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ABSTR/ CT 

A s e r i e s or l e c t u r e s i s p r e s e n t e d on exper imenta l s t u d i e s of heavy-ion 

rus ion r e a c t i o n s with emphasis on the r o l e of n u c l e a r s t r u c t u r e in t h e fusion 

mechanism. The experiments considered are of t h r e e t y p e s . The fusion of 

l i g h t e r heavy ions (A < 20) at subcoulomb ene rg i e s i s s t u d i e d with in-beam 

7-ray t e c h n i q u e s , the s u b b a r r i e r fusion of 0 and Ar with the i s o t o p e s of 

samarium i s de t ec t ed out of beam by x - r a d i a t i o n from delayed a c t i v i t y , and 

measurements at very high e n e r g i e s , again for the l i g h t e r i o n s , employ d i r e c t 

p a r t i c l e i d e n t i f i c a t i o n of evapora t ion r e s i d u e s . 

The exper imental data a re compared with p r e d i c t i o n s based on t h e fusion 

of two spheres with the only degree of freedom be ing the s e p a r a t i o n of the 

c e n t e r s , and which i n t e r a c t v i a p o t e n t i a l s which vary smoothly with changes 

in the mass and charge of the p r o j e c t i l e and t a r g e t . The data e x h i b i t large 

d e v i a t i o n s from these s y s t e m a t i c predic t - : ons . ( i ) In the case of fusion with 

the i s o t o p e s of samarium, a p o r t i o n of these d e v i a t i o n s ran he understood in 

terms of the changing deformation of the t a r g e t n u c l e u s , h i t an a d d i t i o n a l 

degree of freedom such as neck formation appears n e c e s s a r y . ( i i ) The r e s u l t s 

on B + 0 and C + N •+ Al at high bombarding ene rg ie s i n d i c a t e n 

maximum l i m i t i n g angular momentum c h a r a c t e r i s t i c of the compound nuc l eus . 

At lower ene rg ie s the n u c l e a r s t r u c t u r e of the c o l l i d i n g io';5 ..jems t o a f fec t 

s t r o n g l y the cross s e c t i o n for fus ion . The r e l a t i v e importance of an en t r ance 

channel versus a compound nucleus l i m i t a t i o n i s not always c l e a r , however, nn 

e f f e c t i v e or s t a t i s t i c a l Yrast l i n e may l imi t the cross s e c t i o n ". n L-nmc- .-i:;es 



- 3 -

(e.g. in C + C) but not in others (new data for B + N). ( i i i ) 

Measurements made at subbarrier energies for a variety of project i le- target 

combinations in the lp and 2s - Id shell also indicate that the valence 

nucleons can affect the energy dependence for fusion. About half the 

systems studied so far have structureless excitation functions which follow 

a standard prediction. The other half exhibit large variations from this 

prediction. The possible importance of neutron transfer is discussed. The 

1-wo center shell model appears as a promising approach for gaining a 

quali tat ive understanding of these phenomena. 

In summary, nuclear structure is seen to be an important factor governing 

the cross section for fusion in the experiments considered here. 
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I . Introduction 

This series of lectures will cover three types of experiments on the 

fusion of heavy ions. In each case i t appears that the nuclear structure 

of the project i le and target or the evolving compound system affects the 

cross section for fusion in a different manner. 

The remarkable feature of the fusion of heavy nuclei [indeed a 

comp'^x process, from the microscopic point of view) is that we can 

paramet"" ze i t s gross features rather simply. This fact, taken alone, 

might suggest that fusion t e l l e us l i t t l e . However, measurements have 

been extended and refined in the past decade, and in almost every case, 

have revealed deviations from the gross features which are sizeable and 

have significant implications for nuclear s t ructure. Our understanding 

of nuclear s turc ture ' s role in fusion is s t i l l at a rather qual i ta t ive 

level. We arc far from the stage of measuring a fusion cross section 

and deducing from i t , through knowledge of the reaction mechanism, 

quantitative information on nuclear s t ructure . The objective is thus to 

discover how nuclear structure affects a par t icular reaction mechanisim, 

fusion. In pursuit of this we will draw freely on the knowledge 

obtained from the study of other types of reactions (e las t ic and inelas t ic 

scat ter ing, coulomb excitat ion, f iss ion) , from spectroscopy and, of 

course, from theory. 

'[here may also be a number of positive side effects accruing from 

our efforts to understand the reaction mecaanism. Fusion is the sine 

qua non for producing many heavy nuclei whose structure we wish to 

study (see the lectures by R. M. Diamond, S. Vigdor, E. Roekel and 
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N. Cindro). In a broader sense, fusion is responsible for the generation 

of energy in s t a r s , has produced [in s t e l l a r explosions) the elements 

which make up the solar system, and may even prove to be a controlled 

source of energy in the next century. We hope that an eventual understand

ing of the relationship of nuclear structure and heavy-ion fusion will make 

contributions extending beyond the narrow limits confining these lectures. 

The three types of experiments to be discussed are: 

(i) a series of fusion excitation functions for light ions 

(e.g. Be, B, C, N, 0) fusing with comparable mass targets . The bombarding 

energies extend as ^ar as possible below the bar r ie r . 

( i i ) measurements for a selected number of the above systems 

[e.g. ON, B*-0, N+B) extended to e n e ' J e s as far as possible above the barr ier . 

f i i i ) a study of the fusion of 0 and Ar with the spherical and 

deformed isotopes of a rare earth eminent, Sm. 

A brief description of the different experimental techniques used 

in each type of measurement will be given. Before embarking, however, 

i t will be useful to consider some general remarks on fusion, what we 

mean by i t , and how we can parametrise ani predict i t . 

I I . Models and Methods 

A. Definitions 

The term fusion is sometimes MSP-1 quite generally to mean any process 

in which the project i le and target interact strongly such that some 

degrees of freedom reach equilibration. We wish to be more specific 

here. Fusion means the complete amalgamation of the target and project i le 
The manuscript is not intended to be a review a r t i c l e . With some notable 
exceptions, the data presented here are drawn mainly from the work of the 
author and his colleagues (see acknowledgements). While frequent reference 
is made to other authors, the references cannot be as comprehensive or 
complete as in a review a r t i c l e . 
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( i .e . full momentum transfer) to form a compound system which attains 

complete equilibrium in all degrees of freedom. The only memory the 

system retains of i ts formation is through conserved quantities such 

as mass, charge, energy, angular momentum and, possibly, isospin. 

Thus, we are talking about Niels Bohr's compound nucleus. 

It is one thing to define fusion; i t is another matter to verify 

experimentally that the conditions of the definition have been satisfied. 

Thus, the meaning of fusiun becomes operational, and refers to inter

actions whose products are consistent with the predictions of models 

for the decay of equilibrated systems. The Hauser-Feshbach (or 

statistical) theory of the formation and decay of the compound nucleus 

is generally used for this purpose. 

B. Partial Waves 

The semiclassical nature of heavy ion reactions at non-relativistic 

energies justifies the approximate classification of reaction mechanisms 

according to impact parameter, as shown in Fig. 1. Since fjsion can 

occur fclassically) only at energies and impact parameters for which the 

nuclei overlap sufficiently for the nuclear forces to overcome Coulomb 

repulsion, fusion occurs for the smaller impact parameters. 

For all reactions except elastic scattering, we may write 

2 

°x - C2S.+ff(2S,-U) £ £ f 2 J + ] ) T l j ™ 
1 2 1 3 



1/ 

COULOMB SCATTERING 

NUCLEAR ELASTIC 

INELASTIC SCATTERING-

INCOMPLETE TRANSFER-

FUSION-

Fig. 1. Schematic c l a s s i f i c a t i o n of nuc lea r r eac t ions 
according to the impact parameter b or o r b i t a l angu la r 
momentum 1. The wave number i s denoted by k. 
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where x l a b l e s the r e a c t i o n mechanism ( fus ion , deep i n e l a s t i c s c a t t e r i n g , 

t r a n s f e r e t c . ) , S. and S , a re t h e ground s t a t e sp ins of t h e p r o j e c t i l e 

and t a r g e t which couple with the o r b i t a l angu la r momentum Jl t o p rodrce a 

t o t a l angular momentum J . In most cases ( sp in zero r e a c t a n t s , Z » S , , S - , 

a n e g l i g i b l e sp in o r b i t force) i t i s s u f f i c i e n t t o w r i t e . 

° x = ^ X ) C2JI+1)T£ (2) 
I 

Models for fusion thus p r e d i c t the quan t i f y T„ , t h e p r o b a b i l i t y t h a t 

a given p a r t i a l wave or impact parameter w i l l fuse . 

C. Main Assumptions 

The i n g r e d i e n t s of any fusion model a r e t h e phys i ca l assumptions 

and approximations which enable one t o s p e c i f y the i n t e r a c t i o n p o t e n t i a l 

as well as any a d d i t i o n a l c r i t e r i a for fus ion , i f t he se a re not a l r eady 

conta ined in the p o t e n t i a l . These approximat ions a re ( u s u a l l y ) : 

1) s p h e r i c a l symmetry, such t h a t t h e i n t e r a c t i o n p o t e n t i a l i s 

a funct ion only of the r a d i a l s e p a r a t i o n of the cen te r s of t h e n u c l e i . 

The problem i s thus reduced t o one dimension. (Refer to F ig . 2. in the 

fol lowing d i s c u s s i o n . ) 

2) the mass parameter a s s o c i a t e d with t h e c e n t r i f u g a l degree of 
2 AjA, 

freedom i s y r v;he:c u = -r—j . Again, the i n t e r n a l degrees of freedom 
V A 2 

of the r e a c t i n g nuc le i a re suppressed . 
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Fig. 2. Schematic i l l u s t r a t i o n of the phys ica l concepts de te rmin ing 
fusion c ross s e c t i o n s . Fig. 2(a) shows the r e a l n u c l e a r p o t e n t i a l 
for seve ra l impact parameters (J-i-SU) . The f i t t e d l i n e i n d i c a t e s 
the Coulomb p o t e n t i a l , t he dashed l i n e s the c e n t r i f u g a l p o t e n t i a l s . 
P a r t i a l wave H4 i s r e f l e c t e d and does not fuse ( o r b i t a ) . P a r t i a l 
wave £3 i s t r apped and fuses in a model i n c u - p o r a t i n g d i s s i p a t i o n 
in the region between RB and R C R . This i s i n d i c a t e d by o r b i t b . 
I f p e n e t r a t i o n to the c r i t i c a l d i s t a n c e R C R i s r equ i r ed for fus ion , 
only the p a r t i a l waves with I < <L2 w i l l fuse . At low bombarding 
e n e r g i e s , quantum mechanical p e n e t r a t i o n of the i n t e r a c t i o n b a r r i e r 
VlRg) w i l l determine the fusion c ross s e c t i o n . Another way of 
e f f e c t i n g absorp t ion i s t o r ep l ace the imaginary p o t e n t i a l with an 
incoming-waves-only boundary cond i t ion at r = RJIVB- (F ig . 2 ( b ) ) . 
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D. Real P o t e n t i a l s and D i s s i p a t i o n 

The p o t e n t i a l d e s c r i b i n g the i n t e r a c t i o n of the n u c l e i i s non-

conse rvn t ive . Figure J impl ies t ha t the g r e a t e r the mass o v e r l a p , the 

s t r o n g e r the d i s s i p a t i v e (or imaginary) p o r t i o n of the p o t e n t i a l . Both 

the r e a l and the imaginary pa r t of the p o t e n t i a l determine whether a 

gi ven pa r t i al wave wi 11 fuse . 

'Hiore arc many ways t o c a l c u l a t e the n u c l e a r p a r t of the r e a l 

p o t e n t i a l . (This i s one avenue by which n u c l e a r s t r u c t u r e e n t e r s the 

problem). There a re microscopic models ( fo ld ing , two c e n t e r s h e l l 

model *" TDIIF ) and macroscopic models ( l i q u i d drop ' ) . Tn the case of 

microscopic model:; the i r t c r a c t ions sometimes can be c a l c u l a t e d from f i r s t 

p r i n c i p l e s , i . e . from the nucleon-nucleon fo rce . 

The imaginary p o t e n t i a l i s much more d i f f i c u l t t o c a l c u l a t e o r , in 

o the r words, the approximations which must be made arc more s e v e r e . 

Because of t h i s the imaginary p o t e n t i a l i s nea r ly always t r e a t e d 

phcnomenological ly . Fur thermore, p r a c t i c a l c o n s i d e r a t i o n s such as 

s i m p l i c i t y and computing cos t s have favored the replact-mont of the 

imaginary p o t e n t i a l with an ad hoc c r i t e r i o n for t h e fusion of nuc le i 

i n t e r a c t i n g only through conse rva t i ve f o r c e s . This c r i t e r i o n can t ake 

seve ra l forms such as an incoming wave boundary cond i t ion , a c r i t i c a l 

angular momentum" ' or p e n e t r a t i o n t o a c r i t i c a l r a d i u s . * 

One may a l s o so lve the c l a s s i c a l equa t ions of motion for a p o t e n t i a l 

11 12 with d i s i p a t i v e terms * , i . e . with r a d i a l and t a n g e n t i a l f r i c t i o n . 

Those o r b i t s which become t rapped in the pocket of the r ea l p o t e n t i a l 

a re a s s o c i a t e d with fus ion. (In the case of very heavy n u c l e i , t h i s may 
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not correspond to complete amalgamation of the target and p ro jec t i l e ) . 

The dissipative terms are usually phenomenological, although some 
13 microscopic estimates of the frictional coefficients have been made. 

H. Methods and Approximations for Calculating G- . 

Once the model has been specified, there s t i l l remain a number of 

different methods or approximations for obtaining the transmission 

coefficients, T. . The most complete way in which this might be done 
14 is with the method of coupled channels. Interactions for al l 

processes except fusion would enter explicity into the Hamiltonian, 

with fusion represented b/ the imaginary potent ia l . This extreme is 

not prac t ica l , of course, and t ' 2 degrees of freedom treated expl ic i t ly 

an- usually 1 imite." to low lying rotational or vibrational excitations 

and, possibly, giant resonances. 

rhc next stop in simplifying the problem is to integrate the 

Sc'irSdiii^cr equation for a complex potential with no coupled channels. 

In this case the imaginary potential represents not a l l ine las t ic 

interactions but only those leading to fusion. Although "optical model" 

codes perform this numerical task, one should not confuse th is procedure 

wi-h 'he optical model. The potentials in the l a t t e r case should 

reproduce ela ic scat ter ing, and the absorption cross section is the 

total reaction cross section, not necessarily o -
' J fus 

Because of the additional free parameters associated with a 

phrnomenologi cal representation of the imaginary potentia 1, many authors 

have chosen to localise the imaginary potential within the classically 

forbidden i<_gion of the real potential (r < r. , Fig. 3) and to assume 



h ~- e x P 2 J r/z Z/+ K(D- c m . dr (JWKB) 

t j = exp 2 i r (Vj ( R B )-Ec.m.) (H i l l -Wheeler ) 
TuJT 

Fig. 3. T^e JWKB approximation for the calculation of fusion cross sections. 
The ;".ransmi"sion coefficient T ? = (1 + ^i)'L is obtained under the 
assumption that complete absorption occurs in the interior 
region, r < r^ . For energies near the barrier, the potential can be 
:ip|"-*oximated by an inverted parabola, in which case the Hill-Wheeler 
express!on appli es. 
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complete absorp t ion in t h i s r e g i o n . With t h i s incoming-waves-only 

boundary c o n d i t i o n , the r e a l p o t e n t i a l completely s p e c f i e s the problem. 

S imi l a r t o t h i s i s the .TWKB approximation in which T *' i s given by. 

,.fus = _1 

(3) 

S. c m . 

T e " i + t 4 

= o x p 2 y , f ^ I | V „ W - R _ | 1 / 2 d r 

All of these approximat ions s t i l l involve an i n t e g r a l which must be 

eva lua ted in general by numerical methods. Tf the shape of the p o t e n t i a l 

can hr ;ipnroxi mated b) an inve r t ed pa r abo l a , then the Hi 1 1 -Wheeler 

express ion appl ic:. 

(V.fr 1-U ) „ £ max c m . , _. 
H = c x p 2 T I E7 t

 f 4 ) 

where „ . 

Often, the change in t h e l oca t i on of the b a r r i e r with £ i s n e g l e c t e d , 

and r = R„. As i n d i c a t e d q u a l i t a t i v e l y in Fig. ?> and q u a l i t a t i v e l y 
max B M / & M 

in l : ig . 4 for a number of systems, the p a r a b o l i c approximation i s good 

in reg ions near and above the b a r r i e r . At s u b b a r r i e r e n e r g i e s , i t w i l l 

give t r ansmis s ion c o e f f i c i o n t s (and hence cross sec t i ons) whi cb arc 

r e l a t i v e l y too l a r g e , s i nce the p a r a b o l i c b a r r i e r i s too t h i n . Equations 

3 through 5 and f i g . 3 do i1 lus t r a t e t h a t the fusi on c ross sec t ion in 

the v i c i n i t y of the b a r r i e r can be parametr i sed i n t e r m s of t h r e e 

independent q u a n t i t i e s , the h e i g h t of the S-wave b a r r i e r , t h e " c u r v a t u r e " 
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e f the h a r r i e r as expressed by the o s c i l l a t o r energy hw and the moment 
2 

of i n e r t i a in the c e n t r i f u g a l term, 2u r 
s ' K max 

In a classical approximation, T. is either zero or unity depending on 

V max 

i V(r ) I 
1 _ m a x 

and only two parameters determine a . Figure 5 i l l u s t r a t e s the app l i ca 
t ion of t h i s "1/H " formula, 

c. m. 

The concepts of qi.antum mechanical b a r r i e r p e n e t r a t i o n at low 

enerj'.i cs , the c l a s s i c a l " 1 / b " behavior al e n e r g i e s not too far abo , r e the 

b a r r i e r , and the requirement of p e n e t r a t i o n t o a critical radius a r e 

combined in the five parameter formula of Glas and Mosel. The inner 

c r i t i c a l radius R def ines a c r i t i c a l angular momentum S. , given by 

2uR2 

1 c h 2 I c m . £=o crJ j 

lite height of the ou t e r h a r r i e r i s s p e c i f i e d as usvnl by 

h22(£->-i) 

2MR B 

fns ~ ** 2 ^ ( - U + l ^ l * cxp|^ ^ j j 

r i c u r e (> i l l u s t r a t e s the c h a r a c t e r i s t i c bohavior of o . in the d i f f e r e n t ^ fus 

cno ri;y regi ons . 
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, LOW ENERGIES 

2 / "<*«•> 
fus cr I ' , HIGH ENERGIES 

' fus 

Pig. (). 111 ust r a t ion of the parameter dependence of HI as ' 
and Mosel 's formula for the fusion c ross s e c t i o n . ^ ' 
The do t ted l i ne s show tho e f fec t of the cu rva tu re of the 
p o t e n t i a l in tho r e s p e c t i v e b a r r i e r r e g i o n s . 
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F. Nuclear S t r u c t u r e and Microscopic E f f e c t s . 

The foregoing d i s c u s s i o n has d e l t b r i e f l y with some of the methods 

for d e s c r i b i n g the magnitude and energy dependence of fusion cross s e c t i o n s . 

Should i t prove p o s s i b l e t o de sc r ibe the exper imenta l data with the one-

dimensional approximat ion, and with p o t e n t i a l s , c r i t i c a l angu la r momenta 

;ind c r i t i c a l r a d i i which vary smoothly from one n u c l e a r system t o the n e x t , 

then our "zero o r d e r " d e s c r i p t i o n of fusion w i l l conta in a l l t h e r e i s t o 

knoi,. [he "nuc lea r s t r u c t u r e " in fusion w i l l c o n s i s t of r a d i i vary ing as 

A and o the r c h a r a c t e r i s t i c s of a l i q u i d drop. However, t h i s i s not what 

' 'c have in mind when we t a l k about nuc l ea r s t r u c t u r e or microscopic e f f e c t s 

in fusion. Here we are r e f e r r i n g to the d e v i a t i o n s from the zei "•• o r d e r 

p r e d i c t i o n s descr ibed above. (This i s much the same as s h e l l e f f e c t s 

represent dev i a t i ons from l i q u i d drop b ind ing e n e r g i e s . ) Do the da ta show 

siu h mule- i r s t r u c t u r e e f f e c t s ? That i s the sub j ec t of th'* next t h r e e 

see l i ons . 

1M. S u b b a r r i e r Fusion Cross Sec t ions for Light System^. 

A. Motivation 

The mot ivat ion for measuring fusion c ross s e c t i o n s for l i g h t systems 

12 ]? 12 16 
such as ('. + C and C + 0 came f i r s t from the nuc l ea r a s t r o -

1 8 p h y s i c i s t s . These r e a c t i o n s a re of importance in the l a t e r s t a g e s of 

nuc l eosyn thes i s when a s t a r has exhausted i t s hydrogen fuel to y i e l d hel ium, 

8 8 1 ^ 
and the t r i p l e alpha p rocess (a + a •*• Be, a + Be •* "C) h -s produced a 

carl.on core . The p a r t i c u l a r path t h a t a s t a r t akes a t t h i s po in t i s 
12 12 

governed by i t s mass and the r a t e of the C + C r e a c t i o n at ^ 1 MeV (c.m.l 
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Thus, the need to extrapolate this reaction cross section to low energies 

has resulted in much experimental work aimed at measuring small cross 

sections at the lowest possible energies. 
12 l"1 

'Hie discovery of structure in the excitation function for C + *"C 

aroused interest in the reaction mechanism which continaes unabated. 

(N. findro, th is conference.) I t thus became imperative to extend the 

measurements to other systems. even though they are not of equivalent 

astrophysics] importance. Although a lot of work has been done in the 

1970's, the fine art of measuring vanishingly small cross sections is 
18 s t i l l practiced at a number of laboratories. 

Another reason for studying reactions at sub-Coulomb energies is the 

high sens i t iv i ty of the cross section to small changes in the potent ia l . 

This sensi t iv i ty is explained in Eq. 3 where the integral of the wave 

number over the classically forbidden region appears in the argument of 

an exponential. The exploitation of this sens i t iv i ty requi res the 

measurement of small cross sections with high precision, a fact which 

bears directly on the choice of the experimental method. 

B. Experimental Method 

The formation and decay of a compound nucleus may be detected in 

several ways. Since fission is not a significant decay mode for the 

light nuclei considered here, one may observe ei ther the promptly 

evaporated part icles (protons, neutrons, alpha particles ') , or detect 

the res idual heavy nucleus via i t s prompt gamma-ray emission or n 

delayed act ivi ty . Small cross sections require both high efficiency and 

high selectivity in distinguishing background radiation originating 
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Fig. 7. Thresholds fo r decay of Me. r e l a t i v e t o the s e p a r a t i o n 
energy for l^C + ^ C , The l oca t i ons of bombnrdinp energ ies 
of 2 , 4 , 6 , MeV ( c m . ) a re i n d i c a t e d . 
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with contaminants in t h e t a r g e t . The Ge(Li) d e t e c t o r p rov ides a very 

e f f e c t i v e compromise between the se two u s u a l l y c o n f l i c t i n g r equ i remen t s . 

I t has the g rea t advantage t h a t y-rays produced by contaminants a re 

u sua l ly reso lved from the t r a n s i t i o n of i n t e r e s t . This type of d e t e c t o r 

i s used f r equen t ly in such s t u d i e s , and we w i l l i l l u s t r a t e i t s ope ra t ion 
12 13 19 

with the C + C r e a c t i o n . 

In gen e ra l , t he y-ray s p e c t r a taken with a Ge(Li) d e t e c t o r for low 

energy heavy-ion r e a c t i o n s revea l t h e l o w e s t - l y i n g t r a n s i t i o n s in the 

heavy r e s i d u a l nuc l e i produced by p - , n - , and a -emiss ion from the compound 

system. Depending on the p a r t i c u l a r Q-va lues , one a l s o observes t r a n s i t i o n s 
for succes s ive pn, na and pa emission as t h e bombarding energy i s i n c r e a s e d . 

\7 ] 3 

Figure 7 shows the r e l evan t t h r e s h o l d s for "C + C induced r e a c t i o n s . 

Because of the g e n e r a l l y p o s i t i v e Q-va lues , a change of seve ra l MeV 

e x c i t a t i o n in the compound nucleus w i l l not have a great e f f e c t on i t s 

average decay i n t o di f fe ren t channels . At the l e a s t , t he se changes w i l l 

be small compared with the order-of -magni tude changes occu r r ing in the 

c ross s ec t i o n for formation of the compound nucleus because of the 

Coulomb b a r r i e r in the en t r ance channel . This i s the c r u c i a l element 

which al lows one t o obta in t o t a l cross s e c t i o n s from measurements of 

Y-ray y i e l d s for i nd iv idua l t r a n s i t i o n s in the heavy r e s i d u a l n u c l e i . 

A t y p i c a l y-roy spectrum i s shown in Fig. 8. Prominent y - r ay l i n e s 

are labeled by the evapora ted l i g h t p a r t i c l e or p a r t i c l e s a s s o c i a t e d 

with the res i dua1 nucleus havi ng t h a t y - r ay t r a n s i t i on. The abso ln to 

cross s e c t i o n s for the product ion of i nd iv idua l evapora t ion re s idues 
24 21 

( e . g . Mg or Ne) can be deduced through s t a t i s t i c a l model e s t ima te s 
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Fig. 9. Cross sections for the primary emission of -^-particles, 
protons and neutrons populating particle-bound states in the 
corresponding residual nuclei . The op-1!-, t ri angles correspond 
to measurements of the delayed Na activity. Th? full curves 
are the results of Hauser-Feshbach calculations. The predicted 
relative yields Ne, Na, and Mg are not very sensitive to the 
choice of potential parameters for the entrance channel. 
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of the relative populations of the levels in the residual nucleus, and 

the known branching ratios of the low lying levels. Figure 9 shows the 
21 24 cross sections so deduced for populating bound levels of ~Ne, NL. and 

24 24 
Mg. Note t ha t the popu la t ion of Na (curve b) could be determined in 

24 two ways--by the prompt 0.472 MiiV Y - r a v i n ^ a ( s o l i d p o i n t s ) and by t h e 
24 24 

delayed decay of Na •+ Mg, measured out of beam (open t r i a n g l e s ] . 

The two methods a re in good agreement. 

The d e s i r e J q u a n t i t y , of cou r se , i s the t o t a l fusion c ross s e c t i o n , 

and t h i s may be obta ined from the da ta in F ig . 9 by app ly ing a c o r r e c t i o n 

for t h a t f r ac t i on of compound nuc l e i which do not produce a p n r t i c l e -
21 24 24 

bound nucleus of Ne, Na or Mg. This c o r r e c t i o n i s c a l c u l a t e d with 

the s t a t i s t i c a l model. The p r e d i c t i o n s of the s t a t i s t i c a l model for t h e 

y i e l d s to the bound s t a t e s themselves are compared with the da ta in F ig . 9 . 

The important po in t t o note i s t h a t the c o r r e c t i o n f a c t o r s change r a i l . ^ r 

slowly with bombarding energy, whereas the c ross s e c t i o n i t s e l f changes 

S o rde r s of magnitude in 3 MeV. The t o t a l fusion c ross s e c t i o n i s shown 

i;i Pig. 10. The cros^. s e c t i o n at ene rg i e s above 7 MeV i s in the c l a s s i c a l 

region ( i . e . l i n e a r with 1/K), while t h e s u b b a r r i e r region and exponen t i a l 

v a r i a t i o n of o_ i s at the lower bombarding e n e r g i e s . 
C. Sys tcmat ics 

1. The Standard P r e d i c t i o n 

12 13 

These measurements of the C + C fusion r e a c t i o n i l l u s t r a t e one 

of the main experimental t echn iques for de te rmining fusion c ross s e c t i o n s , 

and give us a f a m i l i a r i t y with the type of r e s u l t s which can be o b t a i n e d . 

Now we want t o r e tu rn to the ques t ion of n u c l e a r s t r u c t u r e e f f e c t s , 

bea r ing in mind our d e f i n i t i o n a t the end of Sec t ion TT. To do t h i s , we 
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I if!- 11. The r a t i o of measured fusion cross s e c t i o n s t o a s t andard 
p r e d i c t i o n for sub-Coulomb e n e r g i e s . The energy : c a l c in each 
case has been s h i f t e d such tha t 0-MeV corresponds to 
Ht. m = Zj2^ e 2 / R MeV where R = 1.7 f A ̂ / ""̂  + A 1 / ' , l . Tlv e x p e r i 
mental data a r e taken from 1 0 R + 1 ( 1 B , " l i + ' ° B , U B + M B 
(Rcf. 20) ; 1 0 B + 1 2 C . U B + 12C (Refs. 21,22); 1 4 N + 1 0 B (Kef. 22 
and °0 + 'Be (Ref. 23) . See a l s o Ref. 24. 
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have t o f a c to r out the " z e r o - o r d e r " dependence of o,, on the bombarding 

energy, and look at the sysemat ics for a l a r g e number of r e a c t i o n s . 

There a re many ways in which one can e l i m i n a t e t h e gross exponen t i a l 

dependence of o . on bombarding i-icrgy. I t does not ma t te r t oo much which 

method one chooses , so long as one i s c o n s i s t e n t in the t rea tment of the 

d i f f e r e n t systems. Tn our case we w i l l make a s t andard p r e d i c t i o n based on 

a complex p o t e n t i a l (V = 50 MeV, W = 10 MeV, r = 1.27 and a = 0.4 fm) in 

which we have taken care t h a t the imaginary p o t e n t i a l is s u f f i c i e n t l y s t r o n g 

to prevent resonances in the pocket of the p o t e n t i a l (see Fig. 2 ) . We d iv ide 

each c ross s ec t i o n hy the a , given bv the s o l u t i o n of the Schrodinger 
* mod b 

•jqurit ion. This reduces the energy dependence from five o rde r s of magnitude 

to at most one order of magnitude. Since the h a r r i e r s for t h e d i f f e r e n t 

systems occur at d i f f e r e n t ene rg ie s because of d i f f e r ences in the Coulomb 
where ba r r i e r , we sh i ft eacli energy sea lc by an amount !•" . , = Z. I .c ~/R to " t .oul 1 2 

« = 1.7 , A ; ' 3

 +Afv 
20-24 The r a t i o R = o - /a , for a number of system.-; invo lv ing the fus mod ft 

fusion of boron i s o t o p e s i s shown in Tig. 1 1 . The r a t i o s are TIGHT uni + / and 

the s t a n d a r d , or zero o r d e r , c a l c u l a t i o n thus reproduces these data r a t h e r 

w e l l . Given our o p e r a t i o n a l d e f i n i t i o n of n u c l e a r s t r u c t u r e e f f e c t s , we 

would not c i t e any evidence for microscopic e f f e c t s based on a comparison 

of the lower s ix e x c i t a t i o n funct ions shown in Fig. 11. 

2. Neutron Trans fe r 

16 0 23 

The energy dependence for 0 + Be, however, i s q u i t e d i f f e r e n t 

from tha t of the boron i s o t o p e s , with U r i s i n g by a f a c t o r of 2 from the 

h i glicst to the lowest bombarding energy. Al though not shown in th i s 
12 9 7 S 25 f i iuirc , a . for V. + [*e has a very s i m i l a r behav io r . '' fus ' 
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t h e h e i g h t o f t h e i n t e r a c t i o n b a r r i e r . The f u l l c u r v e s a r c 
c a l c u l a t i o n s o f " f u s i n g t h e s t a n d a r d complex p o t e n t i a l d e s c r i b e d 
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Now these r eac t ions have in common the i n t e r e s t i n g fea tu re tha t the ki nemat ic 

condi t i ons for ncut ron t rans fe r in the redct ions Be f 0, 0*) and 

"lief "C, "C') a re optimum and indeed t h e s e r e a c t i o n s have l a r g e r c ross 

s e t ions a'., the lower bombarding energ ies than does fusion. This is 

i l l u s t r a t e d in f i g . 12 for the case ' o f 0 + Be. Below 4 MeV c m . , 

the cross s e c t i o n for neutron t r a n s f e r t o the 1/2 , 0.871 McV s t a t e in 0 

i n c r e a s i n g l y dominates the fusion cross s e c t i o n . 

It is t h e r e f o r e tempting to specu l a t e tha t the a v a i l a b i l i t y of a 

loosely bound valence neutron whose ( i n e l a s t i c ) t r a n s f e r is k incmat ica1 ly 

favored nay be in f luenc ing the c ross s ec t i on for fus ion. This would be

an e x c e l l e n t example of a n u c l e a r s t r u c t u r e e f f ec t on fus ion. Thete a re 

two of !u-1- sys f ems for wh i eh a s i n g l e neut ron t r a n s fer is f;i vor:-d . B + B 

and 'C t " (\ In these cases i t is the t r a n s f e r t o the ground s t a t ^ , i . e . 

c l a s t i c 1 rans fe r , wh i ch has the opt i mum Q- va 1 uc . l-'i gurc 11 shows tha t 

a! low energi e s . I:i gure 13 compares the energy dependence of 0 + Be 

and "T + ' C. The form.n of the comparison in t h i s case happens to I c 
-i-

III t c r"s nf the nuc lea r r eac t ion S - fac to r defined by S = n _ f-exp 2vf\ 
fus ' 

wl' n = Z.Z^c~/hv. Again, the r e a c t i o n invo lv ing e l a s t i c neutron 

i j n s f e r , "('. + ' ( ' , does not show a r e l a t i v e up- turn at low e n e r g i e s . 

Thus, i f our s p e c u l a t i o n is co r r ec t tha'. a p ropens i ty for neutron t r a n s f e r 

in f luences the energy dependence of the fusion cross s e c t i o n , then i t 

appears t ha t only i n e l a s t i c p rocesses [and not e l a s t i c t r a n s f e r ) are 

e f f e c t i v e . 'Hie s p e c u l a t i v e na ture of these remarks need ha rd ly be 

'"The S-wnve Coulomb p e n e t r a t i o n . 'actor r. exp 27ir|, does not reproduce very 
well the energy dependence of heavy ion fusion r e a c t i o n s . I t s only 
advantage in eompnring d i f f e r e n t r e a c t i ons i s t ha t i t con ta ins no n]ust-
,*ib I e pa ramer e r s , 
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u n d e r ' i n e d ; t h e o r e t i c a l c a l c u l a t i o n s c o u l d c o n t r i b u t e t o a more q u a l i t a 

t i v e d i s c i s s i o n o f t h e s e p o s s i b i l i t i e s . 

3 . line r g y - a v e r a g e d S t r u c t u r e 

'['he v a l u e s o f R = n _ Jo , f o r s y s t e m s i n v o l v i n g p r o j e c t i l e s a n d t a r g e t s 

i>nTh wi i l i m a s s e s -*• 12 a r e shown in F i g . M . Trr 1 d i f f e r e n c e b e t w e e n t h e 

s n u o i h c u r v e s in l :i g . 11 a n d t h e s t r u c t u r e shown i n F i g . 14 i s s t r i k i n g . 

1 j 12 ' 6 1 "> 

fTh<- n;i r row r e s o n a n c e s i n C. + (! a n d t o ;i l e s s e r e x t e n t i n O + C 

a r e not - ' w o r t h y , b u t t h a t i s in Mr. C.'\ n d r o ' s domai n ; we a r e c o n c e r n e d 

h e r e w i t h the e n e r g y - a v c r n g e u b e h a v i o r o f t h e d a t a . ) A g e n e r a l f e a t u r e 

!'u r t h e s y s t e m s in F i g . 14 i s t h a t K dc c r e a s e s a t l o w e r e n c r g i e s . ( R e c e n t 
28 

m e a s u r e m e n t s hy Ket r n o r e t . a 1. do n o t con fi rm t h e upwa rd t r e n d 

in "f • ~C ,it t h e l o w e s t e n e r g i e s oh s o r v e d by Nfci ~a rak i s and S t e p h e n s 

rind shown in F i g . 14 . ) Apar t f r o in t h i s . i m i l a r i t y , t h e b e h a v i o r o f t h e 

in d i i i d i n I s y s t e m s shown in Fi g . 14 i s v a r i e d . For e x a m p l e , t h e a v e r a go 

e n e r g y d e p e n d e n c e o f R f o r 0 + N i s q u i t e d i f f e r e n t f rom t h . i t o f 

'(i • '[). '['he s y s t e m s N + " C , ' V. + ^C and "C + ~C a r e a l l 

d i f f e j e n t and t h e d i f f e r e n c e s can b e q u i t e l a r g e , up t o f a c t o r s 

o f T w o . 

I'i g u r e s 11-14 a l s o c o n t a i n a number o f c a s e s in wh i ch t l i e same 

compound s y s t e m ( i . e . same c h a r g e a n d m a s s ) i s r e a c h e d v i a two di f f e r e n t 

. . .... 2 1 . . . 1 2 , , S D 11 ] 0 n . 
eril r a n e e c h a n n e l s I h e s e c a s e s a r e : Nc ( L + Be , B + R] ; 
U 14 10 1 "> I1 ^5 16 l) 12 13 ">8 1(S 1 ^ 

Mg[ \ + I U B , C f C ) ; " Mg( 0 + Be , ' Z ( ; + l'C); *Si { % + (', 
14 14 

\ •>• N) . On ly i r t h e l a s t c a s e d o c s t h e r e a p p e a r t o be a s i m i l a r i t y : 

i f The s I r u e t o r e in O + C i s a v e r a g e d , i t s o v e r a I 1 b c h a v i o u r i s 

14 14 
s i i h i h i r t o t h a t o f N + N'. 
Sot e a d d e d in p r o o f : S e e M. I,. C h a t t e r j e c , I,. P o t v i n and R. C u j c c , 
N'm-I. P h v s . A .333, 273 ( 1 9 8 0 ) f o r a c o m p a r i s o n o f 1 2 f + 1 2 f 1 2 c + 1 3 c 
and ^ V + l V . 

http://th.it
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l-'i.u 14. Sec the capt ion t o Fig. 11. The exper imenta l data 
are taken f;-om "C + 'C ( R e f . 27) , C + 3c (Ret'. 191, 
" " c , ' 6 0 IRef. 29) , i : c * % CRef. 7,0. , M N • 1 4 X 
(Kef. Id 0 (Ref. 12) . See a l so Ref. 24. 
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Recent ly , measurements of of for 0 + 0 and C + Ne have been 
33 

made by Hulke e t . a l . , p e r m i t t i n g a comparison of two r e a c t i o n s which 

produce the same compound system at s i m i l a r e x c i t a t i o n ene rg i e s (AQ^-2.4 MeV) . 

These r e s u l t s , shown in Fig. 15a have a number of i n t e r e s t i n g f e a t u r e s . F i r s t 

at ene rg i e s well above the b a r r i e r , o"_ ( 0 + 0) ^ 2 * a_ ( C +• Ne). 

Hulke ct . a l . confirm the measurements of Spinka and Winkler for 0 + 0, 

Thus appa ren t ly s e t t i n g t h i s system apar t from a l l o the r s in F ig s . 11 and 14 

as one for wh i ch o* _ /o" , ^ 2 at above the b a r r i e r (!) whereas a l l o the r fus mod 
svstcms have a„ / a , -*- 1 . This appears remarkable in t h a t the region Hist fus mod ' r 

i4 above the b a r r i e r i s o therwise much l e s s s e n s i t i v e t o s t r u c t u r e e f f e c t s . 

There a re seve ra l exper imen t s , however, us ing charged p a r t i c l e d e t e c t i o n 

of the res idues which are in disagreement with the r e s u l t s obta ined hy the 

V ray method. The d i sc repancy i s about a f a c t o r of two. The d i f f e r e n t r e s u l t s 

are summarised in Table 1 (from Ref. 33) . I t i s p a r t i c u l a r l y d i s t r u b i n g t h a t 

the l a r g e r value of the c ross s ec t i on i s i n c o n s i s t e n t with an a n a l y s i s of 

the e l a s t i c s c a t t e r i n g . Before c i t i n g 0 + 0 as the except ion t o the r u l e , 

<J„ /n , -*- 1 for I; > H n , the exper imental d iscrepancy in the a b s o l u t e nominal-fir* mod "" B ^ v 3 

•na t ions for t h i s p a r t i c u l a r case w i l l have to be removed. 

The r e l a t i v e energy dependence of the two systems i s l e s s dependent on the 

o v e r a l l no rma l i za t ion and these are seen t o be d i f f e r e n t . At ene rg i e s below 

the b a r r i e r , o"_ (C + Ne) > o*- (0 + 0) a t the same cen t e r of mass energy as fus fus 

'j-cpectcd because of the lower Coulomb b a r r i e r for C + Ne. However, i f a simple 

energy si.i ft for the d i f f e r ence in Coulomb b a r r i e r s i s made, the 0 + 0 cross 

sect i OP exceeds t ha t for Ne + C. This i s t r u e even when the s h i f t in Coulomb 

b a r r i e r s i s minimized hy t ak ing a r ad iu s parameter r = 1.9 fm. (F ig . 15b). 

This excess fusion cross s ec t i on for 0 + 0 ( a f t e r a c o r r e c t i o n for the Coulomb 
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Table I . 

Comparison of experimental t o t a l fusion cross s e c t i o n s 

for the 0 * 0 r e a c t i o n . (From Hulke e t . a l . 33) . 

Reference Detect ion E 
Method , , . ' , , i 

11.85 MeV a ) 

85 400±100 C ' 4 0 0 C ' Apinka+WinkIcr M ' l l i g h t , , 11 
pa r t i c les 

'I s r r rnya et . a 1 . 

Km ;ir et . a I . 

kol it :i e t . al . 

Chin i' ft ..i I . 

IVu + Ra rnes 

llulkc et .a l . 

I.xt rapol at cd values from the observed (Y-ray; energy dependence of " 

'Other techniques a l s o used. 

l.ouer l imit is 528 mh, upper l imit is 1 ~b mh ; the average v.i 1 ue is ^ i w n 

[.nwcr l i m i t , s ince no c o r r e c t i o n s were app l i ed for miss ine y i e l d s and 
summi ng e f f e c t s . 

heavy 13.50 410140 20 5 
res i dues 

heavy 14.92 435*30 145 
res i dues 

i - r ays 12.28 :-o*2n d ) 2 1 0 ^ 

Y-rays 12.25 2 0 0 > 1 5 d ) ,55 d"» 

Y-rays 12.00 •138 *6o 3!KI 

Y-rays 11 .85 450 • 1(10 450 
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b a r r i e r i s made) i s a l s o in a d i r e c t i o n oppos i t e t o t h a t expected on t h e b a s i s 

of the deformed n a t u r e of C and Ne and s p h e r i c a l c h a r a c t e r of 0 . (This 

point w i l l be d i scussed in Sec t ion V). 

The message of F igs . 11-24 i s c l e a r . The a d d i t i o n or removal of one o r 

two nucleons from t h e p r o j e c t i l e or t a r g e t can have a profound e f f ec t upon the 

energy dependence for fusion- This i s a s t r o n g i n d i c a t i o n t h a t t h e va lence 

nuclcons play an important r o l e in t h e mechanisms l ead ing t o fus ion , i . e . t ha t 

nuc lea r s t r u c t u r e i s a f f e c t i n g the fusion p r o c e s s . 

D. T h e o r e t i c a l Approaches. 

1. The Entrance Channel 

There is a t p resen t no t h e o r e t i c a l exp lana t ion for the d i f f e r e n t behav ior 

shown by these sys tems. Several ways in whi ch nuc l ea r s t r u c t u r e e n t e r s i n t o 

the dctcminat ion of n u c l e a r p o t e n t i a l s have been mentioned in t h e previous 

sect i on, however, and i t i s useful t o s p e c u l a t e on the types of c a l c u l a t ion 

which might y i e l d an e x p l a n a t i o n . 

A f i r s t avenue t o explore i s the e f f ec t of valence nuclcons on the nuc l eus -

nucleus rea l p o t e n t i a l . One way t h i s can be done i s in the context of a fo ld ing 

model. This model makes the assumption t h a t the nuc l ea r d e n s i t i e s a re frozen 

during the i n t e r a c t i o n , an assumption which i s b e t t e r at h i g h e r bombarding 

e n e r g i e s . N e v e r t h e l e s s , i t is of i n t e r e s t t o see what happens when the c o n t r i b u 

t i o n s of ind iv idua l nucleons t o the o v e r a l l p o t e n t i a l a re e s t i m a t e d . This has 
39 

been done by Wielnnd and Sa tch le r ,** who used, in a d d i t i o n t o the folded 

p o t e n t i a l , t he same imaginary p o t e n t i a l as in the s t anda rd model c a l c u l a t i o n s 

' i . e . IV = 10 MeV, r , = 1.27, a = 0 . 4 ) . The r e s u l t s of t he se c a l c u l a t i o n s 

were nea r ly i n d i s t i n g u i s h a b l e from s t anda rd c a l c u l a t i o n s . Other ways in which 

the she l l s t r u c t u r e of nuc le i can be inco rpora t ed in the r e a l i n t e r a c t i o n 
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4 40 2 
p o t e n t i a l a re the TDHF approximation ' and the two-center s h e l l model. 

In view of the r e s u l t s obtained with the fo lding model ana with the TDHF 

(Ref. 40 ) , however, a microscopic explanation of the data would seem to r e q u i r e 

a c o n s i d e r a t i o n of nuc l ea r s t r u c t u r e e f f e c t s on the imaginary p o t e n t i a l . 

In the two center s h e l l model, i n e l a s t i c p rocesses can occur at i n t e r n u c l e a r 

s e p a r a t i o n s where the l e v e l s of the system c r o s s . The two c e n t e r s h e l l model 

l eve l s for the r e a c t i o n s C + 0 and C + 0 , c a l c u l a t e d by Park e t . a l . , 

are shown in Fig. 16. In t h i s case one can see t h a t t h e p r o b a b i l i t y for a 

neutron t r a n s f e r (at e i t h e r a r ea l o r an avoided level c r o s s i n g ) , w i l l he 

d i f f e r e n t for each of t h e s e sys tems. (In one case the loose ly bound neutron 

i s in the p 1 / ? s h e l l , in the o t h e r c a se , in the d - . ? shel l .") The l i k e l i h o o d of 

an i n c l a s t i c p rocess as the nuc le i approach ~ouId n a t u r a 1 l y in f1ucn ce ' h e 

probahi1i t y for fus ion , s ince the l a t t c r can be viewed as the culmi nat i on of 

many succes s ive i n e l a s t i c p roce s se s . (In t h i s c o n t e x t , t h e s p e c u l a t i o n s m,-:de 
16 9 12 9 

e a r l i e r on the 0 + Be and C + Be fusion r e a c t i o n s seem p l a u s i b I c . 1 What 

is needed, of cour se , a re c a l c u l a t i o n s in which the dynamical a spec t s of the 

react i on are inc luded . 

The methods of c a l c u l a t i n g the imaginary p o t e n i a l wi th in the context of 

the two cen t e r s h e l l model should be mentioned at t h i s p o i n t . The f i r s t i s 

the use of the Landau-Zener approximation by Glas and Mosel t o e s t i m a t e the 

p r o b a b i l i t y of i n e l a s t i c p rocesses at leve l c r o s s i n g s , " and the l e v e l - d e n s i t y 
42 approach of von Charzewski e t . a l . In t h e s e cases the two cen t e r she l l model 

e n t e r s through the s p e c i f i c a t i o n of the l oca t i on of the level c r o s s i n g and the 

number of a c c e s s i b l e 1 p a r t i c l e - 1 ho le s t a t e s ( i . e . pre compound s t a t e s ) , 

respect i vcly. 
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2. The Compound Nucleus 

The compound n u c l e i formed in the above r e a c t i o n s a re gene ra l l y at 

e x c i t a t i o n ene rg ie s g r e a t e r than 15 MeV and, because of the low bombarding 

e n e r g i e s , have angula r momenta wel l above the y r a s t l i n e . The d e n s i t i e s 

of l e v e l s or number of channels open for decay a re thus l a r g e . 

N e v e r t h e l e s s , some systems w i l l have, because of d i f f e r e n c e s in Q-value, 

d e n s i t i e s of l e v e l s much h ighe r than o t h e r s . Systems with l a r g e r Q-

v i l u e s and t h i s higli d e n s i t i e s of l e v e l s have a tendency to e x h i b i t smooth 
4 

fusion e x c i t a t i o n f u n c t i o n s , devoid of i n t e r m e d i a t e s t r u c t u r e r e sonances . 

A c l a s s i c example i s given by the N + B and "C + C systems 

(AQ '\' 10 MeV) . 

Beyond the ques t ion of i n t e rmed ia t e s t r u c t u r e , i t s presence and 

ab j ense , t h e r e docs not appear t o be any n o t i c e a b l e c o r r e l a t i o n between 

the energy-averaged behav ior of the systems shown in F igs . 11 and 14 

with the number of open channels f-*r decay of the compound nucleus 

given in Table I of Ref. 4 3 . 

The bes t p r o s p e c t s for unders tanding the n u c l e a r s t r u c t u r e e f f e c t s 

in the exper imental data for l i g h t systems at s u b b a r r i e r ene rg i e s 

appear t o l i e with the r o l e which valence nucleons play in var ious 

i n e l a s t i c p rocesses in the en t r anc3 channe1. Progress over the years 

has been -.low, but the outlook i s encouraging. 
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IV. The Fusion of Light Systems at High Energies 

A. Motivation 

The pronounced d i f f e r ences in t h e energy dependence of cr f a t sub-

h a r r i e r e n e r g i e s seem t o d i sappea r above the b a r r ; e r . Thus, with the p o s s i b l e 

except ion of 0 + 0, al1 of the systems examined in Sec t ion TIT followed 

the s t andard p r e d i c t i o n in the energy region where c_ cmR (l-V/H) (see Tig. 5 ) . 

34 A sys t ema t i c s tudy of many systems in t h i s energy region i n d i c a t e s t h a t the 

parameters R nd V vary r a t h e r smoothly from one system to the n e x t . This 

fact hv i t s e l f o f f e r s l i t t l e mot ivat ion t o extend measurements of a_ t o 
fus 

even h igher e n e r g i e s , at l e a s t i'"nm t h e poin t of view of nuc l ea r s t r u c t u r e 

e f f e c t s . For tuna te ly t h e r e were a number of o t h e r reasons for pushing t o 

h igher e n e r g i e s . These inc luded the study of the compound nucleus at high 
44 e x c i t a t i o n and high angular momentum, the ques t ion of t h e l i q u i d drop l i m i t , 

and the competi t ion between fusion and d i r e c t r e a c t i o n channe l s . The measurements 

revealed the unexpected, of cour se , and marked d i f f e r ences were found in the 

behaviour of systems vary ing by only a few nuc l eons . Energy-averaged 

s t r u c t u r e , often r e f e r r e d t o n? o s c i l l a t i o n s and reminiscent of t h a t seen in 
11 ]2 12 16 

"£" + C and C + 0, was found t o p e r s i s t in t h e s e systems at ene rg i e s 

where r e a c t i o n channels o the r than fusion begin t o complete. Tn most o t h e r 

systems t h i s s t r u c t u r e i s absent or much a t t e n u a t e d . The maximum fusion 

cross s e c t i o n , defined simply as the l a r g e s t value of a measured at any 

bombarding energy, was seen t o vary by severa l hundred i n i l l i b a r n s from system 
34 45 46 34 45 46 

io system. ' ' The s t u d i e s r e f e r r e d t o he re ' ' have been made with 

tandem Van dc d ra f f a c c e l e r a t o r s a n d , t h e r e f o r e , are l imi t ed t o the energy 
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region above the b a r r i e r where direct r e a c t i o n s f i r s t become s i g n i f i c a n t . 

Beyond t h i s l i e s a vas t energy region in which t h e c o l l i s i o n becomes 

p r o g r e s s i v e l y more v i o l e n t . Cyclotrons a re needed t o provide t h e r equ i r ed 

bombarding e n e r g i e s , and f i n e l y s tepped e x c i t a t i o n funct ions are r ep laced 

by measurement i n t e r v a l s of twenty to f i f t y MeV. I t i s on t h i s type nf 

study t h a t I want t o c o n c e n t r a t e . As might be expec ted , the exper imenta l 

methods and the problems encountered in ana lys ing the data are q u i t e 

d i f f e r e n t from those of the s u b b a r r i e r r eg ion . 

B. Experimental Method 

\t high bombarding e n e r g i e s the evapora t ion r e s i d u e s have a k i n e t i c 

energy s u f f i c i e n t t o permit t h e i r Z - i d e n t i f i c a t i o n by th'> s t andard AK-I-" 

t e l e s c o p e . In our work (most of which has been done . r ORNL) v.-

have used a gas i o n i z a t i o n chamber in conjunct ion with a p o s i t i o n s e n s i t i v e 

s o l i d s t a t e d e t e c t o r . Thi^ system, which can a l s o be used with a gas 
52 ce l l t a r g e t . enables the r ap id a c q u i s i t i o n of data si mill t aneous 1 v over 

an angula r range of 9 deg rees . 

In c o n t r a s t t o measurements at low ene rg i e s o r with h e a v i e r t a r g e t s , 

the evapora t ion res idue cannot be i d e n t i f i e d on t h e b a s i s of i t s mass or 

charge a lone . Figure 17, which shows a two dimensional AE-E spectrum, 

i l l u s t r a t e s t h i s for the h ighes t bombarding energy used, the 248 McV N 

beam from the LB!. 88-inch c y c l o t r o n . A cont inuous d i s t r i b u t i o n of r e a c t i o n 

products from a - p a r t i c l e s through neon i s o ' jserved. Even though the compound 

nucleus is aluminum, the products Na and Mg are absen t . This i s a simple 

consequence of the high e x c i t a t i o n energy (^ 130 MeV) and angular momentum 

( 26h) which must he d i s s i p a t e d by the r a t h e r l i gh t (A = 2d) compound nuc l eus . 
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Th e average k i n e t i c e n e r g i e s of an evapora t ion r e s i d u e with Z - 7 and of an 

i n e l a s t i c a l 1 ) s c a t t e r e d n i t r ogen ion a re q u i t e d i f f e r e n t , hov^ver , as shown 

in Fig. 18. Thus, the k inemat ics of fu l l momentum t r a n s f e r a s s o c i a t e d with 

formation of a compound nucleus enable the s e p a r a t i o n of evapora t ion r e s i d u e s 

from products of p e r i p h e r a l c o l l i s i o n s . That t h i s i s indeed the case has 

been demonstrated in d e t a i l in Ref, 49. The fol lowing d i scus s ion a s s o c i a t e d 

with F igs . 18-23 prov ides a b r i e f i l l u s t r a t i o n of the c h a r a c t e r i s t i c f e a t u r e s 

of the data and the method for deducing 0 -
* fus 

Providi ng the compound nucleus a t t a i n s thermal e q u i I l h r i urn, i t s decnv 

can be p r e d i c t e d with the s t a t i s t i c a l model. The combination of the Hau<er-

Foshbach formula with mult i - s t e p evapora t i on and a cen te r -o f -mass t o 

1 ahora to ry t ransformati on i s accompli shed by Monte Carlo t e r h n i q u e s . The 

p r e d i c t i o n s of the ene rgy - , nnd a n g l e - , and I - d i s t r i b u t i o n s c f the 

r e s idues shown in F igs . 18 and 20-24 have been made with the Todc LH.TTV"" 

'Hie general Iy good agreement between these predi c t i ons and the exner i menl a 1 

data shows t h a t the r e s idues are p roper ly i d e n t i f i e d and sugges t s t h a t the 

compound nucleus a t t a i n s e q u i l i b r i u m . 

Fi gure 19 {a, bottom) d isp l ays a s i n g l e s spect rum of ca rhon i oris 

observed at 0 *v 8 for a beam energy of 1S.3 MeV. The (infoK.'ing of the 

two components of the spectrum i s - indicated. Pe r iphera l r e a c t i o n s should 

produce two fragments (pi us neihaps an x-par t i e1e or nrot on) whereas compound 

nucleus formation should produce only one fragment ( the evapora t ion res idue) 

which i s in coincidence with many c t - p a r t i c l e s , p ro tons and n e u t r o n s . H gure \9h 

showns the spectrum of carbon ions in coinc idence with o the r fragments of 

Z = 5, (•>, and 7. The evapora t ion rcsi du? port ion i s absen t . I f a co inc idence 
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w i t h t - p . i r t i c l e s ( n o t shown) i s r e q u i r e d , t h e r e s i d u e p o r t i o n i s e n h a n c e d 

r e l a t i v e t o t h e d i r e c t r e a c t i o n p o r t i o n . W h i l e t h e s e o b s e r v a t i o n s a r e 

e o n s i s t c n t w i t h o u r e x p e c t a t i o n s f o r compound and p e r i p h e r a l r e a c t i o n s , 

a more s t r i n g e n t t e s t i s made by o b s c i v i n g t h e a n g u l a r c o r r e l a t i o n s o f 

. - p a r t i c l e s in c o i n c i d e n c e w i t h t h e r e s i d u e s . F i g u r e 20 shows a c o m p a r i s o n 

o I' Mich d a t a and t h e Mont c C a r l o p r e t ' c t i on ( h i s t og ram] . More e x t e n s i ve 

c o i n c i d e n c e m e a s u r e m e n t s , in wh ich t h e e n e r g y s p e c t r a o f ' / . - p a r t i c l e s a t 

v e r y f o r w a r d a n g l e s w i l l he s t u d i e d , a r e in p r o g r e s s T h e s e s h o u l d p r o v i d e 

c o n f i r m a t i o n o f t h e c o n c l u s i o n drawn from t h e a n a l y s i s o f t h e s i n g l e s 

s p e d ra , v i z . , t h a t t h e r e s i d u e s a r e t h e i e s u l t o f t h e c o m p l e t e ama 1gamat i on 

of t h e p r o j e c t i l e w i t h t h e t a r g e t . 

"Ihf . i n g u l a r d i s t r i b u t i o n s o f e v a p o r a t i o n r e s i d u e s a n d d i r e c t r e a c t i o n 

p r i d n i t s a r e c o m p a r e d in P i g . 2 1 . The f o r m e r a r e b r o a d b e c a u s e o f t h e 

i w ' i ' i I i m p o r t e d t h r o u g h t h e e v a p o r a t i o n o f t y p i c a l l y two a l p h a p a r t i c l e s 

The l a t t e r e x h i b i t t h e s h a r p f o r w a r d p e a k i n g c o n s i s t o n ' w i t h d i f f r a c t i v e 

s . a t t e r i nt' a t e n e r g i e s we! 1 a b o v e t h e Coulomb b a r r i e r . The s 1 o p e o f t h e 

d i f f r a c t i o n model p r e d i c t i o n is b a s e d on a f i t t o t h e e l a s t i c s c a t t e r i n g . The 

s t a t i s t i c a l i . u l e l r e p r o d u c e s t h e a n g u l a r d i s t r i b u t i o n o f r e s i d u e s q u i t e w e l l . 

'Ilie " - d i s t r i b u t i o n o f e v a p o r a t i o n r e s i d u e p r o d u c t s i s o b t a i n e d by 

i ni v\\rat i ng Mic r e s p e c t i ve angu l a r d i s t r i b u t i o n s . A c o m p a r i son o f 

Z-d i s t r i h u t i o n s o b t a i n e d a t I ! , . = 158 MeV a n d 248 MeV i s g i v e n in l-'ig. 22. 

N o t e how t h e ( . e n t r o i d o f t h e Z-i l i s t r i b u t i o n s h i f t s t o w a r d l o w e r v a l u e s a s 

t h e e x c i t a t i o n e n e r g y i n c r e a s e s . The s t a t i s t i c a l model r e p r o d u c e s t h e 

e x p e r i m e n t a l y i e l d s f o r r e s i d u e s o f b o r o n and h e a v i e r . I t i s n o t p o s s i b l e 

t o u n f o l d t h e s p e c t r a o f l i t h i u m and b e r i l l i u m i o n s b e c a u s e t h e d i r e c t 
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, 4 N +
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E , 4 N = (82MeV 
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_T" |_ MONTE-CARLO 

\h 

measurement of AH, V. and time of f l i g h t . Note how the Monte 
Carlo reproduces the r e s p e c t i v e shapes of the evapora t ion 
res idue por t ion of the y i e l d . 
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r e a c t i o n produc ts and r e s i d u e s are not c l e a r l y s epa ra t ed in two peaks 

The s t a t i s t i c a l lodel i s thus used t o p r e d i c t t h e small pe rcen tage of 

r e s i d u e s with Z ^ 5. 

Addi t ional informat ion may be ob ta ined by measuring the mass as well 

as the charge of a r e s i d u e . Since the evapora t ion chains l ead ing t o 

d i f f e r e n t i s o t o p e s a re d i f f e r e n t , d i f f e r e n c e s in t h e shape of the energy 

s p e c t r a for the var ious i so topes a re expec ted . Figure 23 shows the 
12 13 

v a r i a t i o n in shape for C and C r e s i d u e s . The s l i g h t l y narrower 

d i s t r i b u t i o n for "C i s reproduced by the c a l c u l a t i on. Angle i n t e g r a t e d 

d i s t r i b u t i o n s are shown in Fig. 24. Only for the r e l a t i v e amour.cs of B 

and C. i s t h e r e a s i g n i f i c a n t d iscrepancy in the ang le - i n t e g r a t e d y e i l d s . 

The p r e d i c t e d amounts of B and C depend c r i t i c a l l y upo.i the t rea tment 

of proton emission j u s t above the t h r e s h o l d . Since tho p r e d i c t e d y i e l d of 
12 11 

C is too high by the same amount the B y i e l d i s too low, we expect 

t h a t t h i s docs not represent a s e r i ous d i sc repancy with the evapora t ion 

code and could be removed by a reasonable adjustment of the parameters 
1 ? a f f e c t i n g the proton decay of "C. 

It i s p o s s i b l e t o t e s t the assumption of equ i l i b r i um without r e s o r t 

t o a s t a t i s t i c a l model c a l c u l a t i o n by involv ing the independence h y p o t h e s i s . 

Jixcept for conserved quantum numbers such energy, angu la r momentum and 

pos s ib ly i s o s p i r , t he decay of the compound nuc leus should be independent 

of i t- formation. A comparison of the Z - d i s t r i b u t i o n from the decay- of 

Al formed via C + N and B + 0 (Ref. 50} at two d i f f e r e n t ene rg i e s 

i s shown in Fig. 25, Note in each case t h a t the e x c i t a t i o n e n e r g i e s and 

angular momentum d i s t r i b u t i o n s ( c h a r a c t e r i z e d by a maximum angu la r momentum 

J ) are the same. The s i m i l a r i t y of the Z - d i s t r i b u t i o n s i s remarkable . 
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The double-peaked shape of the energy spectra observed at forward 

angles ( Fig. 18) has naturally lead to the classification of the reaction 

products into two categories - evaporation residues and direct reaction 

products. The sum of these two cross sections should give the total 

reaction cross section, provided no products have been lost (e.g. through 

detection thresholds) and there has been no double-counting of fragments. 

The total reaction cross section can be obtained through an optical model 

analysis of the elastic scattering. An example of this is shown in Fig. 26. 

The optical model fit to the data is excellent and yields a total reaction 

cross sectior c = 1400 mb. The energy dependence of o may be determined 

by an analysis a* several energies and by comparision with a series of 
. .-, 12„ 12 55 

extensive measurements made on a similar system, C + C. 

A comparison of a„ obtained by adding a_ and c ,. ^ with a_ (optical y R J b fus direct R ' 

model) is made in Fig. 27. The system B + 0 is included in this 

comparison. Note the good agreement and, in particular, the relatively 

smooth behaviour of a in the high energy re^inr1. This is important in 

that it shows that reaction products are not escaping detection. 

The above discussion has had two objectives. First to provide 

familiarity with the experimental data and method of determining a_ 
1 ' • fus 

Second, and perhaps most importantly, to give confidence that fusion cross 

sections can be reliably measured at such high energies. This confidence 

is indeed prerequisite for a discussion of the physical significance of 

the energy dependence of o . 
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1 4 N + 1 2 C I 
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Fig. 26. The e l a s t i c s c a t t e r i n g of N by C at an energy 
of 145 MeV l a b . The o p t i c a l model f i t i s used t o ob ta in 
the t o t a l r e a c t i o n c ross s e c t i o n . 
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- 5 9 -

C. Experimental Resu l t s 

Measurements of o,, have been made for "C + N, B + 0 and, most fus 

r e c e n t l y , for B + N fRef. S6) . The r e s u l t s of thesi ' measurements are 

shown in F igs . 28-32. In cases where a c r i t i c a l angu la r momentum i s shown, 

the va lue of J was determined with the sharp cu tof f approximati on (See Eq. 1") 

fj • i ) 2 = o f u s / , r 

and the e x c i t a t i o n energy by 

E = E + 0 

x c m . < 

where Q r e p r e s e n t s the ( p o s i t i v e ] d i f f e r ence in bindi \g e n e r g i e s between 

the en t rance channel and t h e ground s t a t e of the compound n u c l e u s . 
12 14 46 34 

Resu l t s for C + N r e p o r t e d by Conjeaud e t . a l . and Kovar e t . a l . " 

a rc in good agreement with the p re sen t r e s u l t s in t h e lower energy region 

where a comparision i s p o s s i b l e . A Saclay-Grenoble c o l l a b o r a t i o n has 

extended the Saclay measurements t o h ighe r ene rg i e s and has ob ta ined 
r e s u l t s in e x c e l l e n t agreement a t E,,, "« 100 MeV. 

M 
A s i m i l a r comparison with r e s u l t s from o the r l a b o r a t o r i e s is not 

)oss ib lc in the case of B + 0. These r e s u l t s were ob ta ined us ing 
12 14 

the same methods and techn iques as in the case of C + N, however. 
At one p a r t i c u l a r bombarding energy, 11 = 4 1 . 2 MeV. a B beam and 0 

1 to ^ c m . * 

gas t a r g e t were used. The k inemat i ca l p r o p e r t i e s of the evapora t ion 

r e s i d u e s in the lab system, as well as the method for determining the t a r g e t 

t h i c k n e s s , are q u i t e d i f f e r e n t . The cons i s t ency of t h i s r e s u l t with 

measurements at adjacent ene rg ie s p rov ides a va luab le check. 
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The range of N energy from 27-75 Mev has been covered by Parks e t . a l . 

for the r e a c t i o n N + B while the p re sen t work~ ranges from 86 MeV t o 

180 MeV. The t r ends e s t a b l i s h e d by the data in t h e s e two reg ions appear 

c o n s i s t e n t with one ano the r . (See F igs . 31 ,32) . Experimental da ta for t h e 

12 12 
fusion of C + C (ftefs. 34, 59) a r e a l s o shown for comparison in 

F igs . 31 and 32. 

I). Discuss ion 

Attempts t o unders tand the behavior of fusion c ross s e c t i o n s in l i g h t 

systems f a l l g e n e r a l l y in to two c a t e g o r i e s - those which emphasize e i t h e r 

the p r o p e r t i e s of the p r o j e c t i l e and t a r g e t ( the en t r ance channel) or those 

based on the p r o p e r t i e s of the compound n u c l e u s . I t should be c l e a r t h a t 

t h e r e i s no phys i ca l reason why i t must be an e i t h e r / o r s i t u t a t i o n . The 

path from en t rance channel t o compound nucleus i s cont inuous and the 

p r o p e r t i e s of the i n t e r m e d i a t e s t ages must a l s o be impor tan t . (The two 

cen t e r s h e l l model i s a way of b r i d g i n g the gap) . Never the less the sharp 

s epa ra t i on of the two extremes has the great advantage of be ing convenient , 

not t o ment ion p o s s i b l e , and i t may provide e s s e n t i a l c l u e s . 

The d i s c i s s i o n of Fusion r e a c t i o n s i s often couched in terms of 

l i m i t a t i o n s on the fusion cross s e c t i o n or l i m i t a t i o n s on the c r i t i c a l 

angular momentum for fus ion. Both the en t r ance channel and the compound nu

cleus p lace l i m i t s on fus ion . At e n e r g i e s near the Coulomb b a r r i e r t h e r e are 

p l en ty of compound n u c l e a r s t a t e s a v a i l a b l e i f they can be popula ted through 

the en t r ance channel . At very high e n e r g i e s the en t r ance channel may b r ing 

in an angular momentum l a r g e r than the compound nucleus can suppor t , i . e . 
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the compound nucleus does not e x i s t and t h e r e f o r e i s not formed. At 

i n t e rmed ia t e ene rg i e s t h e r e must be a t r a n s i t i o n from one form of l im i t 

to the o t h e r . The ques t i ons a re ( i ) which mechanism imposes the lower 

or more r e s t r i c t i v e l im i t and ( i i ) what i s the element of n u c l e a r 

s t r u c t u r e r e s p o n s i b l e for the l i m i t . 

D. 1, lint ranee Channel Models 

The curved s o l i d and dashed l i n e s in F ig . 28 are f i t s t o t h e data 
12 14 

us ing (lias and Mosel ' s p a r a m c t r i s a t i o n . Ine parameters are f C + N, 
1 0 B + J 6 0 l r D = 11 .5 , 1 .5) ; VfRD") = (6 .7 , (1 .7 ) ; r = (1-11 ,1 .55) B Iv cr 

V(R . J = ( - 1 . 9 , 2 . 5 ) , hu) = ( 2 , 2 ) . Note the l a rge d i f fe rence in the reduced 

parameters d e s c r i b i n g the 1 oca t ion of, and p o t e n t i a l a t , the inner c r i t i cal 

r a d i u s . These parameter d i f f e r ences r e f l e c t the l a rge d i f f e r ences for 

t he se two systems a 1 ready apparent in Fi g. 28 t o the naked eye . C l e a r l y , 

the l a rge v a r i a t i o n in the cross s e c t i o n s a re not exp la ined by an A ' 

v a r i a t i o n in n u c l e a r r a d i i . 

lii rke lund ct . a I . ~ have s tud ied the systcmat i cs of fus i on cross 

sect i ons in the context of an ent ranee channe1 model. They solve the 

c l a s s i c a l equa t ions of motion for a rea l proximi ty p o t e n t i a l and a 

prox i mi t y one-body f ri ct ion a I force . IV i thout an ad hoc ad i us t meat oi' 
1 ^ 14 

pa ra ineters , they obtai n reasonably good agreement for (' + N. 

The p r e d i c t i o n for B + 0 i s very s i m i l a r t o t h a t for ~C + \ and 

t he re fore does not reproduce the da ta . Thi s i s not s u r p r i s i n g si nee the 

global approach of t h e i r analys i s exeludes the var i at ion of paramet e r s to 

f i t each case . 
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Nuclear r a d i i do not vary e x a c t l y as A , however, and the e f f e c t s on 

t h i s on t h e fusion c ross s e c t i o n can be e s t i m a t e d . Folding model c a l c u l a t i o n s , 

which i n c o r p o r a t e mean-square r a d i i determined by e l e c t r o n s c a t t e r i n g , i n d i c a t e 

t ha t C + N and B + 0 have the same mass over lap at r a d i i of 1.11 and 

1.15 times (A. +A ' ' ) , r e s p e c t i v e l y . I n c o r p o r a t i n g t h i s in the Glas and Mosel 

formulat ion produces a maximum predi cted di f ference in the cross sec t i on of 7%. 

While ir the r i gh t d i r e c t i o n , t h i s accounts for about only o n e - f i f t h of the 

observed d i f f e r e n c e . 

Vandenbosch has cal cu l a t ed fusi on c ross sect ions with a c1 ass i en 1 

t r a j e c t o r y model i n c o r p o r a t i n g the proximity p o t e n t i a l and one-body f r i c t i o n 

( s i m i l a r t o Birkelund e t . a l . "J hut has used r a d i i and d i f fusness parameters 

t aken from e l e c t ron s c a t t e r i n g r e s u l t s . These c a l c u l a t i ons predi ct di f fere nee s 

between B + 0 and ~C + N whi^h are from o n e - t h i r d t o one -na i f o*~ the 

observed di f f c r e n c e s . However, the ovcra11 energy dependence is not we 11 

reproduced. 

From the above we may conclude ( for ~C + N and B + 01 that c i t h e r 

the ent ran ce channe 1 i s not the most i mport.int l i m i t i n g f a . t or f^r fus i on in 

the region of Ir 20-''n MeV, o r , i f the en t rance ch.innel i < the inmort-int 
c m . 

fact or , then indi vi Jua1 nuc 1 eons may be p laying a c r i t i c a l ro 1 -• in ,: way not 

desc r ibed by macrnsopie cnleula* ions . 

\ ' in 

Fig. 31 appear t o behave qua I i T i vc ly d i f f e r e n t l y than the B * 'o ,mJ "•' * ' \ 

systems in Fi g. - 3 . In t h i s case ,' Fi g. .^1) , the cross sect i on< t'or t he M.',» 

systems are comparable at the same cen t e r of mass e n e r g i e s . One must r e . i l i r e 
I 1 ! ' that t he re are some di sc repanci es in the dat a ( e . g . for (' '• ( at I * ' c m. 

{0.045} MeV] and tha t four d i f f e r en t groups at as many d i f f e r en t lahor i t o r i e s 

have cont ri buted r c s u l t s . Furt he rmore , the methods emp 1 oye J in un fol din,; 

the lata t o determine "• r are not i d e n t i c a l . With t h i s important cavea t , nowever fus 

the combined r e s u l t s p r e s e n t l y a v a i l a b l e suggest tha t d i f f e r ence in • ,. at the sam 
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24 E for t h e s e two sys tems , both lead ing t o Mg, a re s m a l l , in s p i t e of 

the markedly d i f f e r e n t s t r u c t u r e s of BT C, and N. Entrance channel 

inodels would be able t o exp la in t h i s p a r t i c u l a r behavior (Fig- 31) without 

recourse t o n u c l e a r s c r u c t u r e e f f e c t s . 

P. 2. Compound Nucleus Models 

Jus t as the en t r ance channel i s c h a r a c t e r i z e d by t^p- bombarding energy 

E and '7_ , t he compound nucleus is descr ibed bv i t s e x c i t a t i o n energy 
~.m. fus ] 

E and i t s maximum angular momentum . ] . Figures 30 and 32 show E vs J (J+1) 

for the compound nuc le i Al and ~ Me., r e s p e c t i v e l y . If, for example, the 

compound nucleus were t"he l i m i t i n g f ac to r on ~_ ar a l l e n e r g i e s (and for 

a l l en t rance c h a n n e l s ) , then a l l the data po in t s in Figs 30 and 32 should 

determine a s i n g l e 1ocus. Thi s is c l e a r l y not the a se . At 1ow e x c i t a t i on 

energi cs we expect di f ferences lie cause the Coulomb b a r r i e r (or ou t e r 

i r e f a c t i o n b a r r i e r ) is the important f ac to r . At high e n e r g i e s , the l i q u i d 
44 -IS drop l imi t should set in ' , ;ind t h i s is apparent in F igs . 29 and .-><» hut no^ 

in Fij.'. 3J. I h i l l come ba .'1. to t h i s " u l t i m a t e " l imi t ing angular mniwMitun 

l a t e r , and want t o d i scuss now the in t e rmed ia t e energy region. 

It is c l e a r t ha t the l im i t i ng angular momenta for "(" + N and 

B + O, and a l s o for B + N and ~C + ~C each determine s e p a r a t e 

1 oci . In F-i g. 30 the I • J i cross : in Fig. 32 they seem pa ra 1 le I . Thus , 

st ri c t l y speak ing , the compound nucIeus cannot be the 1 i mi t i ng fact or 

for both ~C + \ and B + 0. \ s i m i l a r st at ement hoids for 

B + N and ~C + "C. The comp<und nucleus could be the l i m i t i n g 

fact or when ~C + ~V i s the cnt rancc chai.nel , but not for r •+ N . 
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I t i s t r u e t h a t the d i f f e rences between B + 0 and C + N shown 

in Fig. 28 appear sma l l e r when t h e data a re p l o t t e d as E v s . J ( J + 1 ) . 

A c o n t r i b u t i n g f a c t o r t o t h i s i s the ^ 4 MeV d i f f e r ence in Q va lues for 

the two r e a c t i o n s . The Saclay group has examined a number of d i f f e r e n t 

r e a c t i o n s l ead ing t o the same compound nuc leus and f i n d s , in g e n e r a l , t h a t 

the d i f f e r ences in Q-value a re in the d i r e c t i o n such tha t an H, v s . J 

p lo t produces loc i c l o s e r t o each o the r than in the case when the da ta 

are p l o t t e d as a. v s . E This t r end has been noted in ano ther form, 
1 f u s c.m. ' 

*.i - ^- c TH3.X - . . i . . . 62 
viz. , t h e v a r i a t i o n o f o c f rom . -vs tem t o s v s t e m , by Lee c t . a l . fus ' ' 

W h i l e i t i s g e n e r a l l y u s e f u l t o s e a r c h f o r q u a n t i t i e s w h i c h 

c o r r e l a t e t h e t r e n d s o f many r e s u l t s , a t l e a s t t w o s e r i o u s p r o b l e m s 

c o n f r o n t t h i s a p p r o a c h . The f i r s t i s t h e c r o s s i n g f o r d i f f e r e n t 

s l o p e s ) o f t h e l o c i shown i n F i g . 3 0 , f o r n o Q - v a l u e s h i f t can 
e l i m i n a t e t h a t a n d , s e c o n d , t h e s h i f t e d l o c i shown i n F i g . 32 f o r B + N, 

1 ? 12 
and V. + C. H e r e , t h e e f f e c t o f t h e Q - v a l u e d i f f e r e n c e i s t o move 

a p a r t t h e l o c i w h i c h a r e s i m i l a r in t h e o v s II p l o t . 
1 TUS c.m. 

If i t were p o s s i b l e t o know independent ly the l oca t i on of the Yrast 

l i n e , then i t would be obvious whether the en t r ance channel or the compound 

nuclcus i s the 1 i mi t ing f a c t o r . To obta in gui dance from theory i s a s t e p 

rot a" ing nucle i t o c a l c u l a t e Yrast 1ines in the mass regi on from A = 24-60. 

Thei r r e s u l t s for A = 26 and A = 24 arc i n d i c a t e d in F igs . .SO and 32. It i s 

thus c l e a r t h a t fusion r e a c t i o n s do not popula te (and t h e r e f o r e are not 

l im i t ed by) the Yrast l i n e of a r ap id ly r o t a t i n g , h igh ly deformed, but 

o therwise "co ld" nuc leus . The nuc l ea r system produced in a high energy 

A mathematical [as opposed to a phys ica l ) f ac to r making the d i f f e r e n c e s shown 
in Fig. 30 appear smal le r is the squa re - roo t dependence of J on O f 
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c o l l i s i o n w i l l have some thermal e x c i t a t i o n and t h e r e f o r e be removed from 

the cold Yrast l i n e . I t appears r easonab le t h a t t h e s t r u c t u r e of the: cold 

Yrast l i n e i s c a r r i e d over t o an e f f e c t i v e Yrast l i n e r e l evan t for fus ion . 

This approach has been followed by Lee e t . a l . who assume t h a t the e f f e c t i v e 

Yrast l i n e l i e s p a r a l l e l t o the cold v - a s t l i n e . A f i t t o a number of da t a 

sugges ts t h a t the s h i f t i s ^ 10 MeV i f t h e cold '"'rast l i n e i s c a l c u l a t e d 

with a r i g h t body moment of i n e r t i a having a r ad iu s parameter r = 1 . 2 fm. 

However, t h e r e a re s i g n i f i c a n t d e v i a t i o n s between experiment and t h i s 

pa r ame t r i s a t ion, and the measured s lopes of a p a re not always reproduced. 

Another method of de f in ing an e f f e c t i v e Yrast l i n e has been proposed 
64 by Vandenbosch. The argument i s made t h a t fusion w i l l occur when the 

compound nucleus i s fa r enough above the Yrast l i n e such t h a t the average 

width of l eve l s V d iv ided by the average spac ing i s the o rde r of u n i t y . 

The value of T i s obta ined from the empi r i ca l c o r r e l a t i o n of exper imenta l 

va lues given hy Shapira e t . a l . and the spac ing of l e v e l s from the 

compilat ion of Gi lber t and Cameron. The l oca t i on of the e f f e c t i v e Yrast 

l i ne determined t h i s way and t h e fusion cross s e c t i o n s determined by i t 

a re shown in Fig. 33 a , b . {There i s an u n c e r t a i n t y in t h e loca t ion of t h i s 

l ine connected with the u n c e r t a i n t y in the d e n s i t y of l e v e l s ) . The comparision 

with experiment i s f avo rab l e , p a r t i c u l a r l y for the h igher .1 v a l u e s . At 

lower J - v a l u e s , J ^ 2 0 , the data l i e f u r t he r above the Yrast l i n e . As noted 
64 by the a u t h o r s , t h i s sugges ts t h a t the p r o p e r t i e s of the en t r ance channel 

a re the more s t r i n g e n t 1 i m i t i n g f a c t o r , ombarding ene rg i e s j u s t ahox'e 

the break i n n t, (V.). This interpretation may be contrasted with that of 
tus ' 7 

Lcc c t . a l . who wouid extend the v a l i d i t y of t h e i r s t a t i s t i c a l Yrast 

1imi t a t i on down to energ ies at whi ch a_ i s reached. The data for R + N fe fus 
would be in s t rong disagreement with such a p r e d i c t i o n . 
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I'/D = 1 and b) the fusion cross s e c t i o n s p r e d i c t e d by such 
an angular-momentum l i m i t a t i o n . From Vandenbosch and Larza r in i 

64 
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D. 3. Syn thes i s 

The ques t ion " l i m i t a t i o n s t o fusion - - en t r ance channel or compound 

nuc leus?" thus may have no simple answer in t h e i n t e r m e d i a t e energy reg ion . 

The v a r i e t y of exper imenta l data a v a i l a b l e , p a r t i c u l a r l y for systems l ead ing 

to the same compound system, has i nc r ea sed r a p i d l y in the l a s t f ive y e a r s . 

With t h i s have come s i g n i f i c a n t improvements in our unders tand ing of and 

a p p r e c i a t i o n for the complexity of the s i t u a t i o n . Given the data shown in 

Fig. 52, i t i s apparent tha t B + N cannot be l im i t ed by the Yrast l i n e 

of" the compound nuc leus . On the o the r hand, the genera l success with which 

t r ends in maximum fusion cross s ec t i ons and v a r i a t i o n s in energy dependence 

c o r r e l a t e with the Q-value for compound nucleus formation sugges t s t h a t an 

e f f e c t i v e Yrast l i n e may be an important f a c t o r in en t r ance channels having 

t i g h t l y bound n u c l e i . 

The above d i scuss ion has focussed on fusion and has neg l ec t ed the p rocess 

which competes with i t for the flux making up the t o t a l r e a c t i o n cross s e c t i o n . 

Tliis process i s the d i r e c t o r p e r i p h e r a l r e a c t i o n . The elements of n u c l e a r 

s t r uc tu re (presense of c o l l e c t i ve l e v e l s , e t c . ) and r e a c t i o n mechani sm govern

ing the s t r e n g t h of the d i r e c t r e a c t i o n channels are of equal importance in 

unders tanding fusion cross s e c t i o n s . E f fo r t s to approach the ques t ion of 

r • , • • «- r • • • 1^,67,68 

fusion from t h i s point of view are promis ing . 

It seems l i k e l y t h a t a fu ture unders tand ing of the fusion cross s e c t i o n s 

for l i g h t systems wi l l have to encompass both the en t r ance channel ( i n c l u d i n g 

compet i t ion with the d i r e c t r eac t ions^ and t h e p r o p e r t i e s of the compound 

and pre-compound s t a t e s . 



To conclude t h i s s e c t i o n I would l i k e t o come back t o the mat te r of 

the r o t a t i n g l i q u i d drop l imi t - the c o l l o q u i a l name for the maximum 

angular momentum a nucleus can have without f i s s i o n i n g . This i s in a 

r e a l sense a fundamental q u a n t i t y . The data for C • N and B + 0 
+ 48 

e x h i b i t such a maximum angular momentum. The value of t h i s angu la r momentum 
44 

(see Fig. 29) i s c o n s i s t e n t with t h a t of the r o t a t i n g l i q u i d drop model. 

Tt i s i n t e r e s t i n g t o cons ider the p r e d i c t e d shape of the Al nucleus 

at t h i s l i m i t . The dashed 1ine in Fi g. 34 shows the shape of The saddlc 

point conf igura t ion and the s o l i d l i ne t h a t of the ground s t a t e conf igura t ion 

At 26 h the shapes arc nea r ly i dent i ca1 . (At 26 . 6 h they a re i dent i c a l ) . 

The conf igura t ion at the l i q u i d drop l imi t i s very s i m i l a i t o tha t of a 

carbon and n i t r ogen ion in c lose c o n t a c t . Thus in t h i s l imi t the concept 

of compound nucleus and en t rance channel merge. 

D. 4. 'Pie Low-I Window 

An i n t e r e s t i n g f ea tu re in the mechanism for fusion lias been p r e d i c t e d 
4 

by t i mc dependent Hart rce-Fock calcuaJ t i ons . Above a cer t n i n energy 

th rcsho l d, ions col 1 i di ng wi t h a smal 1 i mpact parameter do tint 1 e.i J !n 

fusi on. I n s t e a d , the i ons (or fragments wi th nea r ly the same r a s s ) reemerge 

with a reduced r e l a t i v e k i n e t i c energy. The maint alliance of coherence of 

the nuc l ea r wave f u n c t i o n s , which allows the system t n come apa r t , i s a 

consequence of the mean f i e l d approximation and the absence in the c a l c u l a t i o n 

'-'"- ~ 12 p 10 14 
The data for C + C and B +• N do not i n d i c a t e a common l iqu id drop 
l i m i t . I t is important t o extend measurements for both systems tn h igher 
ene rg ie s and to perform s i m i l a r measurements and analyses on each system. 
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of two-body nucleon-nucleon c o l l i s i o n s . At l a r g e r impact pa r ame te r s , 

i n i t i a l r e l a t i v e k i n e t i c energy can be conver ted i n t o r o t a t i o n a l energy 

and fusion i s p o s s i b l e . At s t i l l l a r g e r impact pa ramete r s , c e n t r i f u g a l 

forces prevent fus ion . Thus a window in ' space a r i s e s , having a low 

it-cut off and high P. cutoff . 

The Z and A d i s t r i b u t i o n of the evapora t ion r e s i d u e s i s s e n s i t i v e 

to the d i s t r i b u t i o n of angular momenta in the compound nuc leus . High 

angular momenta favor a-emi ss ion and consequent ly 1 i ghtc r r e s i d u e s . 

Low -> va lues p r e f e r e n t i a l l y popula te the h e a v i e r r e s i d u e s through nucleon 

emiss ion . This fact has been e x p l o i t e d by a number of workers t o search 

for the p resense of a low-2 window. To date a l l sea rches have y i e lded 

nega t ive r e s u l t s . Some of the systems which have been s tud ied are 0 + 0 
1 -J ->Q 

(Rcfs. <>P-71) ;ind " Al + " Si (Ref. 7 21 . The a n a l y s i s of evapora t ion 

res i dues from B + 0 and "['. + N desc r ibed in sect i on B extends over 

a wide range of bombarding ene rg i e s above and below the p r e d i c t e d 

til reshol d for the 1 ow - f cutoff . The ana 1 ys i s was done with a T r i anRiil ar 

(2S+1) d i s t r i b u t i o n extending from f = 0 t o f and i t reproduced the data 
H c max 

q u i t e we 11 . * An ana lys i s of These data in terms of • > i) ( s i m i l a r 

to tli at of Re f s . (»'', ~J! is in p r o g r e s s . 

Co i nci tie nee measurement s des i gned t o del ect the 1 ow energy fragment s 

from :i non-fus ing centr : i l c o l l i s i i o n mnv prove to be more s e n s i t i v e to The 

presense of a 1 ow - > w i ndou . Sever a 1 cxperi merit s and nn:i! vses :ire i n 

prng-i-v; ;it the moment on '(J + Vl (Re f s . ~4-"\S) and .m ~i~ * \ i ~o 1 . 
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V. The Effect of Nuclear Deformation 

A. Motivation 

The s t a t i c or equ i l i b r ium shapes possessed by nuc le i as well as the 

c o l l e c t i v e motions they undergo are major s u b j e c t s in t h e s tudy of nuc l ea r 

s t r u c t u r e . A v a r i e t y of experimental t echn iques us ing d i f f e r e n t nuc l ea r 

probes has r e s u l t e d in a d e t a i l e d knowledge of the quadrupole and 

hcxadecapole moments and quadrupole v i b r a t i o n a l s t r e n g t h s of nuc le i 

throughout the p e r i o d i c t a b l e . The i so topes of Sni provide a p a r t i c u l a r l y 

i n t e r e s t i n g oppor tun i ty for the study of n u c l e a r s t r u c t u r e and how t h i s 

s t r u c t u r e i s r e f l e c t e d in var ious r e a c t i o n mechanisms. Figure 35 shows 

the energ ies of the f i r s t 2 s t a t e s and the quadrupole t r a n s i t i o n s t r e n g t h s 

connect ing these s t a t e s t o the ground s t a t e . The Sm i so topes thus undergo 

a t r a n s i t i o n from s p h e r i c a l ("vibrat ional) t o deformed ( r o t a t i o n a l ) behav io r . 

The e f fec t of n u c l e a r deformation on heavy-ion fusion can thus he s t u d i e d 

bv measuring an e x c i t a t i o n function for a . for the ^ame p r o j e c t i l e and 
fus 

the d i f f e r en t i s o t o p e s . This has been done for 0 (Ref. 77,78) at the 

Weiimann I n s t i t u t e and for Ar p r o j e c t i l e s at GSI. The r e s u l t s exh ib i t 

the ef fec t nf nuc lea r deformat ion on fus ion, but a quant it at i vc analys i s 

shows the current t h e o r e t i c a l methods for d e s c r i b i n g the r e a c t i o n mechanism 

.i re not cnt i re I y adequate , and, furthermore , suggest s t ha t o the r degrees 

of freedom ( e . g . neck formation) are impor tan t . 
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ENERGIES AND COLLECTIVE STRENGTHS OF THE 
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B. Experimental Method 

Since c ross s e c t i o n s at ene rg ie s well below the b a r r i e r are very sma l l , 

the experimental method must be capable of d e t e c t i n g with good p r e c i s i o n 

small q u a n t i t i e s of evapora t ion r e s i d u e s . Since an in-beam measurement 

would be complicated by y - r a y s from Coulomb e x c i t a t i o n and from contaminants i t 

was decided to make an o f f - l i n e obse rva t ion of the x-rays from the r a d i o a c t i v e 

evapora t ion re s idues t rapped in the ca t che r f o i l . A schematic of the e x p e r i 

mental appara tus i s shown in f :ig. SO. The sur face h a r r i e r d e t e c t o r s monitored 

the beam dur ing the i r r a d i a t i o n so tha t an abso lu t e no rma l i za t ion could 

be ob ta ined without having to make an independent measurement of the t a r g e t 

t h i c k n e s s . The ca tcher f o i l s located downstream from the t a r g e t were made 

of carbon for 0 bombardment A Al in the case of Ar. The t h i c k n e s s e s 

were chosen j List adequate to s top a l l the desi red res i dues . Tn th i s way 

r a d i o a c t i v e products from r e a c t i o n s with l i gh t contaminants in the t a r g e t , 

and with the at oms of the cat cher foi 1 i t se 1 f, were not ret a i nv<.\. Thi s 

(ireduced a 1 ow background, as shown i n Pi gure 3"\ Thi s par t i ci;J :ir >•• pe 1.1 run 

was obta ined in LP minutes of count ing a f t e r a one-hour long bombardment. 

The cross sect ion for fusion of 0 * Sni at hO MeV f lab) is about Si'if) 

mi c rob a ms . The snia 1 I est cross sect i on measured was "• I CO mi croh'i rns . 

In order to obta in ah sol ute cross sect i oris , i t i s necessary t n know 

the number of x-rays emi t ted per d i s i n t e g r a t i o n by each of the var ious 

lsot opes cont ri but i ng to the measured y i e l d . Such va hies can he obt i i ned 

if the decay scheme has been st udied previ ousIy and an absolut e norma 1i za-

t i o n has been determined. Much work has been done on decay schemes for 
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.leutron d e f i c i e n t i so topes in the l a s t decade and eva lua ted l eve l schemes 

have been prepared by the Nuclear Data Projec t at Oak Ridge National 

I . abora to r ' . From t h i s information i t is p o s s i b l e to c a l c u l a t e the number 

of x-rays o r i g i n a t i n g from e l e c t r o n cap ture ( the shaded a reas in Fig. .38) 

and from the subsequent in tern?. ! conversion of nuc lea r t r a n s i t i o n s (unshaded 

a r e a s ) . The in "ividual values shown in Fig. 33 for the decay of i so topes 

produced by '^.he fusion of 0 + Sm arc e s t ima ted t o have an accuracy of 

+.10" . Note t ha t t y p i c a l l y BO K̂  x - rays a re obta ined per 100 decays of an 

i sot ope. S imi la r in format ion has been compiled for the decav of the Mc 

i so topes produced by Ar + Sm Since t h i s r e l a t i v e l y hi^h v i o l d can be 

let'- ' ed with ~<5-10",. e f f i c i ency with a He spec t romete r , the method is ideal 

for measuring small c ross s e c t i o n s . 

Information on the d i s t r i b u t i o n of i so topes produced in the fusicn 

r eac t i ons is conta ined in the t ime dependence of the delayed x-ray y i e l d . 

F-'i gures 59 and 10 show a typi cal case . Parent , daught cr and >*randd nis;ht <• r 

act i vi t i es are observed. The ful1 curves are fi t s t o t h e dnt a in whIcr 

the know ha I f - l i v e s and abso lu te x-ray i n t e n s i t i e s of each iso tope were 

i incorporated. The cont r i hu t ion^ of the i ndivi dual i sot ones . produced 

hy the evapora t ion of J , 7>, or -I neut rons from *"he Yb compound niiclou.*.. 

a re i nd i ca t ed in Fi g. -to. From ana lyses such as tli i -•' the i SDtopi c 

di st r ibut i oris shown in Fig. 4 1 were obr a i ned I'hry exh i !> i r r he Nuh.r. i <>v 

expected for evapora t ion of neut rniis from an e q u i l i b r a t e d compound nik'ln;h 

i ch.i vyx-d na rt i c I e emi ss i on in t hose cases is fa i r ly small) 'some co p.u*i -^n-. 

with s t a t i s t i c a l model c a l c u l a t i o n s have been made and thev show reasonably 

L',ood agreement with experiment . 
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Th e cross sections for the production of evaporation residues are 

shown in Pigs. 42, and 43. The error (random plus systematic) on a data 

point is typically ±10% in Fig. 42 and ±15% in Fig. 43. Since fission 

competition is negligible for the Yb residues produced at the relatively 

low bombarding energies here, the evaporation residue cross sections in 

Fig. 42 ( 0 + Sm) are equivalent to the fusion cross section. This is 

40 
not the case for Ar + Sm and it was necessary to measure the fusion-
fission yield in a separate experiment using a AE-E counter telescope. 
Mien this contribution is added to the evaporation residue yield, the 
fusion cross sections shown in Fig. 44 are obtained. 

C. Results 

The fusi on cross sections shown in Fi gs. 42 and 44 exhihi t vnri at i ons 

which become relatively larger as the bombarding energy is lowered. These 

vari at ions, we shalI sec, are far in excess of the changes expected for 

spheri cal , st ructurclcss nuclei whose rac! i i i ncrease si mply as A 

D. Hi scuss i on 

Since the motivation of these experiments was to study the effect 

of nuclear structure on the fusion of heavy ions, let us consider in 

more det ai1 the st ructural aspects of the even-even Sm isotopes shown i n 

Fig. .v5. The energy of the first 2 state drops rapidly from its value 
1 44 ot 1.65 McV at the N = 82 closed neutron shell oi Sm to a mini mum o\ 

154 8J kcV for Sm. Accompanyi ng this rapi d change is a st rung i ncrer,se 

in the quadrupole deformation parameter (H? which has been evaluated from 

the electric quadrupole transition matrix element connecting the ground 
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and f i r s t 2 s t a t e s . The p a t t e r n of the h ighe r energy l e v e l s (4 ,2 ,6 , e t c . ) 

a l s o changes from v i b r a t ional t o rot at ional as neutron number i n c r e a s e s , with 

the most rap id change occur ing at N = 90 where Sm t a k e s on a recognizably 

r o t a t i o n a l level s t r u c t u r e . The parameter B 2 defined in a r o t a t i o n a l model by 

>•-, = r B(n2 ( 0-2 ) ] 1 / 2 [ 3 Z R 2 / 4 7 r r \ o 

where R - I.2A ' fm, corresponds approximately t o an e q u i l i b r i u m deformation 

for ' Sm and t o a root mean square v i b r a t i o n a l ampli tude for Srr, -

Km. The dev i a t i ons of the shape of the n u c l e a r su r face from s p h e r i c i t y , 

the motions of the nuc lea r s u r f a c e , and the energy and angular momentum which 

art 1 r':mnvT>.| f r nm the r o l rif i v r V i not i <• i ' i i f r ' ; v n f T ri r /C t li'.ij P "̂-" j :-' '-'* '• ''" ••..-•• 

these modes become e x c i t e d - a l l ihcse f ac to r s w i l l inf1uence the fusion 

cross suc t ion above and beyond i t s dependence on the A ' v a r i a t i o n of the 

m i d e a r radi us. The p rob len , then , i s how to i so l a t e those f a c t o r s whi ch 

are i n s t important in e x p l a i n i n g the c l e a r c o r r e l a t i o n of the fusion cross 

s ec t i ons la t sub th resho ld ene rg i e s ) wi th the nuc l ea r s t r u c t u r e c h a r a c t e r i s t i c s 

shown in V\ v.. 35. 

[he i nclus i on of s t r uc tu rc e f f e c t s in the ca I cua l a t ion of fusi on cross 

sect ions presupposes tha t the fusion of a s p h e r i c a l p r o j e c t i l e with a 

splie r u a l , st ruct are l ess t a r g e t enn be ca l c u l a t c d suf f i e i e n t l y a c c u r a t e l y . 

This, however, cannot be done on an a p r i o r i b a s i s . The reason is that at 

low e n e r g i e s , the b a r r i e r p e n e t r a b i l i t y is extremely s e n s i t i v e to the 

nueleaj ' rad ius (more g e n e r a l l y , t o the heigiit and shape of the b a r r i e r ) and 

t h i s cannot be p r e d i c t e d with s u f f i c i e n t accuracy. Thus, one is forced to 

make a phenomenological de te rmina t ion from f i t t i n g exper imental d a t a , and, 

as f :ig. 35 shows, a completely s t r u c t u r e l e s s t a r g e t i s not a v a i l a b l e . 
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The f i r s t approximation which we make in examining the experimental 

data for 0 + Sm i s t h a t Sm i s a s t r u c t u r e l e s s sphere . Having done t h i s , 

a r ea l and an imaginary nuc l ea r p o t e n t i a l a re found which, when i n s e r t e d 

i n t o the Schrbdinger equa t ion , yi Id abso rp t ion cross s e c t i o n s which r ep ro 

duce the exper imental fusion cross s e c t i o n s for 0 + Sm. I t i s p o s s i b l e 

t o f i t the data q u i t e well in t h i s way. ihc curve drawn to guide the eye 

in Fig. 42 i s i n d i s t i n g u i s h a b l e from the f i t . Once such an empi r ica l 

s p h e r i c a l p o t e n t i a l i s f ixed, the e f f ec t of the s t a t i c deformation can be 

included fagain . in an approximntc way) by r e p l a c i n g the rea l and imaginary 

nuc l ea r r a d i i with 

R - R +1^,(0) 

where 

IL.(9) = R2(l + 5 3 R, Y°(01). 

l i c e , 0 s p e c i f i c s the o r i e n t a t i o n of the ax is of symmetry of the deformed 

nucleus with respec t to the d i r e c t i o n of the p r o j e c t i l e , Ŷ  is the sphe r i ca l 

harmonic of o rder ), and R,., is the r ad ius of the t a r g e t in the absence of 

deformation. 'Hie e f f e c t s of deformation on the Coulomb p o t e n t i a l must a l s o 

be t aken i n t o account . 'Hie dependence of the combined Coulomb and nuclea r 

p o t e n t i a l on B i s shown in Fig. 45 for 0 + Sm and r,, - 0 .27 , t-. = 0.054 

and y. ~ - 0 . 018 . These deformation parameters were determined from measure

ments of a - p a r t i c l e I n e l a s t i c s c a t t e r i n g . The b a r r i e r p e n e t r a t i o n problem 

i s then solved for each p a r t i a l wave at every angle 0 y i e l d i n g 
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Fig. 45. B a r r i e r he igh t s for the 
parameters de sc r ib ing the X = 

5 4 Sm were taken from Ref. 80. 
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HB) = ^ 2 L C2£+I) V 9 > 
i=a *• 

v/2 

afus = / c C 9 ) s i n 9 d 9 ' 
o 

The q u a n t i t i e s 'J(O) and i ( 0 ) - s i n 0 a r e shown in F i g . 4 6 . N o t e t h a t " ( 0 1 

c o v e r s f o u r o r d e r s o f m a g n i t u d e when t h e b o m b a r d i n g e n e r g y ( 5 4 . 3 MeV, c . m . ) 

i s w e l l b e l o w t h e b a r r i e r f o r t h e s p h e r i c a l c a s e C-*>0 MeV). U s i n g t h i s 

n r e s ' . ' r i nt i on f o r en 1 cu l ;it i n p • , and s e t r i n i > .• = / = 0 , .- , f o r t h e 
1 ' r u s + 6 

o t h e r i s o t o p e s of Sm can be d e t e r m i n e d by f i t t i n g t h e e x c i t a t i o n f u n c t i o n s 

f o r f us i on . -\ga in , q u i t e good f i t s can be o b t a i n e d t h i s way f *u.u , a s 

shown by t h e l i n e s * o g u i d e t h e e y e in F i g . 42) . The r<:sul t i nn va 1 u e ^ 

i'f . . a r e y i v e n by c u r v e a in }• i L; . 1". As shown h e r e , t h e d e d u c e d v a l u e s 

if ^ i r e much sma 1 I o r t h a n t h o s e v;i! u e s obt n nod by nt h e r met h o d s . I .est 

T H I S f a i l u r e r e s t nn t h e . ' i s sumpt ion t h a t • ,f Smi = o . t h e vdi^ lo p r o v e s 

<* let 'wmi n i n c i s p h c r i ca1 put e n t i a ! was r e ^ O i ! ed „ T h i s T i me f 111 ] n " ' he 

^rii dat ,i i i n d e : t lit- isMunpT i <vi That . , - " . 11' ,m«! t h e n i i \n n u : **• . . - ' ) . ! V 

1'he r«" ul t ^ i re shown in I ' l i ; . -1 ~ and i n d i c a t e t h a t t h i -. ^ r n f l c , -* it ; . 

ipp : • ' \ i mat : <ni ' wh i > h TM i;h X t-e c a l l e d The "ecpi i \ .11 ' -at ^phe : e " .;;>" n>\ i ii.it i mi ' 

t'i>! i in. 1 iu\i n ti t h e e f f v c t s o f s t a t i c de fo rmat i on i s not Mif r"i i. t e a r l v r t • 1 i i' • I e 

t u he t i s f j a s t o o l f o r n u c l ' - . i r s t r u c t u r e m e a s u r e m e n t s I t d e e s slvns . 

M r m e u - r , t h . i t t h e e f f e c t s o f d e f o r m a t i o n a r e s i gni f i c a n t , and a c o : i n t f w 

t h e t r e n d s of t h e e x p e r i m e n t a l d a t a shown i n F i r , . 42. 

It i s o f i u t e r e s t t o ask how 1 a r g c i s t h e di s c r e p a n c y h e r w e e n t h e p r e -

d i c t e d and e x p e r i m e n t a l f u s i o n c r o s s s e c t i o n s when t h e known v a l u e s o f 

http://ii.it
http://th.it
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B. are used. This i s shown in F ig . 48 in which t h e r a t i o of the c ross 

s ec t i ons for Sm and Sm i s p l o t t e d . The c ross s e c t i o n for Sm 

at the lowest energy i s p r e d i c t e d t o be a f a c t o r of t h r e e l a r g e r than 

observed expe r imen ta l l y . 

Many approximations have been made in a r r i v i n g at the above c l a s s i c a l , 

s t a t i c , equi v a l e n t - s p h e r e p r e s c r i p t i o n for e s t imat ing the e f f e c t s of 

deformat ion. A more complete d i s cus s ion of t h e s e approximations and 

e s t ima tes of t h e i r consequences i s o u t s i d e the scope of t h i s r epor t 
78 and i s p r e sen t ed e l sewhere . Suf f i ce i t t o say t h a t the neglec t of 

dynamic e f f e c t s seems a l i k e l y suspect for pa r t of the d i sc repancy with 

t h e experimental d a t a . Dynamic e f f e c t s h e r e r e f e r ( in c l a s s i c a l terms) t o J) 

the induct ion of an o b l a t e deformation in the t a r g e t nucleus by the Coulomb 
81 f i e l d of t h e p r o j e c t l e , 2) an induced r o t a t i o n of the nucleur as the 

p r o j e c t i l e approaches , and 3) the loss of r e l a t i v e k i n e t i c energy 

a s s o c i a t e d with each of t h e s e . In quantum mechanical language, the coupling 

of the low-ly ing v i b r a t i o n a l and r o t a t i o n a l l e v e l s t o the ground s t a t e allows 

a dynamic p o l a r i z a t i o n of the deformed t a r g e t and the d ive r s ion of flux 
82 in to the e x c i t a t i o n of these mot ions . 

Some i n i t i a l e s t i m a t e s of t he se dynamic e f f e c t s for the case of 60 MeV 

O + Sni have been made. A c l a s s i c a l e s t i m a t e of the r o t a t i o n before 

fusion Yields ^3 .5 and an e x c i t a t i o n energy of M28 keV. " The r e s u l t i s 
154 .'! reduc t ion in t h e Sm cross s e c t i o n by about a f a c t o r of 1.5. (Recall 

t ha t a reduct ion f ac to r of ^3 is needed for agreement . ) A quantum 

mechanical , coupled channels c a l c u l a t i o n i nc lud ing the 2 and 4 r o t a t i o n a l 
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100 

iS'l^ I 1 8„ ! : ig . 4S. R.itios of the fusion c ross s e c t i o n s f->r ""'Sm and ' '"Sm. 
Curve c shows the e f f e c t s of" the lab-cm d i f f e r e n c e in e n e r R v ( o n l v l , 
curve b the e f f e c t s of an A 1 ' 3 change in t h e r ad iu s (only) and 
curve a, t he se e f f e c t s combined. Spher ica l nuc le i are assumed. 
Curve d i s the s t a t i c c a l c u l a t i o n for the i n d i c a t e d deformation 
pa rame te r s . Curve e inc ludes the e f f e c t s of r e q u i r i n g the deformed 
nucleus t o have the same volume as i t s s p h e r i c a l e q u i v a l e n t . 
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l e v e l s y i e l d s b e t t e r agreement, the p r e d i c t e d r educ t ion f ac to r for dynamic 

e f f e c t s being "»2. Dynamic e f f e c t s on the fusion of 0 with 'Sm, however, 

have not yet been included. 

Summarizing the 0 + Sm fusion r e s u l t s , s t a t i c e f f e c t s appear t o 

148 154 

domi natc the changes seen in the fusi on cross sec t ion for Sm and Sm, 

hut the inc lus ion of dynamic eff rcLs may be requ i red t o produce agreement 

hctweeen predi c ei\ and measured c ross sect ion:-. . 
40 An inspec t ion of Fig. 44 shows tha t the c ross s e c t i o n s for \r *• Si:. 

at low bombarding ene rg ie s a l s o depend s e n s i t i v e l y on the i s o t o p i c number 

and, her.ee , nuelea r s t m e t -ire of the t argel . I lvn though the simple 

s t a t i c appr ox i ma*' i ̂ n is rot adequate for a prec i se ana lys i s of the d a t a , 

i t may serve as a useful hasi s for comparing fusion cruss s e c t i o n s i nduced 

by di i~fc rent pro jeet i les . Such a compari son is of i n t e r e s t because dynami c 

e f f u c t s of the type d iscussed above should become more important and 

liecause o the r degrees o f \ reeuom associ ated wi th the mass asymmet ry of 

ta rge l and p r o j e c t i ! c might be r e l e v a n t . 

'Hie compari son of t he 0- and Ar-induced cross s e c t i o n s was done 

t's i i>g -i ili f t'e rent procedure t ban desc r ibed above . Ins tead of i n t e g r a t i ng 

the SfJirodingcr equat ion for a complex p o t e n t i a l , t h e WKB approximation 

(Hq. 3 J was used. When, for a given pa r t i al wave, the c. m. energy was at 

or above the h a r r i e r h e i g h t , the Hi l l -Whee le r express ion for the b ; . : r e r 

p e n e t r a b i l i t y ./as used 'Hie real n u c l e a r p o t e n t i a l was taken to have an 

exponenti a 1 shape as gi ven by a p rox imi ty - type model. Fi gure 49a shows 

the r e s u l t s of f i t t i n g 0 + Sm with e s s e n t i a l l y a l l parameter--; f r e t . 

The r e s u l t , curve 3, y i e l d s ?•• - 0 , 18 , which i s l a r g e r than the experimental 

http://her.ee
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P , 6 0 + , 5 4 Sm 

52 
Ec,,„ (MeV) 

.or 1 ( , o 148, Fig. 4y. a) Experimental va lues of J f u s .'or " 0 + * "'Sir. The 
f i t s to the data are c a l c u l a t e d us ing a r e a l p o t e n t i a l onlv and 
the WKR method, hi Same as a) but for l b O + '-Hsin. 
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va luc . (Ther^ i s , of cour se , an i n t e r p l a y between the parameters d e s c r i b i n g 

the s p h e r i c a l p o t e n t i a l and the deformation pa rame te r . ) Curves 1 and 2 

correspond t o values of 3 = 0 and 3 = 0 .14 . The l a t t e r i s the exper imental 

va lue . In Fig. 49b, the r e s u l t s for 0 + Sm a re shown for va lues of 

6 = 0 . 0 , 0 . 18 , 0 .27 , and 0 . 3 3 , curves 1-4, r e s p e c t i v e l y . The d i f f e rence 

between curve 2 and 3 r e p r e s e n t s t h e e f fec t of t h e d i f f e r e n t n u c l e a r 

148 154 
s t r u c t u r e s of Sm and * Sm. Note t h a t , he re aga in , the d i f f e rence in 

154 148 
the deduced vnlues of P for Sm and Sm, 0.27 - 0 .18 = 0 . 0 9 , i s sma l l e r 

than the known d i f f e rence of 0.14 t o 0 .17. 

With the s p h e r i c a l p o t e n t i a l thus f ixed , and with the change in t!;c poten

t i a l when Ar is used i n s t ead uf 0 s p e c i f i e d by the proximity fo rmula t ion , 

40 the fusion cross s ec t i ons for Ar + Sm may be p r e d i c t e d . This i s shown 

in Fig. 5i!a by curve ! . While the ove ra l l agreement appears r a t h e r .good, 

the ;li scrcpancy at the 1 owest bombarding i s s i gn i f i can t ; i t occurs in the 

p r e d i c t i o n s for the o the r i so topes as w e l l . I t appears t h a t the ac tua l 
40 b a r r i e r for ,\r + Sm is e f f c c t i v j l y lowered, or e a s i e r t o p e n e t r a t e , than 

wo.ili' be expected on the b a s i s of an uxtrupo la t i on of cross s e c t i o n s with O 

p r o j e c t i l e s . This may r e f l e c t the a d d i t i o n a l degree of freedom mentioned 
S4 e a r l i e r . In any case i t was t e l t useful t o in t roduce an addi t i ona I , a l b c i i 

ad hoc. parameter in to the IV KB p e n e t r a b i l i t y in order t o cont inue with the 

comparison of the 0 and Ar da t a , and t o q u a n t i t a t i v e l y compare the fusion 

4(1 of Ar with the oth:' r i ."otopes of Sm. The IVKB penet rabi 1 i ty was thus 

r 2 
= cxp ( - - f ^ [V-li ]dr 1 

' I P J„ h c m . i 
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Fig. 50. Experimental va lues of a 154„ 
a) Curve 1 i s c a l c u l a t e d us ine ' t J i e o rd ina ry WKB p e n e t r a b i l i t y and 
parameters f ixed by f i t t i n g ' " 0 + 1 5 4 S m ( i . e . fi2 = n . 2 7 ) . Curve 2 
lias the parameter p = 1.6 (see t e x t ) and a l l o the r va lues the same, 
hi Curve 2 i s the bes t f i t when both p and p are ndi l isted, 
cl Shows the s e n s i t i v i t y of the p r e d i c t e d o-oss s e c t i o n t o changes 
in fi2 when p is f ixed . 
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where for p > 1 the p e n e t r a b i l i t y i s i nc reased over the usual WKB value 

(Note t h a t t ak ing p > 1 i s e q u i l i v a n t t o us ing a sma l l e r reduced mass, y . ) 

Curve 2 in Fig* 50a shows an e x c i t a t i o n func t ion foT 6 = 0.27 and p = 1.6. 

Allowing both £3 and p t o be f ree parameters y i e l d s curve 2 in Fig. 50b; 

the bes t f i t va lue of 8 i s now 0 .24 . The s e n s i t i v i t y of the p r e d i c t e d 

e x c i t a t i o n funct ion t o the va lue of 6 when p i s he ld f ixed i s i l l u s t r a t e d 

in Fig. 5<,.c. 
14y 144 

The f i t s t o the da ta for Sm and Sm a re shown in F igs . 51 and 52, 

r e s p e c t i v e l y . With the value of p fixed at 2 . 1 , b e s t - f i t va lues of 8 are 

144 148 
0 and 0.4 for Sm and Sm, r e s p e c t i v e l y . A new fea tu re emerges with 

t h e s e r e s u l t s , however. This f ea tu re many be noted a l r eady n t h e data 
148 shown in Hi ; . 44 - the fusion c ross s e c t i o n s for Sin no 1 onger approach 

154 (as r ap id ly ) those of Sm as the bombarding energy i s r a i s e d above the 

b a n i c r . Sec Fi g. 42 for comparison. Such an e f f ec t i s not con ta ined in 

any s t a t i c model for the fusion cross s e c t i o n and t h i s i s r r f l e c t e d in the 

poor agrecTncnt at high ene rg i e s shown in F igs . 51 and 52. An exp lana t ion 

for t h i s c u r r e n t l y i s not a v a i l a b l e . However, i t seems reasonah1e t o 

suspect that t h i s d i f f e rence i s connected with the fact t ha t ' Sm are 

v i b r a t i o n a l whereas ' Sin i s r o t a t i o n a l . That t h i s e f fec t f i r s t appears 

with a heavy p r o j e c t i l e sugges t s tha t i t i s dynamic in n a t u r e because of the 

much s t r o n g e r e x c i t a t i o n of c o l l e c t i v e l e v e l s by Ar than by O. Tho 

dynamic e f f e c t s which wore mentioned p r e v i o u s l y (and shown t o decrease 

the fusion cross s ec t i o n at low energies') a re not in evidence in t h i s 

comparison of 0 and Ar. Whereas they should have caused a decrease 

in the exper imental cross s e c t i o n r e l a t i v e t o the pred c t ion shown in 



1 0 3 f=r 

10* = 

101 = 

E 

b 10° = 

10"1 =-

10" 

= I I I 

Z 4 0Ar + , 4 8Sm 

i i 1 
= 

- * / * 

/ i "== 

. / / 

= * / 
= ©// 

0 
0 

P /3 

2.1 0 

2.1 0.14 

-= 

i y© 
_ i i i i 

i 1 i 1 

= 

110 120 130 

Ecm. (MeV) 

140 150 

40 . r i g . 5 1 . F.xpcri marital values or Ofu^ for " Ar 
Both curves have the p e n e t r a b i l i t y f ac to r p 

Sri. 
• i ; 

curve 1 has R-: 0, curve 2 has 



-104-

10' ,2 = . 

10 u 

= 1 1 1 1 1 
— 40. I44„ 

i i i i i 

_ Ar+ Sm ^ ^ - Ti — 

^ I 
= y ^ 1 

™ ! /f z 
» * / — 

¥ / 
P /9 

¥ / 
© 1 0 

@ 2.1 0 
<D 2.1 0.09 1 

1 l
lll

li 
|/fe / -= 

' . I : i i 1 i i 
120 130 140 

(MeV) 

l-'iK. 52. Hxperimental va lues of a f u s for 4 °Ar + 1 4 4 S m . Curve 1 
has the p e n e t r a b i l i t y f ac to r p ="1 .0 , while i t i s 2.1 for curve 
-' and 3. 



-105-

Fig. 50a by curve 1, the oppos i t e was found t o occur . These p a r t i c u l a r 

dynamic e f f e c t s appear t o be overshadowed by the p o s s i b l e e f f ec t of the 

a d d i t i o n a l degree of freedom a p p a r e n t l y a s s o c i a t e d with the s i z e of the 

p r o j e c t i l e . 

E. Sect ion Summary 

The a v a i l a b i l i t y of p r e c i s e cross s e c t i o n s for s u b b a r r i e r fusion of 

0 and Ar with the i s o t o p e s of Sm makes p o s s i b l e i d e t a i l e d examination 

of the cu r ren t methods of c a l c u l a t i n g the e f f e c t of n u c l e a r deformation on 

heavy-ion fus ion . The approach i s to ad jus t the unde te rmned parameters 

of the model [ i . e . , the potent ial") t o f i t t he fusion c ross sec t ions for 

one isofope and use t h i s informat ion t o make p r e d i c t i o n s for the o t h e r 

i so t opes . Thus, i t i s mainly the di f fe rences in the observed cross sect i ons 

wh L ch are of s ign i fi cancc. The equiva l e n t - s p h e r e s appro.ximat i on , wh ich 

cons ide r s the e f f ec t of s t a t i c deformat ions , accounts for the t r e n d s in 

the data hut ove res t ima tes the observed d i f f e r e n c e s in t h e fusion c ross 

s e c t i o n s for the d i f f e r en t i so topes when known deformations ore used. 

E q u i v a l e n t l y , the deformtions deduced from f i t t i n g the fusion data do not 

vary as widely with i so tope number as those der ived from Bfi ~) v a l u e s . 

Possib Io a reas for fu r the r i nvest i gat i on of t he se di screpanci es i nc 1 tide : 

(i1 ' h e re1 axat ion of the "head-on" approximat ion 

( i i ) the i nc lu s ion of ze ro -po in t motion along with s t a t i c deformation 

t i i i ) fu r the r st tidy of dynami c ( i . e . , coupled-channe Is ) of feet s . 
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Ca lcu l a t i ons (both c l a s s i c a l and quantum mechanical e s t i m a t e s ) suggest 

t h a t t he se e f f e c t s should not be n e g l e c t e d in comparing t h e fusion c ross 

s e c t i o n s for v i b r a t i o n a l ana r o t a t i o n a l n u c l e i . While most of t h e observed 

d i f f e rences can be understood in terms of s t a t i c deformat ion, the leve l 

of comparison with the data i s now s u f f i c i e n t l y p r e c i s e t h a t t h e dynamic 

e f f e c t s could account for as much as h a l f of the remaining d i sc repancy . 

Throughout t h i s a n a l y s i s i t has been assumed t h a t the empi r i ca l adjustment 

of a p o t e n t i a l t o f i t t he data for one i s o t o p e e f f e c t i v e l y normal ises out 

for the o the r i so topes any e f f e c t s which cannot be desc r ibed by a onc-

dimcnsional p o t e n t i a l s thus enab l ing the i s o l a t i o n of a deformation e f f e c t . 

Whilc t h e r e i s no way at the moment t o quant i t a t i v e l y check t h i s assumpt i on, 

i t can nnly be noted t h a t the assumption should be b e t t e r , the l i g h t e r the 

p r o j e c t ! l e . 

The na tu re of fusion process seer.is a f f e c t e d by the s i z e of the 

pro j ect i l c in ways not consi s t e n t with the expected changes in nuc l ea r 

potent in I and reduced mass of the system. These i n c o n s i s t e n c i e s appear 
40 at both low and high ene rg i e s in the Ar + Sm da ta . One way of i n t e r p r e t i n g 

40 the obse rva t ions for Ar + Sm at low ene rg i e s i s in terms of an a d d i t i o n a l 
40 degree of freedom in the s p e c i f i c a t i o n of the nuc l ea r p o t e n t i a l for Ar + Sm 

84 ( e . g . nn c1 ongat ion or neck i ng-in c o o r d i n a t e ) . Recent ana lyses of o the r 

fusi on data with heav ie r p r o j e c t i l e s a l s o i ndi ca t e tha t more than one 

dimension ( the s e p a r a t i o n of the nuc l e i ) may be requr ied t o adequa te ly 

., , 85,86 
desc r ibe b a r r i e r p e n e t r a t i o n . 
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This a rea of s tudy i s r i p e for t h e o r e t i c a l i n p u t . There a re a number 

of ways of t r e a t i n g the dynamics of the problem and of i n c o r p o r a t i n g the 

nuc l ea r s t r u c t u r e informat ion ( s t a t i c deformat ion , coupled channe l s , zero 

point motion of the ground s t a t e ' . ) Equal ly impor t an t , ther- ' i r e reasonably 

p r e c i s e experimental dat;. now a v a i l a b l e t o t e s t t h e s e t h e o r i e s . S u b b a ^ i i T 

measurements of fusion c ross s e c t i o n s for o t h e r systems e . g . 0 + Sn (Ref. 88) 

"52 Ni + Ni (Ref. 89) and S + Sm (Ref. .-0) are in p r o g r e s s , and a s e r i e s of 

9 ' measurements cont inues at C . S . I , us ing a v a r i e t y of t echn iques . " ' New 

t h e o r e t i c a l methods for unders tand ing these phenomena would provide 

important motivat ion and guidance for fu ture exper iments 

VI. Concluding Remarks 

The approach in these l e c t u r e s has been t o f xami ne cxper i ment a 1 dat •. 

in wh icn t h e mass and charge of the t a r g e t and/or pro ject i I e were va r i ed 

by small amounts. Three d i f f e r e n t types of cxpcTiments wore d i s c u s s e d , 

each with t h e i r own experiment 11 method, and were compared with p r e d i c t i o n s 

for "J _ whi ch i ncorpora ted on ly the most si mpic npproxi mat i nns and 

assumpt i ons for the fusion mechan i sm. In each of these th ree cases we 

saw tha t the exper imenta l data e x h i b i t e d phenomena well ou t s ide the > a n a c i o n ^ 

expected on the b a s i s of the fusion of s p h e r i c a l nuclei having ''•"> s t r u c t u r e 

or i n t e r n a l degrees of freedom. 

Sub-Coulomb cross s e c t i o n s arc extremely s e n s i t i v e t o the i n t e r a c t i o n 

potent i al because the in tegra1 over the wave number is in the argument of 

an exponent ia l (Recall F.q. 3 ) . This fact was e x p l o i t e d to s tudy ihe e f fec t 

of a s t a t i c nuc l ea r deformation ,-n the fusion of 0 and Ar with the 
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isotopes of samarium. The variations in of (E) with neutron number of 

the target were found to be quite regular and systematic although somewhat 

smaller than expected when deformation effects were included in a simple 

barr ier penetration model, This regularity is in cortrast to what was 

observed with l ight nuclei fusing with l ight nuclei. This i s perhaps not 

surprising since i t is reasonable to expect that the effect of a valence 

nucleon on the fusion process will be largest when the total number of 

-. .Icons in the nucleus is small. About half of the systems studied 

agreed with a standard prediction and the remainder showed deviations 

(up to a factor of two) in the form of a broad s t ructure , of an MeV or 

more in width, in the energy - averaged variation of c_ (0). There is 

at present no comprehensive explanation, neither quali tat ive nor quanti tat ive, 

r this behavior. It appears likely that the origin of the explanation 

must be found within the context of a microscopic model which incorporates 

the effect of indivi dual nucleons on the absorptive part of the interact ion 

potential . Clues to this explanation might be sought in an empirical 

correlation of the energy dependence of o*_ with properties of the colliding 

nuclei such as the spectrum of low-lying exci tat ions, Q-value.. for transfer 

reactions or for compound nucleus formation, occupied shell model orbi taIs , 

e tc . 

When light nuclei collide at high bombarding energies, the fusion process 

is dominated by a delicate balance between a t t rac t ive nuclear forces, repulsive 

centrifugal forces, and the non-conservative forces causing the dissipation 

of relat ive kinet ic energy. In a balanced situation such as t h i s , i t is 

plausible that individual nucleons might play an important role in variations 
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of a . f**om one system t o ano the r . When high angula r momenta a r e invo lved , 

the p r o p e r t i e s of both the en t r ance channel and the compound nuc leus may 

be important in determining the s i z e of t h e fusion cross s e c t i o n . Experiments 

must be chosen in o r d e r t o determine i f p o s s i b l e which of t h e s e p r o p e r t i e s 

i s the l i m i t i n g f a c t o r in a p a r t i c u l a r energy region S tud ies of d i f f e r e n t 

en t rance channels which popu la te the same compound system ( i . e . t h e same 

Z and A) are va luab le in t h i s r e s p e c t . Comparisons of B + 0 and "C + N 

which popu la te Al i n d i c a t e t h a t t h e compourd nucleus i s the l i m i t i n g f ac to r 

once a maximum angu la r momentum ,1 % 27 h i s reached. A*- t h i s po in t f u r t h e r 

i n c r e a s e s in bombarding energy cause r educ t ions i n n ( o \/P.) and 

corresponding i n c r e a s e s in o ,. . This l i m i t , 27ft, i s c o n s i s t e n t with 
1 ft d i r ec t 

1-he p r e d i c t i o n s of the r o t a t i n g l i qu id di >p model. At lower bombardjng 

ene rg i e s the en t rance channi 1 seems t o b'j t he l i m i t i n g f ac to r in so far as d i f f e r 

ent c r i t i c a l angu la r momenta a:o reached at the same e x c i t a t i o n L^er^y in the com

pound nuc leus . (This is e s p e c i a l l y apparent in the e x i s t i n g data for 
](j 14 24 12 1 ? 24 

R + N •* Mg >nd C + "c -+ Mg) . N e v e r t h e l e s s , the t r e n d s of n 

From one system to the next c o r r e l a t e well with the Q-value for compound 

nucleus formation and t h i s ha-, led t o the concept of a s t a t i s t i c a l o r 

e f f e c i i v e Yrast l ine as a Tieehanism for l i m i t i n g J „ . The d e l i n e a t i o n 

of e n L - i n c e -n. nncl and compound nuc l ea r e f f e c t s i s j u s t beg inn ing and we 

may •"•xpe "t to see more :»rogr- ss in the fu tu re as new experiment;) 1 da ta 

become a v a l l a b l e . 

1 would l ike to conclude by drawing a t t e n t i o n f i r s t to some 

imined! at e m eds for experi menta 1 work . The exper imenta l s i t u a t ion for 

0 + 0 is in great need of c l a r i f i c a t i o n . Because of i t s c l o s e d - s h e l l 

n a t u r e , t h i s system wi l l always be of s p e c i a l importance for t h e o r e t i c a l 
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work, and the cur ren t spread in experimental ba lues fVable 0 

rri-ikes a defi n i t i vo compari son wi th theory a l l but impossible . 

T ' c r e arc sy s t ema t i c e r r o r s , apparen t ly p e c u l i a r t o t h i s 

system, which may only be found by the d i f f e r e n t experimental groups 

performing the o t h e r s ' measurements. Or. rhe t h e o r e t i c a l s i d e , sys t ema t i c 

analyses of the experimental data in terms of deformation f C and Ne 

have 1argc dc formati ons) ana 1ogous t o those done for the h e a v i e r systems 

mi ;'ht prove i n t c r e s t ing . 

Subba r r i e r fusion measurements of s p h e r i c a l nucle i with s p h e r i c a l 

nucle i f e . g. 0 + Ca, Sn , or Pb) woul d bo Tiost usefu 1 . (In some . e s p e c t s 

these measurements should be undcrsl ood before a t t empt ing t o s tudy more 

complex phenomena such as the ef fec t of d e t o r i m t i o n ) . The e f fec t of 

v i b r a t i o n a l motion in the grouni' s t a t e and in exc i t ed s t a t e s i s vet to 

be . ' tudied in any derni 1 Si mi l a r i ly , odd-A nucl ei shoul d be i nc 1 uded 

along with the even-even i so topes From s y s t e m a t i c measurements of 

s u b b a r r i e r cross s e c t i o n s over a wide range of p r o j e c t i l e and t a rge t mass 

one may hope t o gain a d d i t i o n a l evidence for the phenomenon of neck 

formation in the fusion proces • 

Measurements of a at high ene rg i e s re s t i l l r e l a t i v e l y few in 

number. The g e n e r a l i t y of the l i q u i d drop l imi t for a l l nuc lea r systems 

is perhaps taken for g r an t ed , but t h i s does not remove the need for 

a d d i t i o n a l experimental v e r i f i c a t i o n a f t e r the phenomenon has been 

observed in one system (v i z Al"). In f a c t , i t i s important t h a t the 
24 1(1 14 
Mg system be studied at higher energies, and that the B + N and 

12 12 C + C data be subjected to identical analysis, in order to el trify 
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the s i t u a t i o n viz a v i s the l i q u i d drop l i m i t . Measurements on h e a v i e r 
9 2 - 9 S t a r fie1" s ' have demonstrated t h a t s u b s t a n t i a l r e s i due-1 ike y i e l d s 

are a s s o c i a t e d with incomplete momentum and mass t r a n s f e r . So f a r , analDgous 

12 14 

processes have not been de t ec t ed in r e s i d u e - l i k e y i e l d s from C N and 

B + 0. In these cases ( in con t r a s t to h e a v i e r t a r g e t s ) the e f f e c t s 

of incomplete '"usion should he exper imen ta l ly observable in the energy 

spectrum M' r e s i d u e s . Thus The incomplete fusion y i e l d , to the extent 

that it i s , esent, appa ren t ly has hrvn i n c luded , as i t shouUi bn T with the 

d i r ec t or pe r i phe ra l r e a c t i o n s . R i c h e r s tudy of t h i s ques t ion usini; 

both s i n g l e s and coincidence measurement s i s needed. 
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