|̂ is its radius, and is the correspondíng 'nuclear' 2 -pole defor­

mation parameter.

The use of these models (1) and (2) (and their extensions) has led to much

N C Ndiscussion as to how the g and 0 are related and, indeed, how the 3 obtained
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with different probes are to be related. (One popular prejudice^ is that the
C N

'deformation lengths' should be the same, 3j_ ~ Folding provides som

insight into this problem^"** and indeed may be used to construct the transition
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potential U. (r) directly from the transition density by folding with a suitable 

interaction. As usual, such extensions of a model also open up new uncertain- 

ties. For example. the charge density (1) arises predominantly from proton 

excitations, while neutrón ^  proton excitations contribute comparable amounts 

to the hadronic transition potential (2 ). However, we may turn this situation 

into an advantage and use it to give information about the neutrons.

Folding is still a rnode!, and, at best. an approximation. It is a reason- 

able model for nucleón scattering. At low energies, it is closely related to 

the Brueckner-Hartree-Fock model for bound states. At high energies, it can be 

justified in terms of the impulse approximation. Extensions of the Brueckner- 

type theories provide support at intermediate energies. The situation is not so 

clear for composite projectiles, especially the scattering of two heavy ions. 

However, here the situation is helped because such systems usually exhibit 

strong absorption. Under such circumstances, the details of the interaction 

when the two nuclei overlap are largely irrelevant; all that matters is the 

interaction for peripheral collisions where again folding may be reasonable. 

Ultimately, the justification of the folding procedure must be two-fold: (i) it 

must be seen to work in practice (i.e. to explain experimental data), and 

(ii) it should be justified from a more fundamental theory. This is the common

fate of physical models.

2. Further Theoretical Background

2.1. Coupled Equations and the Feshbach Projection Theory for the Optical 
Potential

We have spoken so far as though the inter-nucleus potential was defined 

uniquely. This is not so; there are various ways in which we may reduce the

complicated [Ai + Azj-body scattering problem to an effective two-body problem.
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Failure to remember this has sometimes led to confusion. A conventional óptica! 

model potential U(R) for two nuclei , A2 is one which appears in a one-body 

Schrodinger equation

- + U(R) x(R) = Ex( R) .  (3)

where y is the reduced mass of the pair, R is the separation of their centers 
a

of mass, and E is the CMS energy of relative motion. The solution x(R) with the 

appropriate boundary condi tions describes the elastic scattering of Ai + A2 .

Usually U(R) is assumed to be local (although its parameter valúes may vary with 

bombarding energy) and to have a smooth, simple functional form like that of the 

Woods-Saxon shape. Occasionally, some L-dependence is introduced, but only if 

one is forced to consider such a generalization by some intractable data. The 

primary consideration is simplicity.

How do we justify the use of an equation like Eq. (3) which makes no 

reference to the many internal degrees of freedom and the corresponding non- 

elastic channels except insofar as they lead to absorption from the elastic 

channel and require U to be complex? One standard way to make it plausible that 

such an equation may adequately describe elastic scattering is to use the pro- 

jection operator formalism of Feshbach.^

Suppose that the complete Hamiltonian for the colliding pair is given by

H = Hi + H2 + T + V (4)

where Hi and H2 denote the internal Hamiltonians for the isolated nuclei, T is 

the kinetic energy of relative motion in the center-of-mass system, and V is the 

coupling interaction between the ions. At this point, we ignore any explicit 

reference to antisymmetrization between nucleons in different ions, although we 

assume that the wavefunctions for the internal states of the individual nuclei



are antisymmetric. We denote a complete set of states for the internal 

Hamiltonians of nuclei Ai and by tj». and respectively, where

(Hi - =11) 'f, '  0. («2 - ♦j ■

If the complete wavefunction is denoted by we note that measurcments of

elastic or inelastic scattering provide us with Information about the projection 

of the complete wavefunction onto the channel subspace defined by the particular 

measurement. We denote these R-dependent projections (amplitudes) by

Xij(R) =

which means that we can express the total wavefunction as

A set of coupled equations governing the x^j(R) can be found by inserting the 

above expansión into the complete Schrbdinger equation

(H-E) = 0.

This yields

1 J 1 J ij iJ [k,í,^i,j]
(9)

where E-- = E - eii-E2j snd (i,j=0...“ ).
* J

The rounded brackets denote integration over the internal coordinates of the two 

nuclei and serve to remind us that the matrix elements remain a function of R.

Now Eqs. (9) represent an infinite set of coupled equations which, although 

complete, are not very useful. Practical calculations require a severe

- 328 -



truncation of these to a small set of equations coupling a few states of par­

ticular interest; this is what is involved in the so-called 'coupled-channels' 

method. The use of an equation like Eq. (3) in fact involves truncation to just 

that one channel associated with the ground states, i = j = 0. The price we pay 

for any such truncation is that the interaction V should be replaced by an 

effective interaction. This becomes clear in Feshbach's formalism^ in which all 

explicit couplings to channels other than the one of interest are transformed 

away and their effects incorporated into an effective interaction. For that 

channel in which both nuclei remain in their ground states this procedure 

results in an equivalent one-body Schrodinger equation for the Xogí?).

T + U - E] = O
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op 00

( 11 )

with the effective interaction or optical potential operator U^p given by

“ o p  =  V o >  ^  E - H p J + ú  « ' ' I V o )

= Up + AU.

Up is defined as the first term in Eq. (11)

Up = ( V o l ^ ' I V o ^ ’

and is called the folded potential for elastic scattering. (Note that this same 

folded potential and its general ization to excitad states and off-diagonal 

couplings also appears in Eqs. (9).) Q is the operator which projects off the 

ground states of the two nuclei, so that only excited states appear as inter- 

mediate states in AU. By its construction, the exact elastic scattering ampli-

tude may be obtained from Xqq as R ®.

A similar result is obtained when the truncation is to a model space which 

includes one or a few excited states as well as the ground states. U^p becomes 

a matrix in the model space and provides the effective interactions to be usad



in the correspondíng truncated coupled-channels problem. In particular, it 

yields (complex) corrections AU to the interchannel couplings in addition to the 

folded terms that already appear in the Eqs. (9).

The folded potential Up is real (provided that V is real). The remaining 

term AU, which we may refer to as a ’dynamic polarization potential', arises 

frotn coupling to all the other states, is much more difficult to calcúlate even 

approximately, and, in general, is complex, non-local, energy- and angular- 

momentum dependent. (In practice, because of the strong short-range repulsión 

in the bare nucleon-nucleon interaction, the V itself will be an effective 

interaction or G-matrix which itself includes some 'polarization' corrections, 

primarily those associated with the short-range correlation between the 

interacting nucleons and henee high excitation energies. In principie, this 

leaves open the possibility of some double counting.)

In phenomenological approaches it is this object U^p which is approximated 

by a local, complex model potential U(R) in Eq. (3). However, although this 

formalism provides us with the form of the optical model, it does not guarantee 

that any given simple representation of U^p will be adequate. This question may 

be explored both empirically (is a given model successful in fitting data?) and 

by studying the structure of AU.

2.2. Other Approaches to the Nucleus-Nucleus Interaction Energy

A particular point to be stressed is that with the potential U^p (and by 

implication an equivalent model potential U) defined in this way, the solution 

x(R) of Eq. (3) represents Xq q (R) of Eqs. (9) and (10) and describes the rela- 

tive motion of the two nuclei while they both remain their respective ground 

states. This may be a very small component of the total wavefunction in that 

región of space where the two nuclei overlap appreciably; in that case, the
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strong absorption into other channeis manifests itself through Xq q (?) becoming

very small for R < Ri + Ra*

This is to be contrasted with most of the potentials calculated microscopi-

cally for heavy-ion collisions (see Refs. 6-10. for example). These calcula-

tions may use the energy-density approach, the Thomas-Fermi approximation, the

liquid-drop model, the proximity theorem, etc., but they all attempt to follow

to a greater or lesser degree the readjustments that the two nuclei must make as

they begin to interact and overlap; distortion of the nuclear shapes, reaction

to the Paul i principie, effects of the saturating nature of the nuclear forces,

etc. Such an interaction energy function does not determine just the Xqq com-

ponent of the wavefunction (7 ).but is to be used in a description of the motion

of a wave packet which includes a wide range of excited states of the separated

systems. It is not to be identified with U^p of Eq. (11), and, in principie, it

should not be used in an equation like Eq. (3).

It is possible that the equations for elastic scattering from these other

approaches may be formal 1 y recast into the same fonti_as the optical model Eq.

(3) (see Pal, et for a recent discussion of this). The corresponding

effective optical potential O appearing in such an equation will be different

from U . It will contain not only the interaction energy function just re- 
op

ferred to but also correction terms. For example, in one model situation^^ 

there are corrections corresponding to changes in the kinetic energy due to 

changes in the inertial properties as the system begins to interact. The 

corresponding scattering solutions x(R) from such equations will differ from 

Xq o (R). Before approximations are made, we must have x(R) Xq q ÍR) asymp- 

totically because the various theories describe the same elastic scattering, but 

these wavefunctions will differ in the interaction región at small R.
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The actual physical processes that are to be described in the two types of 

approaches are, of course, the same. In the Feshbach theory they manifest them- 

selves in the dynamic polarization potential AU; in some ways this fonnalism is 

deceptively simple, being most convenient to use when the effects of a few non- 

elastic channels are to be studied explicitly. The other approaches provide 

vehicles for including, perhaps in intuitively more obvious ways, various bulk 

physical effects. Nonetheless, the 'potential' functions they generate should 

not simply be identified as optical potentials without bearing in mind the con- 

siderations already mentioned.

In practice, of course, approximations are made in both kinds of approach. 

Frequently an adiabatic aproximation is used when calculating an ion-ion 

interaction energy. This implies that the collision is slow enough for the two 

nuclei to readjust, both as they begin to interact and overlap and as they 

separate, so that they return to the elastic channel; there is no 'absorption' 

into non-elastic channels and the calculated interaction energy is real. The 

absorption into other channels that actually occurs must then arise from the 

correction terms mentioned above. In practice, these are usually replaced by a 

phenomenological absorptive potential. On the other hand, the folding model 

evaluates only the Up term of Eq. (11), identifying it with the real part of the 

potential and implicitly assuming that the polarization potential AU is predomi- 

nantly imaginary and can be represented by a phenomenological imaginary poten­

tial. This corresponds to a sudden approximation in which excitations ('polari­

zation') of the system tend not to de-excite back to the elastic channel, but 

result in absorption.
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2.3. Foldinq Model Potentials

The idea of a folded potential has a long history. The electrostatic poten- 

tial due to a charge distribution P^ir), is given by a single folding,

¥ 0  = J

while the electrostatic interaction between two charge distributions is given by 

a double folding,

Ur(B)
} )

^ ----  dr,dr2 (14)ri2

where ri2 = R + r2-ri (see Fig. 1). In the nuclear case, the Coulomb interac­

tion l/ri2 is replaced by a nucleon-nucleon (effective) interaction Vi2 * The 

first term Up(R) in Eq. (11) was identified as a folded potential,

Up(R) = II to[Ci)4>o[52)dCid52 (15)

where nucleón i is in nucleus 1, nucleón j is in nucleus 2, and and refer 

to the internal coordinates of these two nuclei, respectively. If is a 

local interaction. v.. = v(r . . ) .  then the potential (15) may be reduced to theI J ‘ J
analogue of Eq. (14):

Up(R) = pií:i)p2íí:2)v[!:i2)dridr2, (16)

where P̂ (r -̂) is the one-body density for the nucleus, usually assumed to be 

spherically symmetric. This we cali a double-folded potential. The properties 

and applications of this expression have been discussed in detai 1 elsewhere (see 

Refs. 14-16), where many other references are also given). We just mention here 

that many results are more easily understood in momentum space by using Fourier 

transforms. If we denote the transform of a function f(r) by



-  334 -

Figure 1

Coordinates used in folding calculations.



f(q) = dr exp(iq*r)f(r), (17)
•• J

then in momentum space Eq. (16) becomes

Up(q) = v(q) pi(q) P2 (-q). (18)

Then, for example, if the densities pi and p£ are spherically symmetric,

" ¿ 2  v(q)pi(q)p2 (q). (19)

When only small momentum transfers are involved in the scattering, it is helpful 

to expand the various factors in powers of q in order to see which are their 

important characteristics. For example, if f(r) is scalar in Eq. (17),

f(q) = J j l  - i- <p2> q2 + <r-> q» + ...], (2 0)

where is the volume integral of f(r) and <rf̂ > is its n̂ ^̂  radial moment.

A simple generalization of the formula (16) is applicable to inelastic 

s c a t t e r i n g . T h e  transition potential for exciting one of the nuclei is 

obtained by replacing the corresponding ground-state density by the appropriate 

transition density (for example, like the simple collective model one of Eq. 

(1)). The resulting folded transition potential is non-spherical (if L ^ 0). 

There is no reason to believe that its radial shape will be exactly like the 

radial derivative of the diagonal potential Up(R) of Eq. (16), as is assumed in 

the simple DOMP model of Eq. (2). Indeed, it is known^5,i6 ^hat the folded 

shape depends upon the multipolarity, whereas the DOMP prescription (2) gives a 

shape that is independent of the multipole order.

We may break the double folding into two steps and rewrite Eq. (16):

U p ( R )  =  d r i  U 2 j ^ ( r i 2 ) p i ( C i ) ,  ( 2 1 )
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where

U2n Ct i 2) = |dr2 P2(r2)v(ri2). (22)

and ri2 = ri2-r2 = B-Ci* Then is a folded potential for the interaction of 

nucleón 1 with nucleus 2 (analogous to Eq. (13)). Clearly Eq. (13) is the 

appropriate folding model for nucleón scattering from a nucleus.^^

3. Single-Folded Potentials

3.1. Introduction

In practice, the single-folded fortn (2 1) has often been invoked for the 

scattering of composite nuclei, but with U2ĵ replaced by an empirical, phenome- 

nological nucleon-nucleus 2̂ optical potential. Usually this is what is meant 

by a single-folding model. Clearly the procedure is symmetrical in the two 

nuclei Al and ^2> equally well take an empirical nucleon-nucleus

optical potential and fold it with the density distribution for nucleus A2 . 

Since the potentials and are empirical, there is no á priori guarantee 

that the two results will be identical.

The phenomenological nucleon-nucleus optical potential U2 |̂ will be complex 

if it is obtained from analysis of nudeon-nucleus scattering. However, it 

should not be concluded that single-folding with the imaginary part will yield 

the correct imaginary potential for nucleus-nucleus scattering, even if use of 

the real part is successful. The imaginary part of ^2N accounts for absorption 

due to the excitation of one nucleus by a free nucleón; it does not account for 

excitation of the other nucleus in which the interacting nucleón resides, or 

effects due to the presence of the other nucleons in that nucleus. In the sim- 

plest case of the scattering of the loosely-bound deuteron, the absorption due
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to break-up of the deuteron is not included; the single-folding model gives an 

absorptive potential which is much too weak.^'^ (Such break-up can also modify

the effective real potential.

Of course, if the potential U2,̂ (or its imaginary part) is not taken frotn 

empirical nucleón scattering data, but is adjusted to fit nucleus-nucleus scat- 

tering data, as in the alpha scattering case discussed below, then it is reaso- 

nable (though not necessarily correct!) to use the same adjusted interaction 

for, say, application to inelastic scattering.

The other ingredient of the single folding model is the density distribution 

for the nucleus into which the interaction is being folded (or transition 

density, if an inelastic excitation is being considered). The tail of the 

folded potential, important for the scattering of strongly absorbed partióles, 

is very sensitive to the extent of this density distribution, raising the possi­

bil ity of learning something about the matter distribution provided some 

interaction potential can be shown to be val id. This is important because our 

other source of data on nuclear densities is electrón scattering which primarily 

tells US about the proton distributions. Hadrons, on the other hand, interact 

as strongly with the neutrons. On1y for nuclei with N = Z is it reasonable to 

assume that neutrón and proton distributions are the same (and even then there 

can be small differences because of the Coulomb forces). It is sometí mes 

assumed that the distributions are in the ratio N/Z when N Z, or pp(r) =

(N/Z)p (r). Although reasonable, this assumption must be used with caution; it 

is believed, for example, that neutrón distributions in the ground State extend 

to slightly larger radii than do the protons, and this can have quite large 

effects.
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The mean square radius (MSR) is a useful characteristic of the ground-state 

densities. AUhough the folded potential does depend to some extent upon the

detailed surface shape of the density, it is largely determined by the MSR.^^
L+2

In the case of 2^-pole excitations, this role is taken by the r moment of the 

transition density. These results can be easily understoodi**-!^ in momentum

space, using the expansión (2 0).

A variety of representations of the ground-state density have been used. 

There is the standard Fermi (= Woods-Saxon!) shape, or the convoluted form of 

Helm (itself a folding model) which has some analytic advantages.2° Independent- 

partióle models have also been used, either from Hartree-Fock calculations or 

more phenomenological shell-model c a l c u l a t i o n s . T h e s e  provide a way of 

incorporating our prejudices about shell effects and about the behavior of the

neutrons, for example.

Transition densities may be constructed in similar ways. One popular form 

is like that given by Eq. (1), except for the appearance of the matter, rather 

than the charge, distribution. Another is the Tassie or hydrodynamical model 

whose radial part differs from Eq. (1) by an additional factor of r'-"^ for 

L > 2 and isoscalar excitations,

This has some appeal if the transition is strong (such as for a giant reso- 

nance), for it has been shown^i ^o be correct for a single transition that ex- 

hausts the classical energy-weighted sum rule (EWSR).

3.2. Alpha Scattering

Single folding has been applied with some success to alpha-nucleus elastic 

and inelastic scattering using either model N-a potentials or ones derivad from
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data on nucleon-alpha scattering.^** When we are concerned only with data for 

forward scattering anglas (or small momentum transfers), the most relevant pro- 

perties of the effective interaction are its strength (volume integral) and mean 

square radius (see Eq. (20)). In these circumstances, a simple form like a 

Gaussian may be used. A recent example22 adjusted the strength -(V+iW) and 

range a of a Guassian N-a interaction to fit the forward angle (0 < 30°) elastic 

scattering of 140-MeV alphas. As had been found in earlier studies,^** there is 

a remarkable consistency in the results (Fig. 2) with V s 36 MeV, W s; 23 MeV, 

and a ^  1.94 fm.

This empirical interaction was then applied to inelastic data for the exci- 

tation of both low-excited states and giant-resonance states. The Tassie form 

(23) was adopted for the transition densities and the amplitudes deduced by 

comparison with the data. Figure 3 shows an example for the lowest 3" State in 

208pb; the amplitude 03 required corresponds to 18% of the EWSR, which is 

exactly what one would deduce from the measured B(E3) valué for this transition 

if it is assumed that the proton transition density is just (Z/A) times the 

matter density. This illustrates how folding allows one to directly correlate 

information from different sources in a relatively unambiguous way. (The excel- 

lent agreement, of course, has to be somewhat fortuitous. Equation (23) is 

still a model; the proton and neutrón contributions do not have exactly the same 

shape, and the proton part is not in exact agreement with the measured charge 

transition density. On the other hand, when a transition density of the form of 

Eq. (1) was used, the B(E3) valué deduced from the (a,a") data was 50% larger 

than the measured one. We can conclude that the Tassie model (23) is more 

appropriate.)
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RANGE, a (Im)

Figure 2

Variation of with the range of the Gaussian nucleon-alpha interac- 

tion used in a single-folding model when real and imaginary strengths 

are optimized to fit elastic data at forward angles.22
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Figure 3

Comparison of single-folding model predictions. 2 2 using 18% of the 

energy-weighted sum rule with measured cross sections for the 3 State 

in 208pb.



3.3. Heavier lons

The single-folding approach to the optical potentials for heavy ions starts 

with some standard phenomenological nucleón optical potential obtained from 

nucleon-nucleus scattering. It invariably overestimates the strength of the 

real potential (near the strong absorption radius, where it matters most) by a 

factor of about two.^^ Several reasons have been offered in explanation of 

this,^** including the improper treatment of any density-dependence present in 

the underlying nucleon-nucleon effective interaction.

It has been suggested^s single folding of this kind may be adequate for

estimating both the real and imaginary contributions to the optical potential 

from one or a few loosely-bound 'valence nucleons', even if it does fail for the 

bulk of the more tightly bound nucleons. In this approach, the nucleus is di- 

vided into 'core' and 'valence' parts. The core contribution is taken to be the 

same as the phenomenological potential which describes scattering from the 

corresponding core nucleus, while the valence nucleons are treated ‘micro- 

scopically' within the single-folding model. Successful applications have been 

made^s to the elastic and inelastic scattering of "̂^0 and where, of course, 

the core nucleus is taken to be ^^0. The relatively weak binding of the valence 

nucleons results in their contribution to the interaction being of longer range 

than that due to the core nucleus. Thus, they may play a disproportionately 

large role in generating the potential at the large distanceS that are important 

for strongly absorbed scattering. In particular, they may have important ef- 

fects on the Coulomb-nuclear interference pattern when the nucleus is excited.

A recent example of the use of this model is shown in Fig. 4. The curves 

represent a preliminary analysis by Rhoades-Brown of Oak Ridge data^^ for the 

excitation of 120 MeV to its first 2^ State by scattering from j|̂ g

- 342 -



-  3A3 -

calculations are almost free of adjustable parameters. The complex core poten- 

tial is taken from analysis of 130-MeV + ^ospb elastic data. The interac- 

tion of the valence neutrons of with the target is an empirical (complex) 

óptica! potential taken from analysis of n + scattering. The valence

neutrón wavefunctions result from shell-model calculations.^^ These alone are 

not sufficient to account for the 2"̂ excitation; for example, being neutrons 

they would result in a vanishing B(E2) valué unless they are assigned an effec- 

tive charge. This implies polarization of the core protons. This core polari- 

zation is included^^ by using the standard prescription (e.g., Eq. (21)) of de- 

forming the core potential by an amount required to explain the observed B(E2) 

for this transition. The coupling is sufficiently strong that a first-order 

DWBA is not sufficient for a description of this excitation. Particularly im- 

portant is the re-orientation of the 2^ state a f t e r  its initial excitation ( i . e .  

transitions between the various magnetic substates). The quadrupole componen! 

of this reorientation interaction is constructed in the same way,^5 normalized 

to the observed electric quadrupole moment of the 2^ state. In addition, it was 

found advantageous to include an hexadecapole interaction as well. Although 

there is no independent information on the electric hexadecapole moment of this 

2"̂  S t a t e ,  the valúes chosen are consisten! with our expectations for nuclei in 

this región. The main effect of the additional reorientation due to this term 

is to decrease the cross section at the larger angles (see Fig. 4). (It is a 

common feature of this and other analyses of these data that such a term seems 

to be required. Consequently, we may obtain a measure of this hexadecapole 

interaction and, through folding, of the underlying mass moment.)

The agreement with the data is remarkable considering that no parameters, 

were adjusted. The standard type of DOMP analysis has great difficulty in
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( d e g . )

Figure 4

Coupled-channels predictions using the hybrid folding model of 

Landowne, et for exciting the first 2^ State of when scat-

tering at 120 MeV from ^°®Pb, compared to measured cross sections.^^ 

The sol id curve includes reorientation due to a hexadecapole moment of 

the 2^ State, the dashed curve does not. (Both include reorientation 

due to the quadrupole moment.)
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re p ro d u c in g  a c c u ra te ly  the  Coulomb-nuclear in te r fe re n c e  minimum near 50“  w i th o u t  

d e s t ro y in g  the  f i t  a t o th e r  ang les . Even the  agreement shown in  F ig .  4 p robab ly  

co u ld  be improved by small parameter ad jus tm en ts ; t h i s  would be val id  because 

a l l  o f  the  e m p ir ic a l  q u a n t i t i e s  used to  determ ine the  in p u t  have a p p re c ia b le  ex­

pe r im en ta l e r ro rs  assoc ia ted  w i th  them.

4. The D oub le -F o ld ing  Model

4 .1 .  The In g re d ie n ts

The d o u b le - fo ld in g  model has been reviewed in  d e ta i l  severa! t im es in  the  

l a s t  few years ( f o r  example, see Refs. 15, 27, and 28 ) .  We on ly  mention a few 

p o in ts  here.

The d iscu ss io n  in  Sec. 3.1 on the  n u c le a r  d e n s i t ie s  o r  t r a n s i t i o n  d e n s i t ie s  

a p p l ie d  e q u a l ly  here. The o th e r  in g re d ie n t  in  the form ula  (16) is  the e f f e c t i v e  

nuc leon-nuc leon in te r a c t io n  v. At one t im e (see Ref. 13 f o r  example), i t  was 

popu la r  to  use f o r  v a s im ple  p o t e n t ia l ,  such as a Gaussian, which f i t s  low- 

energy nuc leon-nuc leon s c a t te r in g .  However, t h i s  has been shown^^ to  o v e r e s t i -  

mate the  heavy-ion  o p t ic a l  p o te n t ia l  by rough ly  a f a c to r  o f  two. ( I t  has a lso  

been shown^^ t o  p r e d ic t  ( p , p ' )  c ross se c t io n s  which are too  la rg e . )

I t  is  d e s i ra b le  to  use an e f f e c t i v e  in te r a c t io n  v which is  based upon a 

r e a l i s t i c  nuc leon-nuc leon fo rc é ,  s ince  one goal is  to  o b ta in  a u n i f ie d  d e s c r ip -  

t i o n  o f  nuc leon -nuc leon , nuc leon -nuc leus  and nuc leus-nuc leus  s c a t te r in g .  As a 

consequence, our e f f e c t i v e  in t e r a c t io n  is  some k ind  o f  G -m a tr ix .  There is  no 

guarantee o f  the  ex is te n ce  o f  such a s in g le ,  s im p le , e f f e c t i v e  in t e r a c t io n  o f  

t h i s  k ind  which may be used in  a v a r ie t y  o f  phys ica l c ircum stances . However, i t  

i s  c e r t a in l y  worth  seeing how f a r  we can go w i th  such a s im ple  concept and to  

f i n d  what k ind o f  c o r re c t io n s  we may have to  make in  p a r t i c u la r  cases.



A 'h ig h -e n e rg y '  approach to  t h i s  problem was used by Dover and V a ry .^ ^ *^ ^

In  the  h igh -energy  l i m i t  (o r  impulse a p p ro x im a t io n ) , v would become the  (com- 

p le x )  t - m a t r i x  f o r  f re e  space nuc leon-nuc leon s c a t te r in g .  However, f o r  the  low- 

energy {< 20 MeV per nucleón) c o l l i s i o n s  th a t  are encountered p a r t i c u l a r l y  in  

heavy- ion  s c a t te r in g ,  th e re  are very la rg e  c o r re c t io n s  to  be made f o r  the  e f -  

f e c t s  o f  the  n u c le a r  médium in  which the  two in te r a c t in g  nucleons are embedded 

(P a u l i  p r in c ip ie ,  o f f - s h e l l  p ropagation  and Fermi motion o f  the  n u c le o n s ) .  One 

' lo w -e n e rg y '  approach^o assumes th a t  the e f f e c t i v e  in te r a c t io n  v is  s im i l a r  to  

th e  G -m atr ix  f o r  two nucleons bound near the  Fermi su r fa c e .  One consequence o f  

t h i s  assumption is  th a t  v is  r e a l ,  so th a t  the im ag inary  in te r a c t io n  has to  be 

t re a te d  phenom eno log ica lly .  An example o f  t h i s  rea l in te r a c t io n  which has been 

w id e ly  (and s u c c e s s fu l ly )  used^^»3° has become known as the M3Y in te r a c t io n .

The p a r t  t h a t  is  independent o f  sp in  and is o s p in  has the s imple form
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- 4 r  - 2 . 5 r  
7999 ------- 2134 ®4 r  2 .5 r

-  262 6 ( r ) ,  (24)

where the  ranges are in  fin and the  s t re n g th s  in  MeV. The o th e r  s p in ,  is o s p in -  

dependent terms have s im i l a r  form s. The l a s t ,  zero-range term in  Eq. (24) i s  a 

p s e u d o -p o te n t ia l  t h a t  rep resen ts  the  e f fe c t s  o f  knock-on exchange between the  

in c id e n t  and the  s t ru c k  nucleón. (Th is  is  be l ie ved  to  be the le a d in g  c o r re c t io n  

when the fo rm u la  (16) is  p ro p e r ly  an t isym m etr ized  w ith  respec t to  the  i n t e r -  

change o f  nucleons between the two n u c le i  Aj and ^2 ' The in d iv id u a l  n u c le a r  

w ave func tions  ij» and  ̂ are themselves assumed to  be a n t is y m m e tr ic . )

O ther work on nuc leon-nuc leus  s c a t t e r i n g ^ ^ . s i  ^35  taken in to  account t h a t  

th e  p r o je c t i l e  nucleón is  in  the continuum above the  Fermi sea. Th is  y ie ld s  a 

complex G -m a tr ix ;  however, i t  seems probable  th a t  a t le a s t  the a b s o rp t iv e  pro- 

cesses in  the  s c a t te r in g  o f  composite n u c le i ,  e s p e c ia l ly  heavy io n s ,  are vf iry
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d i f f e r e n t  so th a t  i t  may s t i l l  be p re fe ra b le  to  t r e a t  the  iraag inary p o te n t ia l  

phenom eno log ica l ly .  More recen t work^^ has recognized t h a t ,  in  the  c o l l i s i o n  o f  

two composite n u c le i ,  both o f  the two in te r a c t in g  nucleons are embedded w i th in  

two p ieces o f  n u c le a r  m a tte r  th a t  are moving w i th  respect t o  each o th e r .  This 

work p rov ides  both re a l and imaginary components o f  the in t e r a c t io n .  The im ag i-  

nary p a r t  p rov ides  the  a b s o rp t iv e  p o te n t ia l  due to  the  bu lk  p ro p e r t ie s  o f  the 

o ve r la p p in g  n u c le i ;  i t  is  supplemented by a d d i t io n a l  su rface  te rm s, c a lc u la te d  

acco rd ing  to  the  AU term o f  Eq. (1 1 ) ,  which a r is e  from the f i n i t e  e x te n t  o f  the 

two p ieces o f  nuc lea r  m a tte r  and correspond to  the e x c i t a t io n  o f  c o l l e c t i v e  su r-  

face  v ib r a t io n s . ^ ^

I t  is  worth remarking th a t  re p la c in g  the bare nucleon-nucleon p o te n t ia l  by 

an e f f e c t i v e  o r  G -m a tr ix  in te r a c t io n  is  a process analogous to  the  d e r iv a t io n  o f  

th e  e f f e c t i v e  in t e r a c t io n  U^p in  Sec. 2 .1 .  The G -m atr ix  t ra n s fo rm a t io n  i t s e l f  

in c o rp o ra te s  some p o la r iz a t io n  e f f e c t s ,  namely the  s ho r t- rang e  c o r r e la t io n s  be t-  

ween p a irs  o f  nucleons and, in  p r in c ip ie ,  a l low s  us to  use s im p le r  n u c le a r  wave- 

fu n c t io n s  such as those  o f  the  s h e l l  model. Then a f u l l  d e r iv a t io n  o f  the  

o p e ra to r  U^p o f  Sec. 2.1 would go e x p l i c i t l y  th rough t h i s  tw o -s tage  p ro je c t io n  

from  the o r ig in a l  many-body problem (see, f o r  example, Ref. 34 ) .

From i t s  o r ig i n  as an e f f e c t i v e  in te r a c t io n  or G -m a tr ix ,  i t  i s  c le a r  t h a t ,  

in  gene ra l,  t h i s  v should be both energy-dependent and d e n s ity -d e p e n d e n t .^  For 

example, the  volume in te g r a l  o f  the e f f e c t i v e  in te r a c t io n  ( in c lu d in g ,  i m p l i c i t -  

l y ,  the  knock-on e x c h a n g e ^ S )  f o r  a nucleón s c a t te r in g  from symmetric n u c le a r  

m a t te r  was found by Jeukenne, ^  a l . ^ i  t o  be represented app ro x im a te ly  by

The M3Y in te r a c t io n  (24) does not depend upon d e n s i ty  o r energy (excep t f o r  a 
weak energy-dependence o f  the s tre n g th  o f  the zero-range p s e u d o -p o te n t ia l ) .  
From i t s  c o n s t ru c t io n ^ o  w i t h in  a t run ca te d  space o f  o s c i l l a t o r  f u n c t io n s ,  one 
can see th a t  i t  rep resen ts  a c e r ta in  average over a range o f  k in e t i c  energ ies  
and d e n s i t ie s .



Jp (p ,E )  s; F (E )(1  -  d p 2 /3 ) ,  (25a)

w i th

d = 2.03 fm2, F(E) = (903 -  7.67E + 0.22E2)MeV fm^ (25b)

and the  d e n s i ty  p in  fm“ 3. ( 'N o rm a l' nuc lea r  m a tte r  has p s; 0 .17 fm^; then 

1 -  dp2/3 2; 0 .3 8 ,  a la rg e  re d u c t io n  from the valué in  f re e  space .)

The usual way o f  hand ling  the d e n s i ty  dependence is  to  use the  lo c a l  d e n s i t y  

a p p ro x im a tio n . In t h i s  we assume th a t  the  e f f e c t i v e  in te r a c t io n  between two 

nucleons embedded in  a nucleus at some p o s i t io n  where the  d e n s i ty  has a c e r ta in  

va lué  is  g iven by the  G -m atr ix  f o r  i n f i n i t e  nuc lea r  m a tte r  w i th  the  same d e n s i ty  

va lu é .  This ignores the  e f fe 'c ts  on G o f  d e n s i ty  g ra d ie n ts .  A lso ,  because the 

fo rc é  has a f i n i t e  range, ^  p o s i t io n s ,  r i  and r 2 , are in v o lv e d ;  f r e q u e n t ly  one 

uses the d e n s i ty  at the  c e n te r  o f  g r a v i t y ,  j  (Ci + Tz)* This k ind  o f  u n c e r ta in -  

t y  is  f u r t h e r  aggravated in  heavy ion double fo ld in g  because th e re  are two 

d e n s i t ie s ,  P i [ r i )  and P2 ( í:2 ) -  The s im p les t  assumption is  a sudden (o r  ' f ro z e n  

d e n s i t y ' )  app rox im a tion  in  which the  two und is tu rbed  d e n s i t ie s  are s im p ly  super- 

posed. Then one uses p = p i  + P2 in  Eq. (2 5 ) .  This may be adequate at high 

ene rg ies  ( r e l a t i v e  energy per nucleón high compared to  the Fermi energy) where 

the  Pauli p r in c ip ie  has l i t t l e  e f f e c t  and the re  is  l i t t l e  t im e f o r  the two 

n u c le i  to  re a d ju s t  as they  c o l l i d e .  I t  seems less  a p p ro p r ia te  a t lower ener­

g ie s ;  u n fo r tu n a te ly ,  a ttem pts  to  do b e t te r  are q u i te  c o m p l i c a t e d . 3  2 , 3  3  P o rtu -  

n a te ly ,  the reg ión  o f  s trong  ove r lap  is  not experienced in  most heavy- ion  c o l l i -  

s ions because o f  the  s tron g  a b s o rp t io n ,  and the frozen  d e n s i ty  app rox im a tion  is  

more p la u s ib le  f o r  the  lo w -d e n s i ty  su rface  re g ió n .  For a recen t a p p l i c a t io n  to  

heavy-ion  s c a t te r in g ,  see Ref. 36. In the  example o f  alpha s c a t te r in g  a t 140 

and 172 MeV discussed below, one might argüe th a t  the energy per nucleón is
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m odera te ly  h igh and th a t  the  t i g h t  b in d in g  o f  the  alpha d iscourages i t s  p o l a r i -  

z a t io n .

4 .2 .  A p p l ic a t io n s  t o  Heavv-Ion S c a t te r in g

The M3Y in te r a c t io n  (24) has been used e x te n s iv e ly  to  c o n s t ru c t  the  rea l 

p a r ts  o f  o p t ic a l  p o te n t ia ls  f o r  the  e la s t i c  s c a t te r in g  o f  heavy ions (see Refs. 

15 and o th e r  re fe rences  quoted th e r e ) .  For example, analyses o f  some 156 sets 

o f  data f o r  some 67 systems at energ ies m ostly  between 5 and 15 MeV per nucleón 

were repo r ted  in  Refs. 15. Except f o r  and ^Be, these data were f i t t e d  by

re n o rm a l iz in g  the  rea l fo ld e d  p o te n t ia l  by a f a c to r  N which was found to  be 

c ió s e  to  u n i t y .  Ñ = 1.06 ± 0 .1 1 .  A lthough the im ag inary  p o te n t ia ls  had to  be 

chosen phenom eno log ica lly . good data do a l lo w  one to  determ ine the  s t re n g th  re -

q u ire d  f o r  the rea l p a r t  w i th  l i t t l e  am b ig u ity .

F igu re  5 shows another example o f  the use o f  the M3Y in te r a c t io n .  The ex­

pe r im en ta l deformed p o te n t ia l  contours  were d e d u c e d ^ ^  from measurements on e x c i -  

t a t i o n s  o f  ^^°Gd up to  i t s  12'^ S ta te  by the in e la s t i c  s c a t te r in g  o f  “ ^A r .  The 

fo ld e d  (n o n -s p h e r ic a l)  p o te n t ia l  was generated by using a n o n -s p h e r ic a l ,

quadrupole-deformed d e n s i ty  f o r  i^°G d.

The excep tiona l cases o f  ^«"^Li and ^Be s c a t te r in g  re q u i re  an o p t ic a l  poten­

t i a l  whose rea l p a r t  is  on ly  about h a l f  the s t re n g th  p re d ic te d  by the M3Y i n t e r ­

a c t io n .  One fe a tu re  t h a t  a l l  th re e  ions share is  a d is s o c ia t io n  energy much 

s m a l le r  than f o r  o th e r  s ta b le  n u c le i ,  so one is  tempted to  a t t r i b u t e  the  f a i l u r e  

to  the  e f fe c ts  o f  b reak-up. Th is  seems to  have been con f irm ed , a t le a s t  f o r  

^ L i ,  by some recen t c a lc u la t io n s . ^ ^  A s im i la r  overestmate o f  the  rea l p o te n t ia l  

when the  M3Y in te r a c t io n  is  used has been o b s e r v e d ^ »  f o r  the  s c a t te r in g  o f  the  

l i g h t  ions d , t ,  and ^He, which are al so weakly bound.
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F igure 5

Non-sphen'ca l o p t ic a l  p o te n t ia l  con tou rs^^  f o r  **°Ar + r e fe r re d

to  the  b o d y - f ix e d  axes f o r  compared to  fo ld in g -m o d e l c a lc u la -

t io n s  using the  M3Y in te r a c t io n .
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4 .3 .  D ens ity  Dependence and Alpha S c a t te r in g

I t  was noted in  Sec. 3.2 th a t  a s imple nuc leon-a lpha p o te n t ia l  o f  Gaussian 

from was adequate, w i th i r r  the s in g le - f o ld in g  tnodel, to  reproduce the  observed 

alpha s c a t te r in g  a t forw ard  ang les . Use o f  the M3Y in te r a c t io n  (24) in  the  

d o u b le - fo ld in g  model (p lu s  a phenomenological im ag inary p o te n t ia l )  al so p rov ides  

agreement w ith  data at 140 and 172 MeV in  the  d i f f r a c t i o n  reg ió n  at small 

a n g l e s , w i t h  on ly  a few percent renormal i z a t io n  re q u ire d  f o r  an optimum f i t .  

T h is  in d ic a te s  t h a t  the  model is  p ro v id in g  the c o r re c t  rea l p o te n t ia l  f o r

p e r ip h e ra l  c o l l i s i o n s .

I t  has long been known*»^ th a t  o b se rva t ion  o f  alpha s c a t te r in g  a t energ ies 

h igh enough (> 100 MeV) and angles la rg e  enough to  e x h ib i t  the  'n u c le a r  ra inbow ' 

r e f r a c t i v e  e f fe c ts  can reso lve  the  d is c re te  a m b ig u it ie s  assoc ia ted  w ith  the 

i n t e r i o r  depth o f  the  o p t ic a l  p o t e n t ia l .  Such data in d íc a te  th a t  a rea l depth 

o f  ~ 140 MeV is  re q u ire d .  However, the  fo ld e d  p o te n t ia l  is  ~ 230 MeV deep in  

the  i n t e r i o r ;  consequen tly  i t  w i l l  generate in c o r re c t  s c a t te r in g  a t la rg e  

ang les . This is  in d ic a te d  in  F ig .  6. Reducing the  s t re n g th  o f  the  in te r a c t io n  

(by N 2; 0 .5 )  to  g ive  the c o r re c t  la rg e -a n g le  s c a t te r in g  com p le te ly  des tro ys  the 

agreement a t s m a lle r  angles because the p o te n t ia l  in  the su r face  is  then too 

weak.

A na tu ra l way to  r e c t i f y  t h i s  s i t u a t io n  is  to  in tro d u c e  the expected d e n s i ty  

dependence. l i k e  t h a t  o f  Eq. (2 5 ) .  which reduces the s t re n g th  in  the  i n t e r i o r  

r e l a t i v e  to  t h a t  in  the lo w -d e n s i ty  su rface  re g ió n .  E x p l i c i t  c a lc u la t io n s ^ ^  

con firm ed th a t  t h i s  was so, as shown by the  example in  F ig .  6. For these 

i l l u s t r a t i v e  c a lc u la t io n s ,  the  M3Y in te r a c t io n  (24) was s im p ly  m u l t ip l ie d  by a 

dens ity -dependen t f a c to r .  This f a c t o r i z a t i o n  is  not s t r i c t l y  c o r re c t  but makes 

th e  c a lc u la t io n s  e a s ie r .  A fa c to r iz e d  dependence on the  d e n s i t ie s ,  d i f f e r e n t  

from (25a), was adoptad f o r  com putationa l c o n v e n i e n c e ' ^ ^
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Figure  6

Comparison o f  measured e la s t i c  s c a t te r in g  o f  a + 58n-¡ doub le - 

f o ld in g  c a lc u la t io n s  using e i t h e r  the M3Y in te r a c t io n  (dashed cu rve )  or 

the  same in te r a c t io n  m od if ie d  by a dens ity -dependen t s t re n g th  ( f u l l  

c u r v e ) .
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v ( r , p )  = f(p)  Vn̂ 3 y ( r ) ,  (26a)

w i th

f (p)  = C(1 + a p = P i ( r i )  + P2 ( r 2 )- (26b)

The (energy-dependent) cons tan ts  in  f ( p )  m r e  chosen to  reproduce the  magnitude 

and d e n s i ty  dependence o f  the volume in te g ra l  o f  the  G -m atr ix  o f  Jeukenne, ^  

a l . ^ ^  a t  the  a p p ro p r ia te  energy per nucleón. An o v e ra l l  renormal i z a t io n  o f  the 

re a l  fo ld e d  p o te n t ia l  by a f a c to r  o f  N was a llowed in  f i t t i n g  the  11 se ts  o f  

a lp h a -s c a t te r in g  da ta . Q u ite  c o n s is te n t l y  the  optimum va lué was N k  1 .3 .  With 

t h i s ,  the f a c to r  N f ( p )  is  u n i t y  f o r  a d e n s i ty  o f  p sr 0 .15 fm -3, n e a r ly  equal to  

the  'normal nuc lea r  m a tte r '  d e n s i ty  o f  p^ sí 0.17 fm-3. This is  somewhat la rg e r  

than had been e x p e c te d , i5 , * t i ^ 2  i t  is  d i f f i c u l t  to  in t e r p r e t  t h i s  r e s u l t  

p r e c is e ly ,  in  the  l i g h t  o f  the h yb r id  na tu re  o f  the s imple model i n t e r a c t io n  

(2 6 ) .  We a lso  note th a t  the G -m atr ix  o f  Ref. 31 is  on ly  g iven f o r  p < p^ , 

whereas la rg e r  valúes o f  p = p i  + P2 are encountered when the  alpha is  w i th in  

the  ta rg e t  nuc leus. F u r th e r ,  the  use o f  p = p i  + P2 may in tro d u ce  too  s trong  a 

dependence on d e n s i ty .  The two d e n s i t ie s  are a c tu a l ly  moving w i th  respec t to  

each o th e r ,  thus weakening the  re p u ls iv e  e f f e c t  o f  the Pau li e x c lu s ió n  p r in c ip ie  

compared to  th a t  f o r  the s t a t i c  s u p e rp o s i t io n  Pi + p2 * F u r th e r  s tu d ie s  w i th  a 

more s o p h is t ic a te d  in te r a c t io n  would be o f  in te r e s t .
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A SEARCH FOR THE LOW-ANGULAR MOMENTUM CUTOFF IN THE C+ O FUSION12 16

A.Szanto de Toledo, M.M.Coimbra, N.Carlin F°

Instituto de Física, Universidade de Sao Paulo, 
Sao Paulo, Brasil

and

T.M.Cormier, M.Hermán, B.Lin, P.M.Stwertka

Department of Physics, University of Rochester, 
Rochester, NY 14623, U.S.A.

The Time-Dependent-Hartree-Fock (TDHF)^^ theory predictlon of the

inhibition of low-impact-parameter fusión in nucleus-nucleus collisions at

high energies has been investigated. The shapes of the angular

distributions in the reaction from E(^^0)=28.5 MeV to

100 MeV were studied and analysed within the statistical model framework.

Angular momentum matching conditions in the statistical compound

nucleus decay to a discrete state forcé a localization of the contributing

partial cross sections cr , in angular momentum space. The distribuíionJ
of cr , is strongly peaked with a center of gravity Ĵ'̂ , the mean compound ü
nucleus contributing to the excitation of the final state, If a low-angular

momentum cutoff occurs, the center of gravity of the distribuíion is

shifted to higher valúes, decreasing the period of the oscillations of the
2 )angular distributions . The position of the first minimum (and máximum) of

4T ^ 2 Athe oscillatory angular distributions to the J =0 Mg ground state is 

expected to be sensitive to the presence of a low-angular momentum cutoff. 

This effects has been investigated by following the energy dependence of 

the angles of the first minimum (4) and first máximum (J) of the angular 

distribution.

The statistical model gives approximately ^=3flr<J> and f=5fí/4<rj> where

<J> is approximately the grazing angular momentum of the outgoing6
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partióle. Thus in the absence of the low-L cutoff one expects that 

and ÍLTí 5^/4 are constant and independent of the bombarding energy. 
g

Measurements were made on the University of Sao Paulo 8UD Pelletron 

for E(^^0)<50 MeV using a solid State Position Sensititve Detector and the 

University of Rochester MP tándem accelerator using a split pole 

spectrograph (40 MeV E(^^0)<100 MeV).

Results are shown in figures 1 and 2. No evidence for a low-L-cutoff 

was found even at energies well beyond the predicted threshold. The 

excitation functions as well as the angular distributions are well 

described by the statistical model calculations if no low-L-cutoff is 

used^\ If the predicted valúes of are used, the calculations display

discrepancies with experimental data (see figs. 1,2).

Due to the localization of the distribution, our method is not 

sensitive to very low A valúes cutoff. ( ' ^ m i n ' ' E ( ^ ^ 0 ) : > 1 0 0  MeV) 

therefore measurements using the neutrón channel and out of plañe particle- 

particle correlation will be performed.

■10 -5 0 5  1 0 6 2 0 2 5 3 0  ®CM

Figure 1:

Typical angular distributions. The small 
points correspond to least-square fits 
by sums of Legendre polynomials. The 
full lines show the result of statisti- 
cal-model calculations assuming ^
The dashed line at E ^^=100 MeV 
is the result of the ^ same calculation, 
in which a cutoff at ^=14fi is 
applied.
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E u B ^ e V )

Figure 2:

Experimental valúes obtained for *̂ (Ê  v] 
ÍL ,). The full line describes^the Hai

) and
j j_, . m e  luxi xxiie ucoi-i. j-uca tiit Hauser—
Feihbac^ theoretical trajectory if =0 is
assumed. If the TDHF-predicted J valúes are 
considered in the calculations, the dashed 
trajectory is obtained.
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SOME CONFLICTING ASPECTS OF COLLISIONAL NUCLEAR DYNAMICS

C.o.Dorso, E.S.Hernández and H.G.Solari

Departamento de Física, Facultad de Ciencias Exactas y Naturales, UBA 
Ciudad Universitaria, 1429 Buenos Aires, Argentina

Collisional nuclear dynamics has become fashionable in the scope of 

the search of improvements for mean-field theories of nuclear motion^ . 

Being the latter independent-particle approaches to collective dynamics, 

their lack of particle-particle correlations is responsible of soine 

defficiencies in the description of two-body observables, typically 

dispersions in mass or charge yields in low energy, peripheral damped 

reactions between heavy ions. Incidentally, nucleón emission in the course 

of the reaction could be regarded as an indication of some amount of 

nucleón residual interaction, manifesting in the broadening of the 

single-particle (s.p.) levels of the mean field. Such an effect lies 

certainly beyond the s.p. model and claims for the complementation of the 

latter with a proper tratment of the coupling to the remaining nuclear 

degrees of freedom.

In the independent-particle frame, the time-dependent Hartree-Fock 

(TDHF) view refers the problem of collective motion to that of tne 

evolution of a Slater determinant of s.p. wave functions in a mean field. 

It has been proven useful for describing the time-evolution of density 

profiles, energy and mass exchange during an encounter between two large 

nuclei, excitation of collective modes, and the dynamics of one-body 

operators. Its limitations show up when two-body operators and fluctuations
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come into the picture. Attempts to correct the TDHF versión of many bod> 

dynamics could be roughly classified into two categories, according to the 

purpose. Should one be interested in the construction of a scheme that 

brings the evolution closer to the exact one, the research ought to proceed 

through either of the following alternatives:

a) modify the trial wave function, giving up the determinantal way of 

thinking, or

b) propose other evolution law for the uncorrelated many body wave 

function.

On the other hand, were the intention just to observe the time- 

evolution on a macroscopic or asymptotic time-scale, irreversibility would 

manifest through the broadening and subsequent decay of teh s.p. levels ia 

the mean field. Thus instead of an evolution law that reads, for tha 

one-body density operator,

in the usual TDHF appearance, one would expect a non-hermitian generator oí 

the time-evolution, i.e.,

i? = [2]
Here the real k e r n e l c o n t a i n s  the average effect of those relevant 

two-particle correlations that are usually disregarded in the mean field 

approach to the dynamics. In addition.JlC (^) may include any other coupling 

that affects the s.p. of interest, typically the interaction with thii 

collective modes of the nuclear fluid.

Equation [2] possesses the form of a "linearized kinetic equation", 

well known in nonequilibrium statistical mechanics. Under suitabla 

assumptions regarding,

i) the macroscopic conditions of the many body system under 

consideration, such as its temperature and degree of dilution, and

ii) the microscopic conditions, such as the strength and range of the 

two-body interaction;
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and provided that the time and lenght parameters defining the microcoplc 

scales are much shorter than thir macroscopic partners, the form of the 

kernelX.(^) can be explicitly displayed^^ in its most general versión.

Computational limitations defintively rule out any collisioral 

calculation involving realistic. i.e., two- or three-dimensional systems 

that could describe a low energy encounter between two heavy nuclei, either 

in momentum or coordínate space. Nevertheless, the interest deposited upon 

either "nuclear half-matter" or slab collisions in the frame of the TDHF 

studies has proven successful, in view of the amount of dynamical 

Information extracted from these one-dimensional approaches^^ Howevtr, 

should a collisional regime be established. a straight forward calculation 

of the collisional kernel 5<L(^) in eq.[2] would lead to an inavoidable 

divergence^\ This is justified combining two facts:

a) the interaction responsible of the nonhermitian kernel is the weak, 

residual one;
b) in a one-dimensional system, the unperturbed s.p. level density d'^/cU 

behaves like ¿
These conditions create a relaxation time for the slab system, shorter tlian 

the duration of a single nucleon-nucleon collision. This unphysioal 

situation can be formulated as an impossibility statement, namely. abcut 

the non existence of a frame for a collisional slab dynamics. Thus, 

irreversibility in nuclear systems must be examined in a realistic 

approach, where numerical restrictions play an important role. Like in 

other fields of physics, the w;?y ou t:  of 1 Imitiarions might be the

consideration of a low-dimensional set of observables, whose mean valúes in 

the collisional field could be assigned an approximate law of motion.
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"One and two step processes contribution to the cross section in the
preequllibríum regime"

A.O.Gattone, O.Dragún y A.M.J.Ferrero

Departamento de Física, CNEA 
1429 Buenos Aires, Argentina

We have calculated the contribution of the one and two step procenf: 
to the total cross section of (p,d) inclusive reactions up to very larjie 
energy loss. The analysis was applied to several targets and incidert 
energies. We have adopted the basic ideas of the multistep direc.t 
reaction (MSDR) theory developed by Tamura el al.^^. In transitions to 
the continuum regime a large number of complicated states is involvec,. 
It is quite natural to assume that when summing over a great number of 
actual nuclear states the interference terms between different steps 
processes average out in a large extent. Thus the calculation reduces to 
the incoherent sum of cross sections for each step.

The one step is calculated in terms of the well known DWBA theory. 
We assume that any nuclear state is well described by a puré single 
particle shell model. Thus, the summed cross section leading to actual 
residual states related with the pick up of a neutrón from an (nlj) 
Shell is

[11

where  ̂ = ñ[(nlj)] is the number of neutrons in the (nlj)
shell, and i® ^^e average excitation energy of these residual
states. Thus, the absolute valúes of the one step differential cross
section are obtained adding up [1] for all ocuppied (nlj) neutrón shell.

For the two step process we considered the two main reaction paths:
an inelastic scattering of the incident proton followed by the pick up
of a neutrón (p,p',d) and the transfer reaction followed by an inelastic
interaction of the exit deuteron (p.d,d'). In describing this two ste’)
reaction process we adopted the coupled reaction channel formalism.Th'3
two step differential cross section for a given final state I irF
written
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Here and 1̂ .̂ , (that are to be coupled to 1^) are the angular momenta 
transferred in the inelastic and neutrón pick up steps, respectively, 
while E(E') is the projectile (ejectile) energy, and E" is the 
intermedíate proton or deuteron energy. dG^^VdXl (E",E) is a purely 
dynamical factor that can be obtained from a coupled reaction channels 
code like CHUCK2. ? plays the role of an spectroscopic density
for the inelastic process and S'^^^(E") is the spectroscopic factor for 
the transfer step. When summing over all final states the spectroscopic 
factor S'̂ '"’̂ (E") is obtained through the pick up sum rule for (p,d) 
reactions. Furthermore, in actual calculations, the integral in^jJ is 
replaced by a sum over appropiately chosen intermedíate energy 
intervals dE".Then

?L, L  i . t n
[3]

PI . Í.C ;
' h

• 1
where^^^^ is the strength due to particle-hole excitations and is
obtained through an RPA formalism.

Numerical calculations were made for all the ejectile energy
spectra in the ^^Fe(p,d) reaction at E =62 MeV. Due to the great number

209 ^of representative states in the Bi(p,d) reaction at E^=62 MeV only
two points of the spectra were calculated.

The following conclusions were obtained: the one step process
contribution exhausta the experimental yield over the first 5-8 MeV of

2)excitation energy in agreement with ref for the (p,p') reaction but in 
contradiction with results obtained by Tamura et al^^. For the two step 
contribution the (p,d,d') path is appreciable greater than the (p,p',d) 
route due to dynamical effects. Despite the use of a mass dependent 
model, results for ^^Fe and ^°^Bi are very similar, according with 
experimental facts. As a concluding remark for excitation energies 
E 25 MeV is necessary to include more than two step processes.

1) T. Tamura, T. Udagawa, D.H, feng and K.K. Kan, Phys. Lett. B66 
(1977)109.
T. Tamura and T. Udagawa, Phys. Lett. B71 (1977)273.

2) G. Bertsch and S.F. Tsai, Phys. Rep. (1975)127.
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EXCITATION OF THE OCTUPOLE VIBRATION IN Sm1 5 4

Olga Dragún 
Comision de Energía Atómica Argentina
Herbert Massmann y Giancarlos Ramirez 

Universidad de Chile

In reference [ 1 , 2 ]  the múltiple excitation of rotatio-
nal states in deformed nuclei, due to the nuclear and Coulomb
interaction, was considered using a novel approach. Letting the
wave functions (and therefore the phase shifts) depend on the
angle 6' between the symmetry axis of the deformed nucleus and
the vector r which joins the centers of the target and the pi'O-
yectile, it is possible to calcúlate the differential cross sec-

tion to different final states, avoiding a coupled channel caí-
16culation. A numerical study for O colliding with several Dy 

isotopes showed that with this method one obtains approximately 
the same kind of fit to the experimental data as the coupled 
channel calculations Í3] .

In reference the method was generalized to scattering
processes in which, together with the excitation of rotational 
states, one has another process present which can be considered 
as a perturbation.

In the present communication, we will illustrate the me­
thod with the excitation of the v=0 octupole vibration-rotatio- 

154nal band of Sm in a collision with E^^^ = SO MeV a-particles; •
In order to get the differential cross sections, the DWBA expi'es- 
sion for the T-matrix is used, but considering only the poten-- 
tial responsible for the excitation of the octupole vibration. 
All processes related to the rotational excitation being inclu- 
ded in the distorted waves•

Let total interaction potential be­
tween the target and the proyectile. The distorted waves, which 
depend parametrically on 6', are obtained from an optical modal 
code for spherical nuclei using the potential V^^^(r,0'). Fig'u-



re 1 shows that these wavefunctions (from which angle dependent
phase shifts are obtained) indeed reproduce the cross sectioris
for the rotational states. Figure 2 shows the differential cross

154section for the excitation of the 1 and 3 states of Sm.
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a.

Figure 2. Differential cross 
section for the excitation 
of the vibration-rotational 
states 1 and 3 of Sm 154.

Figure 1. Differential cross 
section for the excitation 
of the rotational states of 
Sm 154. The parameters for 
the deformed Saxon-Wood po- 
tential were taken from re- 
ference [5].

0,C.M.
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Wigner versus Heisenberg processes in  pa ir-exchange re a c t io n s  

D.R.Bes, O.Dragun and E.Maqueda 

Dto. de F ís ic a .  CNEA, Bs. A s . ,  A rgen tina

In the 1981 Workshop we suggested the p o s s i b i l i t y  o f  using pa ir-exchange 

re a c t io n s  such as in  o rde r  to  popúla te  s ta te s  which are both i )  i n t e r e s t -

ing  from the  p o in t  o f  vue o f  nuc lea r  s t ru c tu re  and i i )  d i f f i c u l t  to  o b ta in  

o the rw ise .  These re a c t io n s  may s p e c i f i c a l l y  popú la te  c e r ta in  c o l l e c t i v e  

( n - p a r t i c l e ) - ( n - h o le )  s ta te s  w i th  n=2,3,4  ( in  a d d i t io n  to  the w e l l  known g .s .  

and p a r t i c le - h o le  s ta te s ) .  On the prev ious occasion we made a very rough bu t 

p h y s ic a l ly  s im p le  p re d ic t io n  on the cross sec t ion s  o f  the re a c t io n

based on experimenta l re s u l t s  o f  two-neu tron  t r a n s fe r

re a c t io n s .
In the p resen t c o n t r ib u t io n  we analyze the mechanisms through which 

d i r e c t  pa ir-exchange re a c t io n s  may proceed and we perform  a P^oper DWBA 

c a lc u U t lo n  f o r  the r « c t1 o n s
f i r s t  re a c t io n  has a la rg e  in t e r e s t  because o f  nuc lea r  s t ru c tu r e  c o n s id e ra t io n s , 

a lthough i t  d i f f i c u l t  because o f  the ta rg e t  h a l f - l i f e .  The second re a c t io n  has

been performed e x p e r im e n ta l ly ^ ^ .
We may th in k  o f  a Wigner and o f  a Heisenberg type o f  process. In the f i r s t  

type the re  is  a simultaneous d ip ro to n  p ick -up  and a d ineu tron  s t r i p p i r g .  In the 

second ty p e ,  the e f f e c t i v e  in te r a c t io n  tran form s a d ip ro to n  in to  a d in eu tron  

in  the t a r g e t ,  w h i le  s im u ltaneous ly  a d ineu tron  becomes a d ip ro to n  in  the 

p r o y e c t i le .  In the fo l lo w in g ,  each type o f  process is  se p a ra te ly  t r e a te d ,  

a lthough in  p r in c ip ie  they should add co h e re n t ly .  This is  due to  the f a c t  t h a t  

we do no t have an in d ic a t io n  o f  the r e la t i v e  s lz e  (o r  s ig n )  o f  the Wiener 

and Heisenberg terms in  the e f f e c t i v e  four-body  fo rcé  which is  re sp o n s ib le  o f  

the re a c t io n .

Both Wigner and Heisenberg p re d ic t io n s  con f irm  the r e s u l t s  o f  the 

s im p l i f i e d  c a lc u la t io n  concern ing the r e l a t i v e l y  la rg e  po p u la t io n  o f  s ta te s  

be long ing  to  the p a i r in g  fa m i ly  and the very small cross se c t io n s  to  s ta te s  

w i th  two p a r t ic le - h o le  phonons. The re fo re , the "new" s ta te s  t h a t  may be 

lo ca te d  through pair-exchange reac t ion s  are the p ro ton  p a i r in g  v ib ra t io n s  

a t  5 .3  Mev (1=0) and a t  6 .4  Mev (1=2), and the a lp h a -v ib ra t io n  a t  10 Mev.

The r e la t i v e  pop u la t io n  o f  the 1=2 s ta te  in  Ar^*^ is  not w e ll  reproduced 

by e i t h e r  mechanism.
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Ex J CONFIGURATION Previous Wigner Heisenberg

Estimate processes processes

0®^

2 .61"^

o" g .s . 1 1 1
3‘ (p -h ,3 ) 0.66 0.29 0.16

3.20®^ 5" (p -h .5 ) 1.5 1.1 0.03

4.86®^ o" ( r , n , 0 ) ( a , n , 0 ) 0.44 2.4 0.60

5.22 6" (p -h ,3 )^ 0.01 0.002 0.00001

5.30 o" ( r , p , 0 ) ( a , p , 0 ) 2 .3 0.15 0.32

5.65*^^ 2" ( r . n . 0 ) ( a , n , 2 ) 1.1 0.13 0.04

5.81 8" ( p -h ,3 ) (p -h ,5 ) 0.05 0.005 0.0002

6.37 2" ( r , p , 2 ) ( a , p , 0 ) 1.8 0.13 0.01

6.40
+

10 (p -h .5 )^ 0.04 0.004 0.003

10.16 O'^ír,, n , 0 ) ( a , n ,0 ) ( r , p , 0 ) ( a , p , 0 )  1.0 0.22 0.03

a) State experimental l y  known

b) State experimentally known to  be splitted at &55 MeV and 5.80 MeV.

Estimated t o t a l  cross se c t io n  ( r e l a t i v e  to  g . s . )  f o r  the  re a c t io n

The e x c i ta t io n  energ ies l i s t e d  in  the f i r s t  column 

are in  MeV and the  in c id e n t  energy is  260 MeV. In the  case o f  s ta te s

w ith  two or fo u r  phonons, the  l i s t e d  energy is  the sum o f  the  energ ies

correspod ing  to  the s ing le -phonon s ta te s .  The t h i r d  column d is p la y s  the

phonon configurations of each final State. The fourth column displays

the  rough es t im ate  g iven in  the prev ious workshop using two-neutron

s t r ip p in g  and p ick -up  experiments w i th  l i g h t  ions .

1) D.M.Drake e t  a l . ,  P hys .R ev .Le tt .  ^ (1 9 8 0 )1 7 6 5 .



CALCULATION OF TRANSITION OPERATORS 
FROM REALISTIC INTERNUCLEON FORCES

F. A. BRIEVA

Departamento de Física 
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Universidad de Chile 
Casilla 5487, Santiago, CHILE.

In this work we discuss two methods for calculating the on and o£f-shell 
scattering amplitude for nucleon-nucleon scattering. The main advantage o£ 
these two methods is that any o f the presently available realistic intemucleon 
forces (1-3) can be easily handled, whether they have a hard core or not.
Thus we have a unique and systematic scheme to compare the different intemu- 
cleon interactions and to study how they differ among themselves.

It is well known that all the phenomenological nucleon-nucleon forces are 
defined by fitting the elastic scattering amplitudes for nucleon-nucleon scat­
tering and the deuteron binding energy. However they give different results in 
many-body calculations due to their different off-shell properties. These off- 
shell properties can be studied by calculating the transition operator matrix 
elements for the two nucleón system C“). The transition operators play an 
important role in many-body calculations since they may be used to elimínate 
the reference to the, generally singular, intemucleon forcé.

The transition operator Ct-matrix) is defined by the Lippmann-Schwinger 
integral equation C**)

tCz) = V + V ^  tCz) , . (1)
where z is a coirplex energy parameter, V is the intemucleon forcé and K is the 
kinetic energy operatOT. In order to calcúlate the t-ma;̂ rix elements
< |t(z) jk >, with a plañe wave State of momentum k, we should like to 
discuss two altemative methods;
I) Transform eq. (1) into an inhomogeneous Schrodinger equation (s). in fact, 
if we introduce a correlated wave function | 'F:¡t > for the nucleón pair dtfined 
by

tCz)|t> = , (2)

the correlated State 'Vr>- > is solution of the following equation
k , z
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(K+ V - z) I > = (k̂  - z) I ̂  > . (3)K , Z
We take-fi=M = 1, with M the nucleón mass. Eq. (3), which is a 

Schrodinger equation with a source term, seems particularly suitable to híindle 
hard core interactions as we can easily impose the correct boundary conditions 
in the core región. The momentum space t- matrix elements are given by

< P  t(z)|^>= e'^^’*̂  V(r)^j^J?)dr . (4)
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II) Solve directly the integral equation, eq. (1). In this method it seems 
convenient to calcúlate the t-matrix elements in the mixed coordinate-momen- 
tum representation,

< r |t(z) |í > = V(r) 1<r k>+ <r t(z) k>
and

< P  |t(z) \ t > =  (2tt)-V2 < r tCz)|k>dr .

(5)

(6)
The main reason £or eq. (5) is that we can treat the hard-core potentials as 
easily as the so£t-core ones. Although the potential may have a hard core in 
eq. (5), from a technical (and 
practical) point o£ view, we can 
divide by V(r) provided that it 
does not vanish when we discret^
^e the integral equation in the 
r coordínate. Then the hard 
core problems dissapear.

We have developed Computer 
prograrameŝ to evalúate
< k'It(z)I k > using both methbds.
All the components o£ the nuclear 
interaction have been considered.
Therefore we can calcúlate the t- 
matrix elements in all the pos- 
sible quantum states £or the in- 
teracting nucleons. As an exam- 
ple we show in £ig. 1 the results 
£or the real and imaginary parts 
of the t-matrix £or the singlet 
even State with total angular 
momentum J = O at z = 30 MeV. The 
input potentials are the Reid 
so£t and hard core £orce (2)  ̂
observe in this State that the t- 
matrix elements are very similar 
at low momentum (k,k* < 2£m” )̂ but 
the presence o£ dif£erent cores 
makes a considerable di££erence 
£or the high momentum components.
It is worth mentioning that the 
same calculation with the Hamada- 
Johnston potential (i) produced 
extremely cióse results to those 
obtained with the Reid hard core 
£orce.

As a summary we may say 
that we have at present two very 
accurate methods to evalúate the 
on and o££-shell t-matrix ele­
ments. These matrix elements 
can be directly used as an input

Fig. 1. 0££-Shell behaviour o£ the 
'transition operator in a singlet even 
State.
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£or many-body calculations. They also provide a tool to evalúate effective 
forces.
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ELASTIC SCATTERING FOR HEAVY ION SYSTEMS WITH ALPHA STRUCTURE

R.Lichtenthaler F""̂ , A.Lépine, A.C.C.Villari'*', W.Mittig, V.J.G.Porto

Instituto de Física, Universidad de Sao Paulo 
C.P. 20516, 01000 Sao Paulo, Brasil

It is a well known fact that the elastic scattering angular 

distributions of s-d shell nuclei with alpha structure present strong 

oscillations in the backward angles and a rise in the cross-section for

e = 180°.cm
In order to interpret these oscillations as an interference between

the elastic amplitude and a double alpha transfer amplitudes, the angular
24 12 12 24distributions of the elastic scattering Mg( C, C) Mg and of the

2A X2 16 <20alpha-transfer reaction Mg( C, 0) Ne and Ist. excited state, havegs
been measured at 40 MeV incident energy in the 20°£ 0̂ ^̂  <_ 110° and

20°c angular regions respectively.

The elastic scattering and the alpha transfer reaction angular
1 2 )distributions have been fitted by Frahn's closed formalism * using the

Ericson parametrization for the nuclear S-matrix. This permitted to obtain

all the pertinent paramters: A  , A, o¿ for the elastic scattering >

for the transfer and a normalization factor A which contains the alpha

transfer spectroscopic factor and a dynamic factor.

The coupling between the elastic channel and the double alpha transifer

channel was calculated using the closed formalism expressions derived by
3)Frahn and Hussein , and the parameters determined by the elastic and 

transfer reactions. The results are presented on figure 1. This calculatlon 

shows that the coupling between the alpha transfer and elastic channel can 

account for the intermedíate and backward angle oscillations observed in 

the elastic scattering angular distributions.
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Figure 1
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ELASTIC SCATTERING FOR HEAVY ION SYSTEMS NEAR THE COULOMB BARRIElí
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Instituto de Física, Universidad de Sao Paulo
C.P. 20516, 01000 Sao Paulo, Brasil

The aim of this work is to obtain corrections to the optical

interaction potential in order to reproduce the oscillations observed in the
12 28C+ Si angular distributions.

The elastic scattering angular distributions have been measured at 

21, 23 and 25 MeV from 6^^^= 30° to 150° using a beam

accelerated by the Pelletron Tándem at Sao Paulo. The scattered particles 

were detected by a PSD at forward angles and by a telescope system at back 

angles.

The analysis consits of an iterative method to relate variations in the 

S-matrix with corrections to the optical potential^ \  The lowest order

variation of Sĵ can be written expressed in terms of a perturbation V as:
^ 0 ^  ¿ V (r') (.f') d("
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[ 1 ]

where 6Sj = /\Sjj = S^ - and

áV(r) = AV(r) = V(r) - V°(r)

The valúes of Ŝ  ̂ are given by an optical model analysis of the data 

using a Woods-Saxon potential V^(r).

Expanding ¿V(r) in terms of an arbitrary function f(r) and substituting 

it in the relation [1], one obtains:

¿V(r) = F(r) f(r)

where f(r) is chosen as a Woods-Saxon function. The fit obtained by :he 

first iteration is presented in figure 1.
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Figure 1
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Quantal descriptíon of the discontinuity in Mallmann's plot
A.J.Kreiner
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The first step in the direction of a universal description of grouno

State bands(gsb) of even-even nuclei was given by Mallmann^ who showed
that for a very large class of nuclei, their gbs-energies,when plotted
in the form of energy ratios R^=Ej/E2 (J=6,8) vs R^, arrange themselves
on smooth curves suggesting the existence of a common mode of motion for
all of them. Several semiclassical approaches were proposed to describe
these curves, the most successfull of which is known as the VMl

2 3model ’ . This model gave a surprisingly good description of gsb's of
nuclei ranging from well deformed to near-harmonic and was subsequently

4 5 4extended and shown to include some magic nuclei as well . It was this
last work which revealed .the existence of a discontinuity in Mallmann's
plot implying that two, instead of one, sets of curves were needed.Thcs,
almost all nuclei seem to lie approximately on two disjunct families of
curves in Mallmann's plot separated by a sharp break which may reflect
two fundamentally different types of motion of the nucleus. There
certainly is at the present time a lack of deep understanding of this
striking behavior. In the present work a quantal description is given
for the right hand side of this discontinuity.
In spite of the success of the VMI in the near-harmonic to deformed

región it was shown^ that the centrifugal stretching model^(CSM) gives a
somewhat improved description for so called spherical nuclei(defined
through 1 2 . 0 ) .The idea here is to investígate the valúes of the
ratios Rj but for the most simple quantized versión of the CSM,i.e.:

[ -(fi^/2B)^^^ + ft^I(I+I)/2Bf? (1)
The relevant limit -co corresponds to a situation in which the

system is pushed against the origin with a forcé proportional t o p ^  thus
giving máximum stability to the spherical shape. Eq. (1) gives a
harmonic spectrum for zero equilibrium distance and follows the 1(1+1)
law for Xq ->+00 . The valué of R^ for x^-> -oo is 1.809. This number agrees
remarkably with the smallest valué found in nature namely R,=1.807 for
94 ^Mo, a nucleus which lies slightly beyond the range covered by the VIÍI

90and has 2 protons and 2 neutrons outside the closed core Zr. The 
figure shows the curves obtained(solid) from eq. (1) in a Mallmann plot. 

These curves merge into the VMI ones(dashed lines) for large valúes of
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the deformation running otherwise below
them,giving a somewhat better description
of the data for 1.81<'R^X2.00.

Finally the relation between eq.(l) and
the ^-dependent part of the Bohr
Hamiltonian is investigated. The resu].ts
for an axially symmetric nucleusíY'-degree
of freedom frozen)are also shown in
the figure(dotted)and they give a
description of transitional nuclei of much

less quality than eq.(l). This case is governed by a differential eq. of
the same type as (1) but with a different "effective" angular momentum.

•  .
On the other hand the'í=0, T=30° and the V-unstable vibrator cases almost 
coincide with the results of eq.(l) in the whole range - 0 0 < ^ ^ < 0 , except 
that they end at a someííhat larger valué of R^.

Thus, a coiimon feature of all cases considered is that there is a 
definite endpoint for the ratio(significantly larger than unity), 
resulting from the balance between the forcé which tries to keep the 
system spherical and the opposing centrifugal pressure.beyond which it 
is not possible to go with a single degree of freedom..A quantal 
treatment of a very simple system containing these two basic ingredients 
gives a fair description of the discontinuity in Mallmann's plot.Also 
the cases which are traditionally expected to describe best a spherical 
situation(namely 1f=30° and V-unstable)come relatively cióse to the 
experimental break. The existence of this limiting valué seems to 
reflect a basic property of the rotating-vibrating systems. Nuclei(as 
far as gsb's are concerned) seem to belong to two classes. The first one 
encompasses doubly and singly magic nuclei in the interval liR^fl.8 (and 
possibly some others) and no appropriate description seems possible in 
the framework of the stretching modela considered here. The secor.d 
class, apparently requires the opening of shells for both protons .ind 
neutrons and the underlying mode spans a wide range from spherical to 
well deformed nuclei. The "seed" for this mode(which may be associated 
with a collective degree of freedom) seems to be laid already very near 
to magic numbers and an understanding of the discontinuity in Mallmenn's 
plot from a more fundamental point of view might provide clues for the 
understanding of the phenomenon of deformation itself. Attempts are
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underway to reproduce microscopically this feature^^ Meanwhile the 
significance of the striking accuracy with which solutions of eq.(l)g:Lve 
the valué of the break-point in Mallmann's plot and the dynamics 
associated with this eq. remains to be assessed.
1 C.A.Mallmann.Phys.Rev.Lett.2(1959)507.
2 M.A.J.Mariscotti, Brookhaven National Laboratory Report NO.

BNL-11838,1967(unpublished).
3 M.A.J.Mariscotti,G.Scharff-Goldhaber,and
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4 M.A.J.Mariscotti,Phys.Rev.Lett.24(1970)1242.
5 G.Scharff-Goldhaber and A.S.Goldhaber,Phys.Rev.Lett.24(1970)1349.
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Structure of Ir and general conditions for decoupling in doubly odd 
nuclei

D.DiGregorio, A.J.Fendrik.and A.J.Kreiner
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J.Davidson and M.Davidson
Departamento de Fisica,FCEYN, Buenos Aires

186Nothing was known until now about the structure of Ir except tlie
existence of two long lived isomeric states of spin-parities (2 ) and
5(+). In this contribution we discuss the first results obtained fcr
this nucleus from in-beam T-ray spectroscopy experiments performed Ln

186two different laboratories. Ir was populated using the
^®^Ta(^Be(40-55MeV),3n) and the ^^^Re(0<(55MeV),5n) (carried out at the
Brookhaven National Lab.Tándem and at the Buenos Aires Cyclotron
respectively). The most, interesting result is a cascade of five
transitions( energies are 117.1,241.3,362.0,473.6, and 574.0 keV)
showing positive anisotropies. This result together with the lack of
cross-over transitions indícate the quite uncommon existence of a
decoupled band. Since the (H.I.,xn) reaction brings a sizable amount of
angular momentum into the compound system the feeding is most likely
predominantly into the 5(+) state. Henee,the available evidence suggests
the presence of a band with a spin-parity sequence 5(+),7(+),9(+),etc.It
is known^ that in doubly odd systems involving high-j excitations for
both protons and neutrons, decoupling(i.e. L l = 2  bands) exists only if

2both partióles satisfy the conditions for decoupling.In the presenr. 
case.however,the existing Information about intrinsic states in
neighboring odd-mass nuclei only offers a decoupled band for protons,

^ 185namely the TT'hg^^ °dd Ir isotopes. In particular, in Ir the ground
State band is based on this excitation^. On the other hand, k ’̂ =1/2

4states of low spin parentage are known for the neutrons. The coupllng 
of these two types of states and the conditions for decoupling for sach 
a system are studied. Also in this case it is concluded that to have 
AI=2 behavior in the odd-odd nucleus it is necessary that both 
participating partióles decouple.The figure shows the level structure 
obtained from a two-quasiparticle plus rotor calculation,neglect^ng i:he 
p-n residual forcé,for the ® ''(K*̂  = l/2 )-system as a function of

186
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the ratio between the two decoupling parameters a l a ,  The dotsn p
correspond to the experimental points and it is seen that the present
theoretical framework is able to provide a natural explanation for the

186situation encountered in Ir.

1 A.J.Kreiner.Z.Physik A288(1978)373.
2 F.S.Stephens.Rev.Mod.Phys.47(1975)43.
3 S.Andre et al..Phys.Rev.Lett.38(1977)327.
4 Table of Isotopes.Ed.C.M.Lederer and V.Shirley,1978(J.Wiley&Sons)



AN INTERACTING QUARTET-BOSON MODEL 
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An alternative boson model is proposed for the description of

positive-parity spectra in heavy even-even nuclei. The building blocks

of this model are obtained by grouping the valence neutrons and protons

into as many quartets (Q) as possible, and the remaining alike nucleons

into pairs^^ (P)• Both quartets and pairs are then represented by s- and
2 )d-bosons, in analogy to the Interacting Boson Model (IBM) . The 

attractive features of such a model are: a) The quartets include the 

neutron-proton (n-p) interaction, leading to a model in which the 

strongest part of the nucleon-nucleon forcé is included automatically;

b) Its relative simplicity, since the number of bosons is quite smaller 

than in the IBM.
1 3)The n-p interaction is responsible for nuclear deformation * , it 

is expected that the Q-bosons will be responsible for the rotational 

features of the spectra, while the P-bosons will give rise to the 

vibrational patterns.

The model is applied as a first State to the very fashionable case
1of Er, with nine Q-bosons (Nq =9). Experimentally its spectrum is

4)known in great detail, including nine positive parity K-bands
4 5)Theoretically, it has been the subject of several recent studies *

The most general Q-Q Hamiltonian contains in this case only six 

paramters and the small size of the energy matrices allows for a 

least-square search of them. Thirty-three experimental energy levels 

were included in the search, with a r.m.s. deviation of only 50 keV. The 

results are compared with experiment in Table 1.
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168,Experimental and calculated positive-parity energy levels of Er

TABLE I

Kn J Eexp
keV

\ a l
keV

Kn J Eexp
keV

^cal
keV

0 0 0 0 1422 1412
2 79 77 2 1493 1526
4 264 255 4 1656 1584
6 548 536 6 1902 1792
8 928 919
10 1396 1404 3 1653 1722
12 1942^ 1994 4 1736 1650
14 (2564) b.d)26^4 5 1839 1715
16 ------ 3520 6 1961 1904
18 ____ 4491 7 ------ 1988

2 821 868 22 2 1848 1775
3 895 937 (3) 1915 1961
4 994 1033 (4) 2002 1927
5 1117 1150 5 2108 2035
6

7
8 
9

10

1263
1432
1624

1288
1452
1642

( 1836)^’ ‘^^851

( 2071)^**^^2081

2 1930 1942
(3) 1994^^ 2398
4 2080 2077

2030 2087
0 1217 1185

2055^^2 1276 1262 4 4 2272
4 1411 1426 5 2169 2172
6 1616 1692
(8) (1890)^^ 2034 c) 0 ------ 1892

c) 0 ------ 2216
c) 2 2137 2119



Also BE(2) relative transition rates were calculated and found in 

good agreement with experiment except for the transitions from the odd J 

memberfe of the gamma-band. This may reflect the influence of a g-boson, 

or indícate that the calculations should be performed with N^=7 and Np=2 

rather thanwith Nq =9, since in the later case the protons exceed the 

middle of the shell.
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"Cluster of nucleons as elementary modes of excitation in nuclei"

+ * + G.G.Dussel , R.J.Liotta and R.P.J.Perazzo

Departamento de Física, CNEA 
Avda. del Libertador 8250,1429.Buenos Aires

Nuclear spectra have frequently been described in terms of

elementary modes of excitation involving clusters of nucleons^^An

example of such modes is the use of pairs of nucleons coupled to J=0,T=1
2)3)superfluidity and pairing vibrations .This 

cluster of two nucleons forms the building block which accounts for the 

collective aspects associated with two-particle correlations in 

nuclei.Pairs of nucleons coupled to higher angular momenta were also 

considered many years ago^^^^and revitalized more recently within the 

IBA^^ in which the ground states of even nuclei are described as a 

condénsate of pairs of nucleons carrying angular momenta O(s-bosons) and 

2(d-bosons).

A microscopic approach in the same direction is provided by the

multi-step shell-model method^^(MSM), where clusters are succesively

added to an inert core. The size of the cluster can be left free within

reasonable limits. The MSM provides an amenable procedure to deal with

heavy systems where standard shell-model calculations are not feasible.

The existence of excitation modes with larger number of partióles
8 )was considered within the quartet model some years ago. Within this

picture the building blocks are «(-clusters. The reason for this choice

was clearly suggested by the large stability of the -particle , and

models using this cluster have been applied since the early times of 
9)nuclear physics . The quartet model had a reasonable success in the



description of low energy features of nuclear spectra of light nuclei (A- 

50).
Elementary modes of excitation must be constructed so that the 

effective interaction among them is as small as possible while the 

energy gained (correlation energy) in their construction is as big as 

posssible.In order to study the correlation energy it is useful to 

define

S(A,S A)=B(A+S^A)+B(A-Sa )-2*B(A)

where B is minus the binding energy (i.e.,they are negative numbers). If 

^A is taken to be one nucleón,S(A,1) represents the two-quasiparticle 

energy. Although this eq. is generally used to support the 

interpretation of pairing modes as elementary degrees of freedom in 

nuclei^^\it does not give a direct measure of the interaction between 

the correlated clusters ^A. The importance of this interaction is 

better seen by defining the quantity

C ( A , S a ^ . Í A 2) = S(A, rA^)+S(A, $A^) - S(A, Í a ^+Í’a ^)

A cluster S*A can be considered as a relevant mode of excitation 

when C(A, ^Aj^.Ta^) is positive for all possiible partitions of f k  into 

the fragments and ^A^. It is enough that one combination of J" A^

and ^A2 gives negative valúes of C to invalídate the cluster S A as a 

possible building block.because in this case it would be energetically 

favorable to use the uncorrelated configuration. The only cluster of 

four nucleons to fulfill this condition throughout the periodic table is 

the o(-like cluster, which includes two neutrons and two protons.One 

may think that other cases, like the four neutrón cluster,should have
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some relevance since the pairing interaction Is very important in this 

case. However, since for identical nucleons

C(A,2,2)= 2 S(A,2)-S(A,4)=2 S(A,2) (l-R(A)/2)

and R is always larger than 2 ,C(A,2,2) turns out to be always 

negative.This is a manifestation of the blocking induced by the Pauli 

principie. In fact, of all possible four-nucleon clusters the «’̂ -like 

cluster is the one which feels less that blocking.
O oIn figs. 4 (a) and 1 (b) we show C(A,n ,p ) and C(A,d,d),

2 2respectivelyjwhere n (p ) indicates the two-neutron (proton)cluster and 

d indicates the deuteron cluster.In both cases C is always positive, 

showing that the ot-cluster gains energy over the uncorrelated T=1 and
3

T=0 pairs. The quantities C(A,t,p) and C(A, He,n) are also always 

positive and of the same order of magnitud than C(A,d,d). One can thus 

consider the £><-cluster as an elementary mode of excitation that 

includes simultaneously the T=0 and T=1 channels of the residual 

interaction. In fact, when an «¿-cluster is built as two T=1 pairs (fig.-f 

(a)) one may expect that the pairing correlations are already contained 

in these pairs giving a small valué of C.

In this work we have studied different possible modes of 

excitation as clusters with more than one particle. The correlation 

aspects as well as the energy gained by these modes were analysed in 

terms of simple criteria associated with experimental binding energies. 

We have thus found for the two-particle cluster the known normal and 

superconductive behaviour of nuclei. However, we have also found that 

protons tend to behave as better superconductors than neutrons.

The application of the same criteria to more complex clusters, 

showed that only ^-like clusters can be considered as elementary 

modes.This suggests that the best way to study microscopically nuclei
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away from magic numbers.would be first to maximize the number of 

o(;-clusters. Afterwards one must bring in pairs of identical partióles 

and, if necessary, consider, finally, the corresponding one, two ot 

three partióle cluster.
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LIFETIMES IN

R.M.Anazawa, M.Rao, W.Seale and R.Ribas

Instituto de Física, Universidad de Sao Paulo 
C.P. 20516, 01000 Sao Paulo, Brasil

Levels in ^^Zr were populated upto an excitation energy of about
882.2 MeV by means of the Sr(a¿,n) reaction. Angular distributions and 

excitation functions (E^=9,2-10.8 MeV) of the gamma spectra were measured. 

The ground state transitions from the 1.205, 1.A66, 1.882, 2.041 and 

2.132 MeV levels show appreciable Doppler shifts and should yield 

measurable lifetimes for these levels. The known B(E2'^) valué for the 

1.205 MeV transition leads to a lifetime of a factor of 4 larger than a 

previous DSAM measurement.
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ENERGY LOSS OF Ag lONS IN SOLIDS 

M.Rao, W.Seale and R.Ribas

Instituto de Física, Universidad de Sao Paulo 
C.P. 20516, 01000 Sao Paulo, Brasil

The -measurements of the energy loss of heavy ions recoiling in foils 

of different atomic numbers (reported last year) have been completed. Now 

we have data for Ag recoiling in Al, Ti, V, Fe, Ni, Zn, Zr and Pd. In each 

case the energies of the recoiling Ag ions vary between ^ 9 0  t:o 

vi60 keV/AMU.

In the past year a program has been adapted to simúlate the gamiaa 

line shapes resulting from the influence of the slowing down of recoiling 

ions. A Monte Cario analysis takes into account the effects of particle- 

gamma angular correlations, finite detector size, and nuclear and 

electronic slowing down of the proyectiles in the target and in tlie 

stopping médium.
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THE UPGRADE OF SADE

M.D.Ferraretto and S.D.Paciornik

Laboratorio Pelletron, LSI-Laboratório de Sistemas Integráveis 
Universidade de Sao Paulo, Brazil

1. Introduction

SADE (Stochastic Data Acquisition System for the Sao Paulo 

Pelletron L a b o r a t o r y ) w a s  designed and built in the early 70's and has 

been operational for the last ten years. In the beginning a Honeywell 

DDP516 ran a stand alone program that supervised data storage and 

reductlon in a multichannel basis. Afterwards an IBM/360-44 was linked 

to the system to supply software and mass storage. The front-end 

interface is fast and flexible allowing that 5 ADC's be scanned.

2. Today*s Situation

After the development of a logical device that softened the task of
2)multiparametric data collecting , this experiment mode became more

frequent at the laboratory. This device allows the specification of a

subset of the 5 ADC's as elements (parameters) that belong to an "event"

where the reading (but not arriving) sequence and timing (time window)

may be predefined in a simple way. Data acquired in this way are stored

on /360 mass storage for afterwards reduction and exhibition in the form
3)of bidimensional density plots . A primitive on lina exhibition is 

still possible through the one-dimensional oriented CRT station.

3. Evolution

3.1 Development in Course

The DDP516 was installed with 12 k words of 16 bits. This memory

was extended to 16 kw and the next 16 kw (32 kw is maximun capacity) are



now being built. This extensión aims at the real time exhibition of 

multidimensional spectra, but will also allows for improvements in 

man-machine interface.

A 24-bit word Computer -PADE (Stochastic Data Acquisition
4)

Processor) built at the laboratory was attached to the /360-44 and to 

a graphic terminal (TEKTRONIKS 4014) and is being supplied with graphic 

support software.

3.2 Short Term

An intelligent graphic terminal (TELA) designed to display up to 

32 K points (flicker free) will be linked to the lab's computers. It 

will be dedicated to on line processing, relieving the TEK 4014 from 

this task. A semi-interpretative language was designed to ease 

interaction with arriving data, providing also commands for file 

handling and graph manipulation. Teminal's architecture is adherent to 

2-dimebnsional density plots exhibition but supports incremental 

plotting and graph mode.

A small subsystem designed to collect non-reaction Information 

about the experiment will be included to permit fast logging of scalers, 

timers, etc. This device (DATAWAY) is under test (first module) and 

software for its support will be included in SADE's new release.

The oíd /360-44 is under change by a 2 Mb-4341 which is supposed to 

have enough processing power (~1 MIPS) for the increased system's load.

3.3 Médium Term

A 384 Kb memory will be added to PADE's to permit spectra 

manipulation for graphic purposes. A hardware event processor (around 

bit slices) with capability to fast select events pertaining to a subset 

of the n-dimensional space defined by parameter cluster will be
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installed at the acquisltion system's input port outperforming software 

based raw data processing.

3.4 Conclusión

The SADE, through the modifications exposed above seems still to 

exhibit certaln longevlty. The biggest menace the system faces is the 

3ging of DDP516 for which maintenance needs may grow out of control. It 

is cogitated a complete reformulation of the acquisition facilities 

including substitution of DDP516 and its link to /360 by a self 

contained machine with a modern software design philosophy: high level 

languages and data base orientation.
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CORE POLARIZATION EFFECTS ON THE MAGNETIC FORM FACTOR OF ^^0

S.L.Reich

Departamento de Física, CNEA 
Av. del Libertador 8250, 1429 Buenos Aires, Argentina

and

J.P.Vary

Department of Physics, Ames Laboratory 
lowa State University, Ames, lowa, U.S.A.

The magnetic form factor of ^^0 (ground state) has been determined^^ 

using elastic electrón scattering. It is connected to the magnetic 

multipole operator T. (q) by:
T '

For elastic scattering, the 5 / 2 ^  ground state of ^^0 allows the 

transverse multipolarities M1,M3,M5. Using one body currents for the 

evaluation of T ^ ^ q )  and assuming the ^^0 to be a puré single particle 

State on top of an inert core, theoretical form factors were evaluated; the

results show a considerable discrepancy with experimental data.
2 3)Two basic corrections are introduced ’ ; one is to include in the 

magnetic multipole operator the effects of two body mesón exchange 

currents; the other consists in taking into account core polarization 

corrections. The pión exchange currents tend to produce an overall (biit 

little) enhancement of single particle valúes. Calculations including up 

to second order core polarization effects are reported. This were 

evaluated using a G matrix obtained from a Reid soft core potentail. 

Corrections thus induced, do not improve significantly the agreement 

with experimental points.



The idea of the present calculation is to evalúate up to second orcer 

effects, that do take into account explicitely the correlations already 

present in the core; as can be observed in the spectra of the ^^0. This is
4)done within the formalism of the Nuclear Field Theory (NFT) . The coupling 

between fermionic and bosonic degrees of freedom is given by

where Oíij. is related to the boson creation (annhilation) operator c"*]., (Ct-) r  y e  ^<c

>“ - í £ Í -
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The single particle form factor K^(r) is taken to be the derivative of the 

central Woods-Saxon potential. The fermion basis has an harmonic oscillator 

radial dependence, and the eigenenergies are the experimentally known from 

odd neighbour nuclei. The boson parameters are deduced from measured B(EA), 

electrón or hadron scattering, or theoretically calculated for giant 

resonances.

Comparison with experimental curves show, the large effects of core 

polarization, which reproduce the correct trend although disagreement for 

large valúes of q (momentum transfered) continúes. The fact that the 

agreement is considerable better than second order effects calculated with 

realistic forces; points to the conclusión that the renormalization 

procedure implied in the evaluation of the G matrix probably does not t£.ke 

into account the large collective surface oscillations already present in 

the core.
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