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THE CURRENT EXPERIMENTAL SITUATION IN HEATO-ION REACTIONS 

David K. Scott 

Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 9^720 

Nonce ^ 
PP)1TinvS OFTHIS REPORT ARE ILLEGIBLE It 
h?«'T«WfVi«Kl<ic?<rfrom the best available 
•• w ; !n permit tho broadest possible avail-

INTRODUCTION 

Let us begin on a grandiose note by comparing heavy-ion colli
sions, which occur on the shortest scales of time and space in the 
Universe ( 1 0 - 2 3 sec and 1(T 1 3 cm),, with the collisions of galaxies 
(then both exponents are positive!!). Figure 1.1 shows the spectac
ular NGC 519k spiral nebula in Cartes Venatici, 1 with the satellite 
nebula NGC 5195. The analysis of [this type of cosmological event 
uses a simple potential model with] gravitational forces folded over 
the mass density distributions.2;?! The collision of two equal mass 

Figure 1.1 



galaxies, where one has some initial symmetric distribution counter 
to the parabolic orbit of the incident galaxy, is shown in Fig. 1.2. 
As time passes, we see the build-up of a tidal wave which eventually 
spews out mass in the "target fragmentation region," leaving behind 
some hot, residual system which seeks a stable mode. Kow compare 
the collision of 2 0Ne on 2 3 8 U at incident relativistic energies of 
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250 MeV/nucleon and 2.1 GeV/nucleon in Fig. 1-3; these pictures 
were generated by solving the hydrodynamic equations, and show 
nuclear rather than galactic matter streaming out, as the wounded 
nuclei try to recover. (The hydrodynamic equations have also been 
solved for star-star collisions.^*") 

The relevance of heavy-ion collisions to cosmological events 
may be even more profound. In Fig. l.h\ is shown the temperature 
reached in the nuclear fireball (the region of matter dispersed 
between the target and the projectile in Fig. 1.3) as a function 
of the incident energy of two colliding! ions,^ for two assumptions 
about the hadronic mass spectrum. The burve labeled "experimental" 
corresponds to a mass spectrum containing essentially the known 
tarticles, while that labeled "Hagedorn" corresponds to the boot
strap hypothesis of an exponential growth of hadrons. In this 
model the temperature limits at ̂ lUO MeV (and such a limit may 
have been observed"), a temperature approaching the limit reached 
at the earliest recognizable moments of our Universe, in the Cosmic 
Big Bang." After this beginning to our lectures, let us hope that 
we do not end with a whimper! 

These examples demonstrate that there is considerable interest 
throughout tlr" whole of physics in the collisions of structured 
objects, especially insofar as the phenomena may be explained in 
the context of a microscopic theory. In the most general sense, 
this motivation justifies the enormous effort and expense poured 
into providing heavy-ion beams as massive as uranium up to energies 
of 2 GeV/nucleon for the study of nuclear interactions. (Useful 
sources on developments in the field are contained in Refs. 10-30.) 
A more specific motivation becomes evident when we take a panoramic 
view of the stability diagram^ for nuclear species in Fig. 1.5. 
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There are 300 stable nuclear species. During the last half century 
only some 1300 additional radioisotopes have been identified and 
studied. It is estimated that in tiie interaction of U + U, 6000 new 
species could be formed. The historic role of heavy-ion physics, 
through the study of these nuclei, will be to relax the limitations 
that have been imposed on the study of nuclear physics over its 60 
year history — limitations of nuclear charge and mass number, 
limitation of spherical shape, limitations of "normal" temperatures 
and pressures and reaction mechanisms. The influence of very heavy-
ion accelerators is already beginning to be felt in theoretical 
chemistry, in atomic physics, and quantum electrodynamics as well 
ac in nuclear physics itself. Over the last few years, a wave of 
enthusiasm has caused nuclear physicists to focus on research with 
heavy ions, and the view both near and far is one of increasing 
excitement which has pervaded the conference halls and the research 
laboratories, dominated the research proposals and preoccupied the 
funding agencies. It shows no signs of abatement. 

In these lectures I shall attempt to give a survey of the 
present experimental situation in Heavy-Ion Physics. I shall draw 
heavily from a similar course of lectures delivered last year,3° 
updated by the many new trends which have emerged since that time 
— or which were unknown to me then! In order to chart a navigable 
course through the vast territory of heavy-ion literature, I shall 
make a division into three continents, named (a) Microscopia, 
(b) Macroscopia, and (c) Asymptotia, which will deal in turn 
(a) with the simple excitation of discrete states in elastic 
scattering, transfer and compound nuclear reactions; (b) with 
more drastic perturbations of the nucleus high in the continuum 
through fusion, fission and deeply-inelastic scattering; and 
(c) with the (possibly) limiting asymptotic phenomena of relativ-
istic heavy-ion collisions. However, it will be one of the goals 
of these lectures — and my selection of material is so guided — to 



show that there are definite signs of a Continental dx*ift3 vith a 
merging of the microscopic, macroscopib and asymptotic approaches. 
When they finally become a Trinity., noj doubt we shall find Utopia, 
but I am afraid ve shall not reach it in these lectures. However, 
the very fact that we are gathered here to discuss both heavy-ion 
ar.d pion physics is also an indicationj of the reunification of the 
many branches into which nuclear physics has become divided. 
Perhaps we could do well to reflect on! Benjamin Franklin's injunc
tion to his colleagues, "Gentlemen, let us all hang together, or 
we may all hang separately/' In other[ words, make out of necessity 
a golden opportunity to strike down artificial barriers in physics 
providing a better perspective on many aspects of nuclear dynamics 32 

1. MICBOSCOPIA 

We shall begin by defining some of the parameters of heavy-ion 
reactions, and then use this knowledge tc describe the characteristic 
features of elastic scattering. The status of optical potentia3.s 
is then treated, followed by their incorporation into the DWBA 
formalism for simple transfer reactions. A survey of more compli
cated multinucleon transfer leads us to heavy-ion compound nuclear 
reactions, from which most of our knowledge of new types of states 
excited in heavy-ion collisions is presently being gleaned. 
Throughout this, and the subsequent lectures, the emphasis will 
be on heavy-ion collisions at energies well above the barrier, 
since this rerion is the wave of the future. 

1.1 Characteristics of Heavy-Ion Collisions 

In the collision of nuclei with charge arid mass numbers Zj, 
AT and Z^, Ag, some useful quantities are defined in fig. 1.6 

Figure 1.6 

Reduced mass u 
m A l A 2 

v*7 • 
m - nucleon mass. 



Relative velocity = v 

Ts. 
E in MeV . (1.2) 

Wave number k = j = ^ = . Q) . (1.3) 

Kinetic energy of relative motion Ej = \ uv2. (l.'i) 

Half distance of closest auoroach in head-on collision 

Z 1 Z 2 e z Z, Z. FKh • - 2F 

z i V 2 

Sommerfeld parameter n = ka = —jj (1.6) 
Classical impact parameter = b. 
Associated angular momentum = kb = % (partial wave). 
Scattering angle = 8. 
Strong interaction radius R = R, +R„ = r (A, +A; ) . 

J d O 1 d 

For a Ru^nerford orbi t , 

d = a ( l + cosec 6/2) 

= a + V a 2 + b 2 

ri/k (1 + V l + U / n ) 2 (1.7) 

Crit ical scattering angle 6 or 8 e whan d = R. 

(1.8) 
2 R - a 

b = RVl-2a/R (1.9) 

SL = kb = kR(l-2n/kR) (1.10) 

Heavy-ion reactions are characterized by large values of 
kB = R/J » 1. Such considerations lead us to the concept of a 
semi-classical trajectory, associated with different impact 



parameters. Indeed the very features that complicate maiei*ioal 
calculations for heavy-ion interactions, high orbital angular 
momenta I = kR and large Sommerfeld parameter n» are just those 
that may be turned to advantage in semi-classical analytical 
computations. Referring to Fig. 1.6, we can write for a given 
point on the orbit, by conservation of 

Til en 

ur zX = I = uv b 

bur* + %vr*X* + V(r) = E = 

dx dx/at 

angular momentum and energy: 

fl.11) 

hw' 

dr " dr/dt f " r* J- E _ „(r) _ f ^ i 

and we can calculate the scattering angle 

eu) - * / * 
dr 

>/2uE-2uV(r)-£2/r2 

(1.12) 

(1.13) 

(l.lfc) 

since 6 = IT - 2X. Here V(r) is the total potential, comprising 
Coulomb + nuclear. Equation (l.lJi) enables us to construct a 
scattering diagram and a deflection function diagram, which 
typically looks like Fig. l.T-

Figure 1.7 



b the t r a j e c t o r y follows a Coulomb 
9 i n i t i a l l y dec reases . At smal le r impact 

e £ C \ c a l l e d t h e 
i s forbidden 

For l a r g e impact para-vrter 
o r b i t j and as b decreases 
parameters the a t t r a c t i v e nuc lear p o t e n t i a l p u l l s , t l j e t r a j e c t o r y 
forward so there i s a maximum s c a t t e r i n g angle 
Coulomb rainbow a n g l e , beyond which s c a t t e r i n g 
c l a s s i c a l l y . The a t t r a c t i o n p u l l s the t r a j e c t o r i e s round t o a 
maximum negative anj*]e, a f t e r which s t i l l smal ler impact parameters 
again s c a t t e r to smal ler a n g l e s . This nega t ive maximirr. i s ca l l ed 
the nuclear rainbow a n g l e , 6 ,̂ ' . The t rend i s concise ly represenv-
in the d^fl-jction function diagram a t t h e bottom. One of the 
c o n t r a s t s between l i g h t - arid heavy-ion s c a t t e r i n g i s the prominence 
af uucleitr rainbows in the former arjd Coulomb rainbows in t h e 
l a t t e r . J - Thos" cons ide ra t ions lead us t o p r e d i c t an e l a s t i c 
r.^a*. t e r i n r d i s t r i b u t i o n (F ig . 1 .8 ) . 

o/o D 

Figure 1.8 
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The s c a t t e r i n r follows the Rutherford p a t t e r n up t o th» p raz in f 
t r a j e c t o r y . H^yor.d t h a t i s the shadow r e g i o n , where c l a s s i c a l l y 
no p a r t i c l e s p e n e t r a t e . Note, however, tha t a s i m i l a r p i c t u r e can 
be generated by strong absorption i n s i d e the graz ing t r a j e c t o r y . 
Then the sn-idow in generated by an imaginary r a t h e r than t h 0 r e a l 
p o t e n t i a l . ^ 

We coir.par 
l orms occurr ing i. AJJCI HUVH ^ai. i j J.I» J if,, A . , ? , 
ing of l 6 0 of 10 M«V/nucleon on 2 o 8 Pfc and ±2 

ese z^roth order p r e d i c t i o n s with th-.- two standa 
per imenta i ly in F ip . 1.9_,_which shows the scattr-

Figure 1.9 



These are.examples of Fresnel and Fraunhoffer diffraction. In the 
case of 0 + 20-fJb, the scattering is Coulomb dominated and the 
overage trend is indeed as in Fig. 1.8. An interpretation of the 
diffraction patterns is possible in the semiclassical picture by 
introducing complex trajectories ^^^^ and is dii-cussed by R. 
."chaffer in this lecture series. 

1.2 More Formal Treatment of Elastic Scattering 

The scattering amplitude c<in be written 

f(6) = -^ I (PR+llP^cosO) (e' Z - l ) (1.15) 

. , . , 37,36 
r s emi -e la s saca l i d e a s : 
aj Replace % by continuous v a r i a b l e L, £ + -a -* L. 
b, Assume cont i ruous v a r i a t i o n of phase s h i f t 6(L) with L. 
c) Replace Pj_fcos0) by an asymptot ic form for l a r ^ e L. 
d) Heplace L by / . 

^ / L d L J o ! ; c , " 0 ) ( E r'b) = — J i. dL J. , ' : . si.jO) ( e £ : o ( L ) - i J ( l . i f i 

i f f £ 77/6. 

asiu = 1, L •- L 
c 

= 0, L < L 
(1 .17) 

( i . e . , no s c a t t e r i n g i f L > L c , complete absorpt ion if L < L C ) , the 
if.tf 'pral car. be evaluated t o give the d i f f r a c t i v e cross s ec t i on 

12 r jjtkReip 
L kR9 J 0 D ( 6 ) - (kR 2 )^ I—^r^S— I d - 1 8 ) 

where L = kR. This d i f f r a c t i o n cross s ec t i on has a c h a r a c t e r i s t i c 
o s c i l l a t o r y behavior with spacing 

A8 * ir/kR . (1 .19) 

In order t o d iscover the p r e d i c t e d t^end of d i f f e r e n t i a l cross 
s ec t ions we t a b u l a t e some values of parameters in Table 1.1. We 
see t ha t tiie l b O + 1 2 C r e a c t i o n a t 168 MeV has a small Sommerfeld 
parameter r) and has s i m i l a r va lues of n» kR, X, a, R, 9 C t o t h e 
reac t ion a +^ Zr a t 10** MeV. There i s t h e r e f o r e nothing myster ious 



about, the almost exactly similar differential cross c-r-r ions show:. 
in Pip;. 1.9(b), of the- predict-3 Fraunhoffer diffraction spacinp, 

TABLK 1.1- Interaction radiu- c-.ru, ;tc-'i a:; rr(A +A!'"*) 
with rv = 3. C fir.. 

R E 
(fmi •* (IteV) V / " n 

<+,";'.ri 0.577 9-61 0 . , ' - : 10'* 0.;-3S ?-J'9 T. 17 !•? , - . ^ -
" w + ^ r o.it79 7-t.9 O.PO'J : £ •> ; o .y ,o r-.'ii. -.(,:• l'-, '-.•'•• 
" ' . + ? I 1 8 M , i.fr'B 13.01 o.';-". 31. o.,-.i. :•-,.' :• ' ." '• : r r o.y-

" " . : + - " i : o . n ' " 15-83 0.033 .'• •!% 0.0', 3 1 ] f.f. I. r,.''. - 7 CO'; 0.30 

A reac t ion ^uch ac i " 0 + ' ' " T'b ir. cha rac t e r i zed "by •* ' .arr» r> 
[ • • • rw' ' i T ar.i io Coulorr.h—-Jo:.Tiri--it,F.r], I '-adi:.^ t o Frern<-] :--_i'.'.'.-rir./-
f'!.' . r.'junhof i'cr ccat '.crinf- voulri b»- -li r '" i"ul ' . to obs<- -v[- "XT'-ri-
!.,.-:.'.nl ]y sir,- '- Aflj, * 0 . 3 " ) . 

Ir. ' h i f "•!. .... ».i>.i-- • hf !rir,-" : ir . r> a M n z i M ' . : ' ' . f ' ' f «j: 

r(ft) ^ / > - - ( 7 r ^ ) ' ^ ( - - r ) p i M ; ••) ' 

i-X. a scat.tt rihr_ anpl'.- 9 , the main c^r . t r ibut i on 4 .• 
,:.'!':•:•. from values of L near LQ r iven by 

-m. ii.t'i) 

[Noto: This ir. an equat ion for L^: for Coulomb phase s h i f t s 
Rives L e = n c o t ( 6 / ? ) . ] 

Expand <5(L) about LQ: 

6 { L ) = S ( V + ( f ) ( L - V + '>($) ( 1 - V ? + ••- ( 1 - " » 

•••26(h) = 2S(Lg) + 6 ( L - L e ) + H ( | f ) ( L - L e ) ? + . . . . ( l . ? 3 ) 



Taking out slowly varying functions, and replacing the lower limit 
of integration by hr ( i . e . sharp o:i..-off model): 

,--1 ~ 1 -\ L9 icx(e)/* .. i /aex 
H ) ~ k\5^s7n? e J d L e X p ?\arl 

(L-L, '0' 

s is just the Fresnel integral (compare Tip. 1.9(a)). 

Introducing a new variable >: by 

r,y.' 

f(6) 

( s ) . - _ 
l J ^ d i ) B ia(B)f" k 1 PsinB e J (1.2-6) 

,:ral car. be evaluated, replacing x •+ 
171/!. 

i.e. L < L. 
Then 

,1„(dL/d8) 
k T sinB 

ia(8) * /de\ where a = a + j - ^ — I (1.27) 

<j(8) |f(8)| 1 /hdb\ 
sin9 \ d6 / (1.28) 

w/.-r- :.r = kb_, which is just, the classical scattering formula. 

Uow we note that if x c is set equal to zero, i.e., L= L c, we 
have thi- simple result that at. the cvitical angle 8 C, 

0(8) (1.29) 

39 which is the origin of the famous quarter-point recipe. y We 
shall see that this point (and others closely related) dominate 
most heavy-ion elastic scattering experiments. To make further 
progress we either have to introduce more elaborate parameterizations 
of the phase shifts^o (which can be done, e.g. smooth cut-off 
instead of sharp cut-off) or resort to the common practice of 
dressing everything up by an optict. I potential. 



l.< Optica] :'.ori'-l Analysis of E l a s t i c S c a t t e r i n g 

Mont analyses have used a Saxon-Woods nuc lea r op t i c a ] p o t e n t i a l . 
(Th<- Coulomb arid cen t r i fuga l p o t e n t i a l s must a l s o be inc luded. J 

Ufr) = -v fe^ + l ! " 1 - iVjf- x '+ 3 ) ' 1 ( l . r w 
Wt,'.T<-

•/. = ( r - R ) / a R = r ( A ' / 3 + A^/ ' i 
o 1 2 

x' = f r - H O / , ' h- = r ' U \ f i * ^ n ; 
O J r-

Mo;: i. '.!''.-•:. t.hr- fr.ur-pfjraiiK-tnr for.-r., h = r ' and a = ' i ' , is ;. ed. 

7hc most coherent p i c t u r ' wo:ild bo t h i t of quotlr .r a r loba l c - t 
of paramr* -or J » but «<•• arc not quit*"' the re ye 4 . . There er^ trer.cnd'j'-i:: 
a:::nurn t i e s a s soc ia t ed with the p o t e n t i a l s for the s ca t t e r ; : . ; ' ' f 
s t rong ly absorbed p a r t i c l e / , , which a r " s e n s i t i v e amy ' o *:.'-
extreme t a i l of the p o t e n t i a l . 

J £ ' -• Ar; a:. example, consider da ta for the reduct ion 0 + ~'t a* 
3%' Mr-7 shown in Mp;. 1.10(a) ( s imi l a r t o t ha t shown i r. r\r. ] . V a ) ) . 
The ana ly s i s with r.axon-Woods p o t e n t i a l s ir. Kip;. 3.10(b) i . ] : : ; ' - ra* '-s 
t n ree p o t e n t i a l s which f i t the V)? MeV data equal ly we l l . ' * 0 'Ml/ 
th>: value of the potential at IL.b .f>: ?.? V'-ll de'-j veined. I r .v 
tir-: -.he actual value of the nuc lea r p o t - r . ' i a l a t t h i s i- • '• 
(** 1 .Mr-V) i s very s n a i l compared t o th™ Coolorb (=71 M--V;. Th<-
cross -over {joint i s ca l l ed the send lije radius ( K

3 ) s*.̂  bar *.:>• 
same Dif/nificance as the Fresnel ^ -po in t di:.cussed pr^-v: ;.-jsly • : 

In f a c t , from F I R . 3 . 1 0 ( a ) , G,, = 31-^°- Th'-n, 

L, = n cot(e, /2) = ior> , 
3 'A 

^ i n/k ( l + */i + ( l / n ) 2 ) = V-." fm ( i . i ' j 

wiiî h is close to the 1?.5 fm of the cross-over. The point also 
coincides with the radius associated with the C-value at which the 
optical model transmission coefficient drops to *2, (Ri ), and 
Lj, = 106 in the above example. This distance is typically ? or 
3 fm larger than the sum of the radii of the two ions, at which 
their densities fall to one-half of the central value. ^ Even 
when absorption is almost complete, only the 10!? regions overlap. 
From classical perturbation theory it can be shown^2 that elastic 
scat+.̂ ring mainly deuermines the real part of the optical potential 
at a point slightly inside the distance of closest approach for a 
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trajectory leading to a rainbow angle, and this distance should 
become constant at high energies. A detailed analysis of the data 
for the l 6 0 + 2 o 8 P b system ? U shows that from 90 MeV to 190 MeV, 
the scattering is indeed refractive, with Ft'-s roughly constant. 
Recently the elastic scattering has been extended to 31c; MeV {see 
Fig. 1.11) suggesting rather that the distance continue.- to de-
c?-ease, and that higher energies may be able to prove the pjt,en-
tial deeper inside the nucleus. 

Higher bombarding energies have been used in. 
resolve the ambiguities in the 16„ 

u-==i. «=,*=- j.n. an. attempt 
2 8 S i system. 1 1 5'^ ry,, A 

to 
The data 

at 215 MeV are shown in Fig. 1.12. The idea is to take data beyond 
the rainbow angle, where an exponentially decreasing cross section 
will be observed if the real potential is sufficiently weak. Too 

:V 

'MA 

Figure 1.12 



much absorption will always give rise to a diffraetive pattern. 
The data are clearly diffractive, and call for potentials with 
V/W < 0.5 (in contrast to those for light ions for which V/W «= 
5.0), assuming an energy independence; this is expected to be small 
for heavy-ions. The solid curve is for V = 10, W = 23, r 0 = 1.35, 
r 0* = 1.23, a = 0.6l8 and a' = 0.552, whereas the dashed curve is 
for a detp potential of 100 MeV. The potentials extracted for 

Z + fa are quantitatively very .jimilar. 4' 

Given the abrupt change in character of potentials for light 
ions (e.g., alpha particles) and heavy ions as light as 1 2 C , 
obviously one must look in between, say at, -Li. In fact the 
res\iltsj4T in Fig, 1.13 have a pronounced nuclear rainbow similar 
to a-scattcring, completely at variance with shallow 10 MeV dif
fractive potentials, but unable nonetheless to pin down the real 
potential to better than between 150 and 200 MeV (with W ** Uo MeV 
in both cases). Now the search is on with ?Ee, and no doubt Mother 
Nature will be clever enough to hide the sudden transition between 
light and heavy ions in the nucleus "Be! The suddenness of the 
transition is a challenge to fundamental theoretical derivations 
of heavy-ion potentials and we end our discussion of elastic scat
tering with a catalogue of some of these approaches. 

!.'• More Genera] Approach to Heavy-Ion Potentials 

As we have seen, xhe study of heavy-ion potentials is hampere3 
in general by the insensitivity of elastic scattering tc all but 
the value of the potential at the strong interaction radius. s 
natural therefore that both experiment and theory should tur*- '•-• 
methods which determine the potential at closer distances. A1 :• _r 
distance where the nucleus-nucleus interaction is established can 
be estimated from the liquid drop model. This is the distance 

Figure 1.13 
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corresponding to the sum of the half-density radii Ri and R 2 where 
the attractive force is:^° 

_2 where y = 0.95 MeV*fm is the surface tension coefficient. The 
previously determined sensitive radius and the value of the poten
tial at this point, together vith the value of the force: 

(1.3*0 

'ietermine the two parameters V and a. The sum of the half density 
radii ht+R can be evaluated using expressions of the form: 9 

fS1 = 1.12 A 1 / 3 - 0.86 A~ 1 / 3 (1.35) 

(The deviation from strict proportionality to A comes from purely 
geometrical considerations of a spherical distribution with a dif
fuse surface.) Using these equations* the nuclear potential can be 
calculate! for any target projectile combination, and lead typically 
to potentials 60 MeV deep, of diffuseness 0.85 fm. 

These simple considerations have been generalized by the 
rrcximitu Ferae Theorem which states:^0 

"The force between rigid gently curved surfaces is propor
tional to the potential per unit area betweer. flat sia>faces.'f 

For frozen, spherical density distributions, the force between two 
nuclei as a function of distance s betveen their surfaces is 

R,Rp F(s) = 2TT -z Z.Z e(s) (1.3b) 
\ + R

2 

where e(s) is the potential energy per unit area, as a function of 
the distance betveen flat surfaces. The touching of two flat s*ir-
faces results in a potential energy gain per unit area equal to 
twice the surface energy coefficient, 

e(0) = -2v 

leading to the same maximum force as above. (The force becomes 
repulsive as the two density distributions overlap.) 



For the potential we obtain, 

R 1 R ? . 
' J ( s ) = 2TI p T „ / e ( s ' ) t ? s ' (1 .37) y g r 

R l + R 2 Js 

s = r - ( ^ + R £ ) . 

The i n t e r a c t i o n i s given .i^ terms of a u n i v e r s a l function e ( s ) ; 
once known or c a l c u l a t e d '. >r one p a i r of n u c l e i , we immediately 
have information about o the r p a i r s . Although based on a l i q u i d 
drop model, the formula i s a c t u a l l y very g e n e r a l . Suppose t h a t 
the i n t e r a c t i o n energy i s represented by a fo lding formula with 
a 6-function i n t e r a c t i o n : 

U = A P ^ r ^ P g ( r - ^ J d ^ (1.28) 

If the : ien [ ; i t ies P- , p ? have Saxon-Woods shapes 

(1.39) 

then the integral can be evaluated: 

I W - M P 5 - H - / - ~ 7 - '-•;'t" .2 y 2 r 

where s = r - (R + R ? ) , and has the proximity form with r. particu
lar expression for e(s). This result begins to link for :.- t:ie 
wievosaopie and macrosaopio approaches to potentials. 

To compare with experiment, we write U(s) in the form 

R l + H 2 

where C - s/b, b = 1 fm, and Y ^ 0.95 MeV'fm . The universal 
function <J> has been evaluated using the nuclear Thomas-Fermi method. 
We find: 

<jiU < 1.25) = -hit, - 2.5)<)2 - 0.85(C - 2 . 5 M 3 

(1.1.2) 
*(C > 1.25) = -3.1*37 exp(-t/0.Yi) 
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£,the separolion s in units of b 

Figure 1.lU 

ard i s p l o t t e d in F ig . l . l U . 52 

The theoretical proximity function $(£) in the extreme tail 
region has been compared with nuclear potentials deduced from an 
analysis of elastic scattering data, leading to values of 4> from 
0 to -0.16, and are reproduced in the figure "by circles. We see 
(as expected) that elastic scattering tests the potential over <J> 
at large values of £, i.e., radial distances near the strong ab
sorption radius. 

As ve shall see in later sections, inelastic processes probe 
the potential to much smaller radii.-> Values derived in this way 
are shovn as triangles. The theoretical proximity potential is in 
good agreement with the data over the entire range of distances. 
A similar global comparison is discussed in Ref. 53, where the 
potential is tested at distances where friction effects are impor
tant » but this subject leads us into Macroscopia. 

Many other approaches are taken to the theoretical derivation 
of heavy-ion potentials; for example, the folding model,'* "^ and 
the energy density formalism?''^ Perhaps it is appropriate to 
conclude with a comparison 2 in Fig. 1.15 of some of these poten
tials, evaluated at the-sensitive radius with the Saxon-Woods 
potential for a wide range of interacting systems. Equally good 
agreement is produced by the empirical potential of proximity 
type: 

V(r) = 50 
R l + * 2 
.1/3 

• ( = * * ) 

-1/3 - 0.978A.'J and a = O.63 fin. 



or Folding 

b" Boundary ' 

c: Proximity [ 

dl Emprncal " 

1.5 Transfer Reactions 
The resurgence of interest in microscopic heavy-ion reactions 

around 1970 was largely (and rightly) triggered by the great hope 
that multinucleon transfers (which are possible only via heavy ion 
reactions) would reveal a rich spectrum of new types of states in 
nuclei, e.g., nuclear quartets.12,59 ^be ideal scenario is to 
take the optical potentials from the elastic scattering studies of 
the previous sections, compute distorted waves in the initial and 
final channels, plug them into the DWBA transfer amplitude to get 
the cross sections for transfer. Since 1970, however, many studies 
of one, two, three and four nuclear transfers"0-"2 (some of which 
are also possible with light ions!) indicate that the mechanisms 
are complicated by high order coupled channels and multistep ef
fects. The whole subject has become bogged down in a welter of 
computational details. Let me try to show that the situation is 
not quite as black as it is often painted, and that heavy-ion , 
reactions can still make an attack on nuclear structure problems. 

Look at a nucleus such as ̂ °Ne in which the spherical-basis . 
shell model generates rotational like spectra described as (2s,Id), 
A clear "rotational band" is predicted in agreement with experiment 
(Fig. 1.16), not only for level positions but also for E2 transi
tion strengths (those in brackets are collective model, the others 
are shell model). It seems that the shell model is winning, 
because of the fall off of E2 strength for the higher spin states. 
The shell model also predicts that the band should terminate at 
J=8, whereas the collective model, as classically conceived, goes 
on forever, to states of 10, 12 .... If the band did run on, it 
would be a triumph for the collective model, but it would not be 
the end of the shell model. We would argue that as the excitation 
increases, so does the tendency to loosen the 

16 0 

core so that the 
configurations such as lp (2s,ld)° creep in, bringing higher angular 

Figure 1.15 
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momentum. (Such merging of ringle particle and collective aspects 
will be taken up ir. our discussion of m,uch higher angular momenta 
in nuclei, in the lecture on MacroscopiW). If the hand stops at 
J=8, th£ argument for the truth of the shell model as against the 
classical rotational model becomes very strong. 

The states of the band should be strongly populated by 
attaching an a-particle to the " 0 eorei, and the same is tr>ie for 
the configurationally equivalent case in 0, by a-transftr on 
l'-C into the band beginning at 6»05 MeV. Now take a look at the 
spectrum6? for the ̂ C t ^ B j L i ) 1 ^ reaction at lib MeV in Fig. 
1.17- We Imagine the a-particle popped, onto the ^C surface, 
bringing in an angular momentum of several] units due to its linear 
motion in the -^B. The striking feature of the spectrum is the 
extreme selectivity. Only a few states appear up to 21 MeV excita
tion which can be identified with members of the rotational band 

•<C."8.'1,1"0 

/ 

LL 
Figure 1.17 



uj to £ (and a l so a negat ive p a r i t y band up t o 7 " ) . Hemember th 
the- ]evo] densi ty in ^-"0 arourd 20 KeV i s inany t e n s of levels/Me V 
There in l i t t l e sign of 1 0 + and 1 2 + l e v e l s which the Ej = Ii S / £ J 
TM+1) r o t a t i o n a l scheme would p lace around 29 and 19 KeV. So th 
:injiK* sneetrum, 'tlmop.t by inspection, a l ready s t reng thens cur 
f '-eiinp t h a t th'; s h e l l model i s probably an exce l l en t f i r s t crd^r 
oe sc r ip t i on of nuclear s t r u c t u r e and t h a t the c o l l e c t i v e models 
!-~r>j probably to be regarded as much more convenient r e p r e s e n t a t i o 
f. f some aspect? of the s h e l l model, bu t secondary t o i t , r a t h e r 
than mM^ie t h a t contain t r u t h s beyond those t o be d i s t i l l e d fror. 
i:h''ll mod^i vavefunct ions . However, we do need a q u a n t i t a t i v e 
*.:.<•' ry of thu reac t ion dynamics t o p r e d i c t the s t r eng th s of th/ 
:'*.'ites in r i p . 1.17. Let us be^in with a s imple , semj.clts.ssical 

. h i s rr.orjel "• assumes t h a t the p a r t i c l e s move on c l a s s i c a . 
t r - i . jer- tor ies , as i l l u s t r a t e d in Kip. 1.18. (The t r a n s f e r i s dea l t 
vi'.r, qu ant urn-mechanic a l l y . / There are t h r e e k inemat ica l condi t ion . 
* t e s a t i s f i e d i f t h e t r a n s f e r p r o b a b i l i t y of the c l u s t e r m ' a 
r :u: lear or ejroup o: nuc lea r s ) i s t o be l a r g e . (We s h a l l re turr . '.:, 
tr.!:-. thenry in Lecture 3 on Deep ly - Ine l a s t i c S c a t t e r i n g . J The 
c l u s t e r s t a r t s in an i n i t i a l s t a t e (fc]_).j) and ends in iV^'t^). 

h'K" ° 
y = EX 

0 h 

where v is the speed of the particle at the transfer point. 

XBL 777-9531 

Figure 1.18 
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*1 + 4 k 0 ( W + * i f f : ( l .M. ) 

./eff = 3 - f f 
z lV z\,\) e 2 /F ( 1 . ^ ) 

' ; + V C2 + 2̂ e v e n ' 

:.es*- cona i t ions imply, r e s p e c t i v e l y : conservat ion of the y -
omponont cf angular momentum of the t r a n s f e r r e d nucleon; con-
<•::•-'izx. cf angular momentum; and confinement of the t r a n s f e r t c 
:;•• r ^ a * i ' . n p lane , i . e . , t h e angles G in the spher ica l harmonica 
'.' T.:x- ^.jr.rle p a r t i c l e wave funct ions are == TT/2. An approximate 
>:ii'-.^:rr. for t he t r a n s i t i o n p r o b a b i l i t y i s : 

m ? V . W o „ , |̂ (f,o) V^(|.o)|8.., -(g)*-$ (l.Ui) 

v;.t:rt: \J < ' h) is determined by the radial wave functions at the 
nu'-j.ear Virface, and o^, Og measure the spreads in Ak, AL from zero 
ar Fillowei by the uncertainty principle. The total transition 
:.r:bability is then calculated by summing over the final magnetic 
jutsi.'ite;. and averaging over the initial substates, weighted by 
an̂ -ular momentum coupling coefficients and the spectroscopic fac-
*:rr, [Sîf,,-,} for finding the cluster in the initial and final 
staler. However, the localization and semi-classical aspects of 
the transfer usually mean that the reaction is "well matched" for 
r. restricted range of Xj_,X2 ana ci,*2* - r h e spectroscopic amplitudes 
in the rotational band are very simple to calculate in the SU(3) 
rr.- 3el. They are just proportional to the intensities of the SU(3) 
[ "' ] representation in each state, which are equal for all members 

r.z' the band (at about 0.36). A comparison of the experimental 
ixivl theoretical cross sections"-* for the positive parity band are 
given in Table 1.2. (Theory and experiment are normalized for the 
6 + state.) There is still some uncertainty about the location cf 
the 8 + state but it is more likely to be associated with the 
broad structure at 22 MeV excitation rather than at 20.9 MeV, which 
appears rather to be the 1~ member of the negative parity band. 
(Since the two states have roughly equal cross section, this ambi
guity does not affect our discussion of Table 1>2.) By continuing 
this type of study to higher incident energies, 9 s o that possible 
10 + and 12 + states are definitely not disfavored by the reaction 
dynamics, it may still be possible to make interesting statements 
about nuclear structure, with only a skeletal reaction theory. 

By comparing one, two, three and four nucleon transfers on 
different targets, all leading to the same final nucleus, it is 
possible to bootstrap one's way up through a hierarchy of simple 
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67,70 :;•.."'• t'.riif."j, c l u s t e r conf igura t ions ir. l i p h t n u c l e i . Ir/iee : 
t;.••;:'- • :<:'.-rincnts have already led t o the formulation of l i b e r a l 
•;.;r,V-r :r. j-lels by convoJuting an a-p.-tr ' .ic-" with the core a:; ^ 
;';;:.•_'': >:. of t h e i r r e p a r a t i o n , adding ur a l l che nudear - .T : - !^ ru- .. 
_':.'.(.'r.-i ••• i'-jnc t o genera te them from an e f f e c t i v e a - f - r e pc' r-r.* l a , . 

Ar.; t h e r imprecsive demonstration tha* few nuc'Jeor. tr^r,.: T-\-r 
•.•••"i"'.i <.nr: can proceed by simple a - t r a n s f e r comes from a c^z.jjnris'.r, 
•f i t with the presumed inverse process* nc-aecay. Nuclei in '-he 

}o-rjl n.-rion are i d e a l l y su i t ed to t h i s t e ^ t . For example, : t i s 
:•• r;iih"l(- t o der ive a "reduced oc-vidth" r a t e for 21?p 0 ( Q . Y ; ^ j / e 7 , 
.- +. ! 'i.::.; • 1-J}'o[gs) s t a t e s from t h e i r decay to ^O^Pb, from tne 
: v r nu l a , 

*/' =* h / iT 

where T I s the mean l i f e and P the p e n e t r a b i l i t y . Then, c"{,? ) / 
i- /•')+; = 0 . 6 l , in e x c e l l e n t agreement with the spec t roscopic fa-:* : 
r a t i o r ( P + i / n ( 0 + ) = 0.6*4, deduced from a d i r e c t r e a c t i o n &.r.aly£-:r 
r.f p ° y ? b ( l G 0 , l 2 C ) 2 1 2 P o , lead ing t o the conclusion t h a t the ba s i c 
q u a n t i t i e s measured in alpha t r a n s f e r and decay are homologous. '*-» ' 
(There i s , however, an i n t r i g u i n g problem t h a t abso lu te values of 
the decay widths a re underest imated by t h e s h e l l model by a fac tor 
cf 1000—which may i n d i c a t e s u b s t a n t i a l c l u s t e r i n g of a lphas in 
tiie surface r e g i o n , ' * ' •* and the re fo re sur face phenomena not 
p r e sen t ly descr ibed by t h e s h e l l model .) However, one i s encour
aged t o look for o the r a lpha p a r t i c l e s t r e n g t h s , ' " e . g . , alpha 
v i b r a t i o n s , T ? analogous t o p a i r i n g v i b r a t i o n s , so far with a mys
t i f y i n g lack of succes s . f " 

This type of s t imulus i s su re ly what we should expect and 
demand of heavy-ion t r a n s f e r r e a c t i o n s . After a l l ve do not need 
heavy-ions t o study one and two nucleon t r a n s f e r s ! Many i n t e r e s t 
ing p o s s i b i l i t i e s remain, so far almost completely untapped. 
Three and four neutron t r a n s f e r s a re a v a i l a b l e only by heavy-ion ~ ~ 
reactions but even today t h e r e has only been a handful of s t u d i e s , 
Such r e a c t i o n s enable us t o locate not only new conf igura t ions in 
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nuclei, but also new nuclei themselves. Frequently, just the know
ledge that a nucleus exists, stable against decay by strong inter
actions, together with the ground state mass-excess, can lead to 
r.ew nuclear structure information, A striking case is the Ha iso
topes, which extend from ^ K a to 3 3 N & ) xhe widest range of (N-Z)/A 
known zz man (apart from He isotopes). This information led" 2 tc 
the prediction of a sudden shape change from spherical to deformed 
in the Na isotopes. Perhaps we should he devoting at least as 
much time to exploring these possibilities of testing our nuclear 
structure theories on exotic nuclei, as we spend on studying all 
the complexities of the reaction mechanism. Nevertheless, we must 
new spend some time looking at these complexities! 

The formal quantal evaluation of heavy-ion direct reactions 
uses t.ho DWBA. Symbolically the reaction can be written ^ 

( a + c ) + b - » - ( b + c ) + a 

where a, b» are the heavy-ion cores and c is the transferred par-
tide. Then 

TDWBA , 
T>+c v a ' a c I A i T a + e T b (1.1*7) 

where Xf» Xi a r e distorted waves, the scattering eigenfu/iL-cions, 
and <J- are the eigenfunctions of nuclear Hamiltonians (see Fig. 
1.19). The interaction V a c (or V^ c) causes the transition (as 
usual one assumes that the core-core interaction Va-^ cancels the 
potential in the initial channel). 

^Tc €> 
Figure 1.19 



Using the coordina tes of F ig . 1*19, 

" *f**rf**r' Xr̂ fV r ~ Tt) u > ' ] v a c ( r + r , ) 

U . ( r + r ' ) x ? 4 ) 

where u ^ u ^ are bound-state wave functions for c in the initial and 
final states, and Aj = m a+m c/m 0, Af = m-D+n;c/mc. This ir.'-erru: '.-ar. 
be evaluated exactly and the correct procedure for calculaT,ii,r 
t.r'.nr.fer reactions is: determine the distorted vaves '."mm an 
analysis of elastic scattering where the potential is fixed by 
Lome prescription such as that of Section I . I, and then j:;e th'- ; r: 
the transfer integral. This preseri^tfo:. has had many succesner, 
tut we wish here to concentrate on fiilurcs. Therefor^, it is 
instructive to disentangle the various contributions t'. t.he cix-
dim*-n:;ional integral. 

A ^reat simplification occurs if "re?oil effects" are iror.nei, 
j.e.? r*/A_ and r'/A. are removed from the distort'-d wav:. Then: 

0 . „ ( r ) = / d r ' u * ( r ' ) V ( r + r ' ) u . ( r + r ' / \ l . - *9 ' 
if y f - ac - - l - -

and we have two 3-D i n t e g r a l s . I f , in a d i i t i o n , we make r h e ""•:-:-
range" approximation: 

G . f ( r ) = u * ( - r ) u . ( 0 ) 

and 

j d \ x * ( k f , r ) X ^ H j . r ) u*( r ) 

As an example, t ake an i n i t i a l s t a t e where (a+c) and b are in l'=0 
while in f i na l s t a t e c i s bound t o b with o r b i t a l angular momentum. 
L. The angular momentum t r a n s f e r i s L. Thus u* « ik*(r) vHr). 
Simplifying s t i l l f u r the r t o a r i n g locus model ( s t rong absorption^ 
with plane waves e-^'JC, and i f the z -ax is i s chosen perpendicu la r 
t o the annulus , 0 = TT/2 in t h e s p h e r i c a l harmonics, then 
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P " ( H / 2 ) / " dif exp[ i (k . - k J -r] exp(imiji 

P T

M(Tl/2) /
2-n 

d dt+i expCiqB cos<J> + im($i} 

?lt P j u / 2 ) J M (qR) (1 .51) 

When the cross section is summed over all M-subst.ates, the 
Lef/endre function requires L+M even, and therefore even L transfer 
will nave oscillatory angular distributions characterized by: 

I fJ (2kR sinO/2)] (1.5?) 

with ever* K; likewise odd L-transfer will have only odd M and we 
errive at the well-known phase rules. 

It is found that the main contribution at low energies is 
associated with |M| = L. Classically this corresponds to the 
transferred particle making the transition between orbits which 
are nearly perpendicular to the reaction plane; furthermore, as 
fig. 1.20 shows,°° if the initial value of m is +2-^, the final 
value will be -fi f and the transfer is likely to ocour with a large 
change in the component of L along the z-axis. 

XBL 777-9532 
Figure 1.20 



The period of the angular o s c i l l a t i o n s fas usual) 
small ang les . Take for example the s t r i p p i n g and r-1 

a c M o n c V j C a f - V : , l ' ' , c ) , i l C and f '°Ca(l V / ' - O ^ y h i ch h 
udiefj ut 6ft MeV. The data for both rear-- i o n s ' ' ' shown 
."'] havf o s c i l l a t o r : / angular d i s t r i b u t i o n s r.f period TT 
- ' . .97 f"1 and P - 8 fm). For the n t r i i -n in r r*n"*,->. 

anh^d l i no ) works p e r f e c t l y , but for pic>.--jr fw>, i-:h s. 
: r. 1 y I. = 1 t r a n s f e r ) the o s c i l l a t i o n s arc* f*y.*:';i.1y z-i' 

f a c t , they f i t with M = ^ , r a t h e r than V. ~ . in ?';:.*. 
'".'.ir derived r u l e s , and in contradict ion. * *"• any r f t «s ' . 

T.i.t:; a t r e c t i f i c a t i o n by the uso-':! ^a ra^^ t^ r .iuev"!iv:r 
:•"•: and bound-s ta te parameter:: . Ar. ir.i re::sive .rra;. 
n + es h^ve been brought V> bear on t h i s probieir., v:. ̂ cV. 
•"red i t t o the imagination of the the^r-'-* icjl^nr I Ar 

* T/kl-
J-

f jeer . 

ra ' i . 
naV. 

a;.i 
wi-r 
(.:-
vav< 
a re 

s:b]f- explana t ions a re h e l i c i t y spin fl\-... 
roach "' in which the i n t e r a c t ! o i . r.f *.r 

both cores i s t r e a t e d e x p l i c i t l y dur 
•? al:'_. p o l a r i z a t i o n phenomena v'i-'^'u}^'r 

'- functions in heavy-ion transf^-r , 
important in heavy-inn r eac t i ons d'-p^ 

L-y^nr 
- r l :\-. 

the pr.;.; r*~' 

' . r an j i t time t '^ 

E/A 

r e a c t i o n ) . An even more forrr.idat ;*_• <-y.\ 
Irjd channel s approach to heavy-Ion r^;±r', 

.; ar.'j* - • r: r.a 
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f;ni]r>led Channel Effects 

by adding an f-/ to c a r t i c 
in l \ to ( C f + 4 ) in ^C 

*, Y.riz been suggested t h a t in add i t ion t c t r a n s f e r r i n the 
.e between the gvowid states, o the r rou tes Kay "be important 
., for example, p r e - e x c i t a t i o n of the ^Ca p r i c t o t r a n s f e r . •• 
processes are two-s top and go beyond the f i r s t - o r d e r p e r t u r -

t rea tment of the DVBA.) Some p o s s i b i l i t i e s are i l l u s t r a t e d 
For the s t r i p p i n g r e a c t i o n the Ca gs can be 

i c l e t o °Ca (a t r a n s i t i o n from 
-. . £f+*sJ in ^ C a ) or by adding a d^/2 p a r t i c l e t o 

.:.<• p r e - e x c i t e J ^ C a , 3" s t a t e ((C^ + ŝ) t o ( R f + b ) K Remember, by 
<•**• f-v.-r] i er arguments the l a t t e r ip d i s favored ; it. i s fu r the r 
nhiM'.eu by the optimum Q-val::e CQ C pt * -Vnv^ + AV>) which i s not 
•cry negat ive for neutron t r a n s f e r , where AVC = 0. (This expres -
iion f i r QoTjt c a n ^ e derived e a s i l y from equs . I. 'i3» l . M by 
isnur.ir^- >; ^ 0 on the average , eva lua t ing A^ from equ. l. '<3 and 
subs t i tu t ing in equ. l . l j l i . ) Therefore the inc lus ion of these routes; 
ices not have much e f f ec t on the s t r i p p i n g r e a c t i o n (see F ig . 1 .23) . 

fioth arguments a re reversed for p i ck -up , and we see t h a t i n c l u 
sion of 3" and 5" e x c i t a t i o n s improve the agreement of the phase of 
the o s c i l l a t i o n s . ^ This s i t u a t i o n i s not very s a t i s f a c t o r y , be 
cause the re are many o ther rou tes t h a t could be inc luded , and in 
fact inc lus ion of them a l l would f a r exceed presen t computational 
techniques . Furthermore, t h e s t r e n g t h required for the i n e l a s t i c 
routes appear t o exceed those observed e x p e r i m e n t a l l y . y i However, 
they are s t i l l too few t o produce t h e average couplings t h a t we 
know how to handle v i a an abso rp t ive p o t e n t i a l . 

The e f f e c t s of coupled channels not only in t roduce a d d i t i o n a l 
t r a n s i t i o n rou tes t o t h e f i n a l s t a t e ; through t h e i n e l a s t i c t r a n s i t i o n s 
they a l so modify the o p t i c a l model wave funct ions of r e l a t i v e motion. 
The inf luence i s qu i t e s u b t l e , as i l l u s t r a t e d by i n e l a s t i c s c a t t e r i n g ^ 
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physics lies for nuclear spectroscopy. Let us lcok at a striking 
example. Consider two-neutron transfer, stripping, and pick-up 
reactions, as illustrated in Fig. I.2I4. In pick-up to the 2 + state, 
route ? is direct, and in stripping, 3 is direct. Foutes 1 and U 
are "branches of indirect routes which can also contribute to trans
fer via inelastic scattering in the initial and final states. For 
vibrational nuclei the sign of the amplitudes 2 and 3 is opposite 
and leads to opposite interference patterns with the indirect ro^te^--
destructive in stripping and constructive in pick-up."-1'" A fur
ther refinement is introduced by the contribution of Coulomb and 
nuclear terms to the indirect routes, which enter with opposite 
signs, and interfere differently with the direct routes. 

In the pick-up reaction Ge( 0, 0) Ge, a very weak inter
ference dip is observed^ f o r the 2 + of ̂ Ge* but not of *°0*. Tt 
turns out that the direct transition to the 2 + of ?"Ge is negligible, 
corresponding to the removal of two neutrons from the gs BCS super-
fluid vacuum of '"Ge, leaving ? Ge in the 2 + particle-hole vibration. 
The main population is from the two-step, process, first by the 
removal of a neutron pair to the gs of Ge, followed by the crea
tion of a quasi-particle pair of the 2 +. The dip is then caused by 
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first attempt to incorporate the dynamic deformation method with 
the CCBA formalism. This method is to be contrasted with an alter
native attempt to explain these data with the boson expansion 
method. In this latter theory the nuclear deformation effects 
arise as a result of complex mixing of a large number of spherical 
bosc.n*; whereas in the DDM method the nuclear deformations are 
introduced in xhe single particle basis, and further the deforma
tions are treated as dynamic variables (in 0 and y). The striking 
shape differences between the 2-^ distributions are however still 
not satisfactorily explained. 

As an illustration of the scope for imagination in the st.-j :y •',: 
heavy-ion reactions, it is fascinating to note that the interfere: ."=• 
phenomena due to multistep processes can be described in a F<?riPf- ;-oi<-
parameterization. There occur two poles found at posit.icns cf t:.<-
barrier-top resonances of the entrance and exit, channels, i.. a w II 
matched reaction. If the poles for the transfer are very different 
from these, it is a clear sign that intermediate channels arc irror-
tant, indicating a multistep process. Another example cor*^ fr:r. -':.• 
eld question of whether surface transparent imaginary potential/ H ->•• 
necessary to fit the interference oscillations in two tarticl* * r•<::<--
fer reactions. These diffractive oscili.ations are usually at-ri"!-
uted to interferences between a peripheral Coulomb-dominate! cv\ it 
on one side of the target nucleus and a slightly penetrating orbi* 
on the far side. Too strong an absorption reduces the penetrating 
flux and extinguishes the interference pattern. However, it is aire 
possible that the Coulomb dominated orbit can be weakeneJ vy multistet 
effects, and the final resolution is a very delicate balance. 

There are severe technical problems both in the measurement 
and the computation of two nucleon transfer reactions of the ty:e 
described above. To resolve the low lying collective states ar.r. 
identify the two neutron transfer products from elastic scattering 
in difficult. To calculate the absolute magnitude of twe neutron 
transfer, complicated by problems such as simultaneous v. successive 
transfer, 1 Q3 ^ s a i s o no mean feat. We have only to look at the . 
quality of both the data and the theory to wonder if our tool? 1 0" 
would not be of much poorer quality without the challenge cf heavy 
ions. 

However, problems are also showing up in the much simpler r*;.. 
nucleon transfer reactions- Recently it has become possible to 
study heavy-ion transfer reactions over a wide energy range fr;im 
sub-Coulomb up to 20 MeV/A, An example is the 2 0 8 ^ ( 1 6 ^ 1 ^ ^ 0 0 , ^ 
reaction. Because of the variety of low-lying single particle 
states outside the doubly-magic 2^"Pb, this reaction has almost 
become a standard for testing reaction theories. 

Techniques for evaluating the finite-range, recoil DWBA are 
available and have been applied to the 1«0 + "°°Fb data as a function 



of energy. Such a study is an ideal test of the reaction 
model, compared to data at a single or closely spaced energies, 
where deficiencies may be masked by the extreme sensitivity to 
extraneous details, e.g., the wave functions used to describe the 
initial and final bound states. 

The calculations used optical parameters, V = 51, ~ v
 = i«li-i 

W = 51, r w = 1.11, ay = 0.79, and a^ = 0.7^. The bound states were: 
fc^nerated in Saxon-Woods wells with the depth adjusted to reproduce 
the binding energy: for 208pb + p, r v = 1.28, ^ = 0-76, V s p i n _ o r [ v i . 
= 6 MeV, r s o = 1.09, and a s o = 0.60; for 2 5:i + p, r v = 1.20, a v = 
0.65, v s o = 7 MeV, r s o - 1.20 and a S o = 0.65. The resultant spec
troscopic factors, normalized to unity for the ground state are 
shown in Table 1.3 and compared with other reactions and with theory. 
The satisfactory agreement is typical of the other beam enerrien 
whrn each set nf data is treated in isolation. 

When we compare experiment and theory as a function of energy 
(using the theoretical spectroscopic factors with their absolute 
values, when Sfhg/g) = 0-95) a failure of the theory by almost a 
factor of 10 is encountered from the sub-Coulomb energy of 69 MeV 

Figure 1.26 



TABLE 1.? Spectroscopic factors for Pb( O, 1 5JI) 2 0 9Bi 
data at 312.6 MeV. 

:'| at r- E S ( l 6 0 , 1 5 H ) S ^ C , 1 ^ ) S( 3 He,d) 3(Theory) 

y ' - u • . CI.00 1.00 1.00 ] . 00 ! . ' • • 

-••11? 
0.90 0.85 0.96 0.67 0 . ' 9 

i i • , . / ; . l . C l 0-77 n.89 0.ll8 0.7^ 

• - i / - 2.8h 0.77 o.fill 0.7? 0.f9 

<! ,. 3 , . i : - 0.7). o.s? 0.57 r,.-p 

" ] / ' 3.6b 0.69 - 0.38 0.b7 

up t.. -l.'J. MeV (see Fig. 1.26). Of course such disagreements 
cjuli be patched up, energy "by energy, by ad hoc variations of 
tonni s*„ate parameters and optical potentials, sacrificing if 
necessary the qualitative relationship cf the bound state p- -entials 
to the r.ucleon-nucleon optical potential, as well as xhe quality cf 
the opticfil model fits to the elastic scattering. Such strategems 
mis:; the spirit of the model and ever, worse have no predictive 
power. Rather we should say that the method has failed and look 
for possible causes, as yet unknown. 

1.6 Cbir.rojr.d Nuclear Reactions 

It nay have come as a surprise that our discussion of transfer 
reactions had nothing to say about multimicleon transfers of mere 
than four nucleons. It was discovered that such reactions usually 
proceed by the formation of a compound nucleus, with subsequent 
evaporation of a complex fragment. These reactions also have soice 
striking characteristics. For example, the differential cross 
sections are symmetric about 90 c with a form l/gi n 9* characteristic 
of emission from a high spin compound nucleus : 

/d€ d& d0 . , . , . d6 . . A 
^ - dO dJT 1 / s i n e ' s i n c e d6 1 S c o n s t a n t

> / * 

Sometimes the spectra show a highly selective excitation of high 
spin states (reminiscent of a direct reaction) and often they pre 
entirely featureless. Compare for example the reactions •*• N( N,ci) 
^ M g and 1 0 B ( 1 2 C ) a ) 2 0 N e i n F i g - 1,37.10? ,108 
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It turns out that both the formation and decay of the compound 
nucleus are dominated by a few partial vaves close to the grazing 
value, and therefore it is plausible that only those levels located 
inside or near the curve defined by L ? r a z i n e and L S r a z i n S (which i-

wc out 
a function of the Q-value and excitation energy of the reaction, 
i.e. E f = E C M + Q - E Y ana LfJ| z i n6 * Rf/2MfE/) will be strongly 
excited. The shape of the spectrum is determined by the overlap 
between this curve and the yrast line of the final nucleus, the 
lowest excitat:.-.n possible in the nucleus for a given J. Above this 
locus the level density increases exponentially. So one expects 
for example, from Fig. 1.28, that the (12C.d) reaction would be 
selective10? and the^Nja) reaction not, 1 1 0 which is just the 



Figure 1.28 

experimental observation. 

Fsr a detailed guantitative treatment, Hauser-Feshbach calcula
tions are necessa ry , 1 1 1 vith many attendant technical and philoso
phical d i f f icul t ies . In the formation of the compound nucleus, 
the summation over angular momentum may have to be truncated, 
because the compound nucleus is unable to support large amounts 
before fission. The spin cut-off and level density parameters 
have to be determined. I t turns out that the calculations of the 
ratio of two cross sections is relatively stable against al l these 
multifarious uncertainties. The f i t s of the ra t io of the s t a t i s t i 
cal theory cross sections for states at E* = 11.92 and 12.ll* i n 

Figure 1.29 
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lie t o the r a t i o of the experimental c ross s ec t i ons for cJifferent 
choices of the l eve l dens i ty parameter "a" (curves 1 and 2 average 
"a" over s h e l l e f f ec t s (a — A/6) ; curve 3 takes i n t o account the 
final nucleus s h e l l e f f e c t s ) a re shown^ 1 ? in F ig . 1.29, as a func
t ion <-.f *.]-.<-. angular momentum cu t -o f f , J p r i f Clear ly t h i s quan t i ty 
••••ii. h-. ' l ' -nced with high accuracy(l>i + 3) for t h i s l c B ( I 2 C , d ) ? 0 : J e 
reflation at I15 MeV. (Vie s h a l l d i scuss the o r i g i n s of < J c r i t * n ^"r,fc 

next l e c t u r e . ) But c l e a r l y , having determined i t for s t a t e s of 
'f'y,.-v>. s p i n , the procedure can be turned around, and new spin 
.•"lUs/itT.nie.'it:: made from t h e observed r e l a t i v e c ross s e c t i o n s . ''For 
« more -Jetailed d iscuss ion see my l e c t u r e notes in Ref. 30.) 

mar. i 
-avy-

iv, wt- go hcycKd conventional cpeatroscopy and we discuss the 
•=• for nuclear molecular states, which are formed by £he two 
nr ions rotating in a dumb-bell configuration. -t-̂ ,"L These 

the excitation functions cted themselves as resonances _.. 7 --
elastic scattering J and of reactions. For ̂ C + C 

13 o * 

. 3 : • 

'(,0 elastic scattering the resonances are shown' 
There are wild oscillations which continue unabated t 

f-ic-s (the equivalent excitation energy in 2 Kg for the 
r.ystem is EQ\*. + 13.93 M e V ) . At the lower energies the 

3 have been interpreted as shape resonances and fitted-*--*-
tontial of the form shown in Table l.U. 

r- fits obtained have the correct characters (see Fig. 1.31) 
certain energies are almost pure fP^fcosB)] . The values of 

Figure 1.30 H >^K 
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2"? 
for several different residual states in Ita, ana compared with 
other outgoing a, d channels. The equivalent excitation ener
gies of the compound 2 Mg system is shown at the top. There exist 
pronounced narrow resonances at 11.li, lb.3 and 19-3 MeV which are 
strongly correlated in different channels. By comparing branching 
ratios, spins of 8 + , 1 0 + and 1 2 + were assigned. 

T O n & QJI n on 
Another example is the C( 0,a) Mg reaction for which 

the energy spectrum^ averaged over incident energies from 62-100 
MeV, is shown in Fig. 1.33, and compared with other "a-particle" 
channels. Possible correspondences in the spectra are indicated by 
the dashed lines. Because of the differing non-resonant background 
which can interfere with the resonant amplitude, the energy of the 
resonance is not necessarily the same in all channels; however the 
shift cannot be much larger than the width (note that in contra
distinction to our discussion of this type of reaction earlier, 
there is evidence for direct aspects in the observed selec
tivity—e.g., there is a preponderance of positive parity levels, 
whereas positive and negative natural parity states in the J = 6 
to 12 It region are expected on the compound picture; these multi-
nucleon transfers may therefore also be useful for populating states 
of particular structure in a direct process). We notice that the 
levels appear to be grouping themselves into clusters of a given 
J . 

A summary of all reported resonances!-*-^ appears in Fig. 1.3^; 
the groups fall on a line constituting a Regge tfajectory 1"^ or 
quasi-molecular rotational band, where 

EJ a 2? J < J + 1 ) (1.53) 
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The resonances correspond to pockets in the potential for the 
different partial waves (see Fig. 1.31). The slope of the line in 
Fig. I.3I4 corresponds to the h 2/2^ «= 100 KeV, just the value we 
calculate for two carbon nuclei in dumbell rotation at the grazing 
distance (see Fig. 1.35). (For comparison, the h*/2ft of the ground 
st.r±t"e band is = 200 Kr.V, i.e. a lower moment of inertia = — MP' . 
Extrapolation of the band to the 0 + member on the vertical "'axis 
shows that the band begins almost at the threshold for ^C + 1 ? C in 
2h Mg, as predicted in a cluster molecular model.-^j Pushing the 
picture still further, we obtain the value 2.6 x 10^1 sec"-*- for the 
frequency of rotation corresponding, e.g. to the B + resonance at 
^'5 MeV, and considering the envelope of all the 8 resonances 
(=3 MeV) as the width of the molecular resonance, we obtain a life
time of h x 10~ 2 2 sec. Thus the two 12c nuclei would perform 
= l/lrJ of a full rotation before either coalescing a splitting into 
the 1?C + 1 2 c exit channel.12" 

The fact that the resonances of a given spin group and secondly 
that, their centroids fall clo..e to the value of the Yale potential 
(Table 1-M suggests that, because of the gross structure, windows 
exist for the specific angular momenta. These windows permit the 
carbon nuclei to be in close contact, to interact and therf r,y to 
fragment into a number of narrow doorway state resonances. Ibis 
•interaction must be weak, because a stron? one would have moved the 
resonances out of the window. Also the summed widths of a resonance 
of given J is an appreciable ft action of the^gross structure width. 
Several models of this fragmentation exist,--1- one of which involves 
the excitation of the ^ C nucleus to its 2\ h.U'i MeV level, or the 
double- excitation of both nuclei.^5,126 A resonance occurs at an 

E , /C- ' 'C MeV 
— I cp -

- - - in En-fjflMfV 

. ,u Lh-- ' 1M.-V : : ' 

Figure 1.35 
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energy such that after the excitation of the nuclei, they are in a 
quasa'-bound state of the appropriate angular momentum. Thus the 
doorway state consists of excited nuclei trapped in a potential 
well pocket. Another approach*2^ le t s the shock of the in i t i a l 
collision lead to surface vibrations in the system, similar to 8,Y 
vibrations. These spl i t up the wide rotational resonance. Applying 
the f i r s t order rotation-vibration model 1 2? leads to a rather 
satisfactory agreement with the data (Fig. 1.36). 

Support for the f i rs t picture of the resonances comes from a 
recent experiment J-̂ o•»-''=" 0 n the integrated cross sections for the 
reactions 1 2 C ( 1 2 C , +

1 2 C * ) 1 2 C* where either of the final 1 2 C can be 
excited into the 2 level at k.Ji3 MeV. Figure 1.37 shows that both 
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th^ double and single excitation functions are dominated by broad 
resonances and underlying fine structure. The upper three resonance 
fall nicely on the continuation of the molecular band, with the 
same moment of inertia, and vith suggested spins l'* + , l6 +, 1^+ 'see 
Fir- 1.3!i). The resonances also appear to line up vith data on the 
fucior. crosr: sectior.. A partial width decomposition for the 
J7" = 10 , l?+> l'i gross structure resonance is made by assuming 
that the experimental total width is given by: 

r G + r 2 + + r 2 + ) ? + • r c 

ar.-J t h a t , 

?(2J 4 3 )TT „2 r r. 
l . ? t 

(172)* 

(vi th i - ? , 2 * 2 and en) r e l a t e s t h e resonant t o t a l cross 
s f - t i o n s 6^ and t h e var ious p a r t i a l w id ths . The compound nucleus 
" ro r s s ec t ion o c n and width T n are i d e n t i f i e d with the resonant 
~ vr.T^r.r-nt of the fusion cross s e c t i o n . One of the r e s u l t a n t sol u-
'.>..'.:• '.': *he quadra t ic equations i s piven in Table 1 .5, and com-
i r . f - i vi'.h the pred ic ted t o t a l width of the quasi -molecular red?-:. 

TABLE 1 . r . 

1 r Ex 
PL 
' Kg 

r 
TOT 

rc V F 2 + 2 + r 
en 

Molecular 

Ex. 

Band 
r 

t o t 
i n + ?8.5 1.8 1.35 0.11 <0.01 0.13 28.6 1.1 
1 ? + 33.0 3.0 2 . I l l 0.22 <0.0l4 0.33 32.8 ?. .! 

n + 39.0 2.5 1.91* 0.27 0.13 0.16 37.8 3.1-

The extracted widths are somewhat less than those of the quasi-
molecular rotational band, indicating the intermediate structural 
nature of the states. It is also true that this type of intermediate 
structure, belie ved^on^ to be almost unique to the 12C 4 12 C system, 
is also emerging ^ in the ̂ C + log and, more excitingly, in 
much heavier systems, as we now discuss. 

Becall the system 0 + Si which we discussed earlier 
(Section 1.3.1) as an example of elastic scatterings over a vide 
energy range to determine the optical potential. Recently i-
angular distributions have been extended into the backward hemisphere 
(Fig. 1.38), and reveals an oscillatory pattern, which is auite 
distinct from the forward angle FresneH and Fraunhoffer diffraction 
patterns. In fact a continuation to backward angles of the angular 
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I 
Figure 1.38 j 

distributions predicted "by the "unique" potentials established in sec
tion 1.3 leads to the dashed curve. The oscillations are character
istic of |PJJ = 26(cos8)|2, with £ = 26 close to the grazing partial 
vave, and may find a natural explanation in terms of a surface 
Regge pole resonance.-̂ -01,1 3M 

It is therefore perhaps no surprise to find that excitation func
tions for 1°0 + 28si and i 2 c + 2osi also give rise to resonance 
structure!35il36 very similar to the lighter systems ve have been 
discussing, as the examples in Fig. 1.39 shov.-*3? At each of the 
resonances, the differential cross sections have a fairly pure 
|P^{eos6)|2 form, and for the peaks in l 6 0 + 2 8Si at E^, = 21, 26, 
32 and 35 MeV, the I values are 9, 17, 22 and Sh b. The irregular 

Figure 1.39 
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spin sequence is very difficult to reconcile vith the flegge molecular 
"band,1^! which follovs the grazing trajectory. However a calculation 
of shape resonances using a folding model potential leads to several 
rotational "bands, all with moments of inertia smaller than the 
grazing trajectory. The observed irregular sequence could be due to 
the intersection of the grazing trajectory (see Fig. l.^Oj with 
rotational bands of different principal quantum numbers. " Tt would 

Figure 1.1(1 
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also be interesting to know whether interferences between the re
flected waves from the inner and outer potential barrier as have 
been recently discussed13'^' might produce the structures. A very 
recent explanation has been given in terms of a parity-dependent 
potential. i i 7 t b' 

Since we have primarily discussed elastic scattering and trans
fer reactions in this lecture, it is appropriate to end with a 
synthesis of the two, which gives a new direction towards the 
understanding of these resonances. If these phenomena indeed occur 
in the grazing partial waves, then similar effects might show up 
at forward angles in transfer reactions, where the contributing 
£-waves are also strongly^surface peaked. The excitation function-*-̂  
for the ?T4g (ifo, l^C) Si reaction appears in Pig. l.kl. (Here 
the exit channel is one in which resonances in elastic scattering 
are observed.) There is indeed strong resonant behavior, which 
coincides with, elastic and inelastic channels. Are these also 
shape resonances, generated by surface transparent potentials, or 
are they evidence for more subtle effects in the structure of "°Ca 
at high angular momenta? Perhaps the a-transfer plays a special 
role, and therefore many other channels have to be tested. It seems 
clear however that even complicated systems at very high excitation 
are revealing a most unexpected simplicity. 

".ere is hope that this simplicity can be treated in a micro
scopic model which describes the fragments by displaced oscillator 
shell model wave functions.^50 For *°0 + x^0 and + ^°Ca the 
minima of the energy expectation values for various angular momenta 
are in good agreement with the experimental resonance energies, 
confirming the concept of an underlying quasimolecular structure. 
A first test of this interpretation is provided by the fact that 
the intrinsic state of such a nuclear molecule has mixed parity. 
Whereas shell model states show a gap of «= hu) jetween positive and 
negative parity states, a nuclear molecule should have positive and 
negative parity states in a common band. Hence, if the concept of 
a nuclear molecule is applicable one should find little or no 
splitting between bands of positive and negative parity. For the 
system a + ^®C& the experimental splitting is less than 0.6 MeV. 
The microscopic description also yields resonances in the lfc)0 + ̂ °Ca 
system and therefore they appear to be a widespread feature of heavy-
ion systems both experimentally and theoretically. The microscopic 
treatment shows that a description in the framework of a simple 
optical potential must be non-local and energy dependent. This 
fact may explain the recent spurt of activity which "explains" the 
resonances in the 1"0 + 2°Si system by a variety of unusual poten
tial:- , e.g., a parity dependent potential., 3TlbJ o r a n e n e r g y 
dependent, surface transparent potential. -' 
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Only a short time ago, the resonances in the C + C system 
were believed to be unique, giving us only a glimpse of shape 
resonances and also the next stage in the hierarchy of increasing 
complexity of doorway states. The carbon nuclei avoided both the 
Scylla of being too easily polarizable and the Charybdis of not 
being polarizable at all. Now we are through these straits, 
and the whole ocean lies ahead to explore for years to come. 
This exploration can be made with the low-energy, Tandem Accelera
tors scattered around the world. Compared with the mighty ocean
going Titanic of the Berkeley Bevalac, these "outboard motor boats" 
are inexpensive to run, and it is exciting that they continue to 
reveal fundamental aspects of the nucleus. Hopefully the Berkeley 
Bevalac will lead to its own fundamental discoveries, but that 
subject must wait until the last lecture. In the next lecture, we 
move on to much higher perturbations of the nucleus, beyond the 
rerion of discrete excitations, which has dominated our discussion 
of Microscopia. 
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2. MACROSCOPIA (FUSION'AMD FISSION) 

The last lecture e>ided on a hopeful note. By means of heavy-
ion reactions, the possibility is at hand of observing nuclei under 
unusual conditions of rotation and shape; Already discrete states 
of spin 18 h have been observed in nuclei at excitation energies 
of over 50 HeV. The theoretical description of this state of motion 
presents a challenge comparable to understanding the rotation of 
homogeneous masses as idealized representations of planets and stars 
tack in Newton's days. It is a challenge that has been met in a 
remarkable series of experimental and theoretical developments. In 
this lecture we convey some idea of violent changes of shape under
gone by the nucleus as more angular momentum is added to the fused 
system. Eventually the nucleus cannot sustain the centrifugal 
forces and it flies apart in fission. This behavior has an impor
tant bearing on the problem of synthesizing superheavy elements, 
once regarded as the prime motivation for the construction of heavy-
ion accelerators. 

2.1 Nuclei at High Angular Momentum 

before embarking on a discussion of nuclei subjected to these 
extreme stresses, ve should note that the determination of nuclear 
matter and charge distributions of nuclei near their ground states 
has long been an important stimulus to the development of nuclear 
structure theories. Information on the moments of the nuclear 
charge distribution comes from experiments with electromagnetic 
probes, whereas the nuclear matter distributions come from hadronic 
scattering experiments. The availability of high energy, heavy-ion 
beams has expanded the horizons for inelastic excitation by hadrons, 
because they display interesting interference effects between 
Coulomb and nuclear excitation. In the DWBA, the excitation of a 
collective level is described in the interaction form factor 
F ^ ( r } + F J J ( r ) , w h e r e 

r eZ. UUVBTELT 

^ " - ^ ^r ^ 

C N Here L is the multipolarity of the transition and F and F are 
Coulomb and nuclear excitation forces. The latter is proportional 
to the derivative of the optical potential. (5̂  is the potential 
deformation. Since V^ is usually attractive, while the Coulomb 
potential is repulsive, there result minima in the scattering 
angular distribution of excitation functions. 
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Fran. vast and beautiful literature on this subject, ' w 

select an example from the collision of very heavy nuclei, Kr 
Tli and Ar + U s'Fig. 2.1). The excitation functions for toaclt-
S'-rfjlt̂ ro'J particles in coincidence with the de-excitation y-ray 
caroade arp shnvn. The soiid line is the prediction of pure 
Coulomb excitation (using a semi-classical approach 1 2 ) , which 
agree- with th<- low spin dat^. But there is a rich variety of 
interference phenomena due to Coulomb-Nuclear interference; the 
!;iiTu, strength and energy for onset are state dependent. The.v 

Bulid and dashed-dot lines use proximity nuclear potentials 1 '-• c: 
U.o typo we discussed in Lecture 1. Since these potentials fit 
rom.7 stater, but not others we infer that inelastic excitation 
carries information about the nuclear potential beyond that con
fined in elastic scattering. It may therefore be possible to 
pr./l'f; the n̂ JCjc.'jr surface directly, and ve may learn even more at ut th- delicate shape- of nuclei such as ?*• U, a t p re sen t known 
' i <-firry but^ rjuadrupole- (6^) and hexa-iiecupole (8^) de format i orr-
'K i r . 2.1;). There a r t a l so some remarkable experiments on 
'j.a.'jnb e x c i t a t i o n of low l y i n g s t a t e s in Pt with Xe p r o j e c t i l e s , 

'•.hnt suggest r i ^ i d t r i a t r i a l shapes .1 c o n t r a d i c t i n g t h e o r i e s of 
Y-^f* nuclear p o t e n t i a l sur face *lki 

Another recen t development in f he study of deformations des-
bes the "oulcmb e x c i t a t i o n of c o l l e c t i v e s t a t e s by a long rang" 

The remarkable meri t of *h i s approach ii. 
*±1 theorv with no free parameters can b^ evaluated 1 h' pu f<vr, and gives s p e c i f i c c r o s s - s e c t i o n p r ed i c t i ons . 

imaginary T>OJ.LTI4. i a l . 
'Jvd', a non t r iv 
without i 
Indeed the beauty of both t h e above methods i s the r e l i a n c e on 
s o m i c l a s s i c a l , a n a l y t i c a l methods, o r i g i n a l l y touted as the great 
v i r t u e of heavy-ion c o l l i s i o n s , but which f e l l i n t o 3 i j r e p ; t e for 
a few yea.ru, t o r e tu rn DOW with renewed v igo r . 

F igure 2 .1 

http://yea.ru
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Figure 2.2 

The discovery in 1971 of a pronounced irregularity around spin 
]0i (called backbending) in the otherwise very regular behavior of 
the rotational sequence of even-even rare earth nuclei, has opened 
up a vigorous research field in the study of high angular momentum 
in nuclei. ?->^j[J An illustration of the backbending phenomenon 
appears in rip. 2.3. 
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Figure 2.3 



A slight discontinuity is evident in the plot of: 

1.9 

ET« 2- J(J + 1) 
- 2$ 

(2.2) 

at J = 1̂ 4. On the Var iable Moment of I n e r t i a model ve w r i t e : 

2 

E. = ^— J ( J + 1) +hC LM (2.3) 

P° . . 3 /, s?-
~2 + UC ( , l w ) (2 .M 

Therefore a plot of moment of Inertia versus the rotational fre
quency squared should yield a straight line. The Inset in Fig. 
2.3 shows a marked departure from this trend, with a sudden increase 
in the moment of inertia. 

Three effects have been given serious consideration as the 
causes for backbending. These are: ̂  

152 
• a collapse of the pairing correlations; 
• a shape change, i.e. change of deformation; 
• an ali 
with 

ignment of the angular momenta of two high j 
that of the rotating core. ̂  

The fact that the moments of inertia of a most deformed nuclei are 
about one-half of the rigid body value is attributed to pairing 
correlations, which partly prevent the nucleons from following the 
rotation. It now appears more likely that backbending is due to 
the breaking of one pair rather than total pairing collapse (the 
gradual reduction of pairing appears rather to account for the 

Figure 2.h 



v a r i a b l e moment of i n e r t i a up t o t h e backbend). The phys ica l p ro 
cess involved in breaking the p a i r i s the Cor io l i s force which 
forces the angular momentum vec tor j of the p a r t i c l e t o decouple 
from t h e deformation (symmetry) ax is and a l ign with t h e r o t a t i o n 
a x i s . In the ii-*/'! o r b i t , for example, t h i s eff*_'•' givi ;, is. t o t a l 
of IPti wl.ich cp.ii rep lace an equal amount of core r o t a t i o n a l angular 
litomeni.uir.. 

On t h i s model, a t s t i l l h igher angular momenta, a d d i t i o n a l 
p a i r s of h i g h - j nucleons v i l l tend to_be a l i g n e d , and j u s t such a 
d i s con t inu i t y appears t o be observed 1 ^- ' in the ^-"Snf ^Ar , in )^^ Er 
r eac t ion at 166 MeV, in which l a rge amounts of angular momenta are 
deposi ted (F ig . 2 . 3 ) . Here the second d i s c o n t i n u i t y a t J = ?hh 
appears to make a fur ther s t ep towarqc the formation of an ob la te 
nucleus in which a l l the angular momenta i s c a r r i e d by al igned 
p a r t i c l e s . -> ' At the f i r s t backbend, two d i f f e r en t r o t a t i o n a l bands 
c r o s s . Below the c ro s s ing , the l e v e l s belong t o the ground s t a t e 
band, and above they belong t o a superband with a l a r g e r moment of 
i n e r t i a . Another explanat ion of the second d i s c o n t i n u i t y opera tes 
from the assumption t h a t i f t h e superband i s r e a l l y based on an 
a l iened two p a r t i c l e (high j ) ^ conf igu ra t ion , then the^superband 157 in this hould cross the ground state band not once but twice. 
case, (see Fig. ? .U) beyond the second crossing, the lowest band 
is again the ground state band. A test of this model would be to 
follow the ground state band beyond the first crossing" to see how 
the energies of these levels compare with the prediction. 

The existence of two bands has been demonstrated directlu in 
some cases by following the ground state band beyond the baokbendina 
region. F.uch is the case in Er for which the "y-deexcitaticn 
spectra following Coulomb excitation with a Xe beam, and the 

Figure 2.5 
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Dy(a,itn) reaction, are compared in Fig* 2.5. The spectrum 
for (ot,fcn) demonstrates how backbending manifests itself experi
mentally, when a gate is set on a certain (high-J) transition and 
the coincidence E2 cascade to the lower levels is observed. It is 
clear that the transitions labelled l6*-lU and l8,-l6' are "out of 
sequence" compared to the regular spacing of the k-?, 6-U, 8-6 etc. 
transitions. Note, however, that in the upper part of the spectrum 
from Coulomb excitation there are, in addition, regularly spaced 
transitions l6-lk, 18-16" which are the continuation of the ground 
state band beyond the J - 16 backbending region (compare Fig. 2.3). 
Only recently have sufficiently heavy beams become available to 
Coulomb excite very high spin states. 

The rotation-alignment model actually predicts a series of 
cirilar* rotation-aligned superbands. The lowest one discussed 
above has only even spin members, and evolves (in Er) from a 
K = 0 + band (at spin 0) to a structure at I S* 16* which is mainly 
two i]_3/p quasineutrons coupled to J = 12, aligned with the core 
rotation. The next two superbands are predicted to start out as 
a single K = h+ band, evolving into the lowest odd spin (yrast odd) 
and the .second lowest even spin (yrare even) rotation-aligned bands. 
They still have a dominant (^3/2) configuration at high spin, and 
in the extreme limit, the rotation-alignment model predicts that 
yrap+ even-spin (I), the yrast odd-spin (i-l) and the yrare even-
spin (1-2) states all have the same rotational energy. The struc
ture of the superbands can be probed by studying their interactions 
with the ground and v-vibrational ban^s. The higher lying v-band 
is an excellent probe because it intersects both the even and the 
odd-spin states of the superbands. All these bands have been 
sorted out by a variety of (H*I,xn) coincidence experiments159 (Fig. 
2,t) ; an excellent and truly remarkable agreement between experiment 
(a) and theory (b) is observed. 

Figure 2.6 
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Figure 2.7 
Guided by this introduction to high spin phenomena, let us no-' 

speculate-1-kO,lol o n t h e p O S Sit>i e behavior of nuclei as even larc:o 
amounts of energy and angular momentum are deposited (Fig. 2.1). 
The lover, approximately parabolic, line is the yrast line so there 
are no levels in the nucleus below this. The upper line gives the 
fission barrier, which sets an upper limit to the study of levels 
of the nucleus. The intersection of the two gives the effective 
maximum angular momentum for the nucleus. Nuclei in the rare earth 
region have prolate shapes near the ground pi ate as a result of 
shell structure, and they have strong pairi-^ correlations. The 
hatched region indicates where pairing correlations exist, which 
terminate as we have seen, around I = 20, where the two bands cross. 

Some insight into the region above I = 20 comes from the liquid 
drop model. A rigidly rotating charged drop prefers an oblate shape 
until shortly before fission. The large moment of inertia of oblate 
shapes minimizes the total energy. Although the nucleus cannot 
rotate about a symmetry axis, it has been shown 1 that for a "ermi 
gas the states obtained by aligning the angular momenta of individ
ual particles along the symmetry axis is the same as would be 
obtained by rigid rotation about that axis. These deformation-
aligned states in oblate nuclei therefore generally are lower than 
the rotation-aligned states in prolate nuclei. At high angular 
momentum the nucleus becomes oblate and the angular momentun is 
carried by aligned individual nucleons (region C in the figure). 
This region may be identified by the occurrence of isomeric states, 
due to the absence of smooth rotational band structure. At the very 
highest spins the nucleus may become triaxial before fission. The 
increase in deformation and moment of inertia is predicted to be so 
rapid that the rotational frequency will decrease, leading to a 
"super-backbend." Between the prolate and oblate regions, nuclei 
are also expected to become triaxial. Wobbling motion is then 
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p o s s i b l e i n a d a i t i o : . t o r o t a t i o n a b o u t t h e a x i s v i t h l a r g e s t moment 
o f i n e r t i a , and c o u l d g i v e r i s e t o a s e r i e s o f c l o s e l y s p a c e d p a r 
a l l e l b a n d s . J ( N o t e t h a t two a l i e n e d h i g h - , 1 o r b i t s r e p r e s e n t a 
t r i a x i a l b u l g e i n p r o l a t e n u c l e i . ) 

Kow do we g e t an e x p e r i m e n t a l h a n d l e on t h e s e new modes o f 
m o t i o n o f t h e n u c l e u s ? The p r o b l e m i s t o l e a r n a b o u t h i g h s p i n 
s t a t e s a b o v e 1 = 2 0 , a s d i s c u s s e d a b o v e , e s p e c i a l l y t h o s e a l o n g t h e 
y r a s t l i n e , w h e r e t h e n u c l e u s i s t h e r m a l l y c o o l and d o e " n o t h a v e 
a h i g h d e n s i t y o f s t a t e s . The r e m a r k a b l e f e a t u r e o f t h e ( H I , x n ) 
r e a c t i o n i s t h a t - i t can l o c a t e u s a l o n g d i f f e r e n t r e g i o n s o f t h e 
y r a s t l i n e . - l t o y n 2 s w o r k s a s f o l l o w s : in Fig. 2.8, t h e compound 
n u c l e u s ^ " " T b i s formed w i t h an a n g u l a r momentum d i s t r i b u t i o n from 
J = 0 t o J - * m a x a t e x c i t a t i o n e n e r g y ErjM + Q == 60 MeV by t h e 
p a r t i a l c r o s s s e c t i o n s : 

= irx (2U + 1 ) Tp {2.1 

The successive evaporation of x neutrons from these states is 
assumed to remove practically no angular momentum and an average oT' 
2 MeV kinetic energy plus the binding energy of * 8 MeV. Neutron 
evaporation continues until the available energy above the y.-ast 
line is less than 10 MeV. Since 

E s-.MB +1) 
y 2J 

(2.6) 

a given value of x occurs in the sharply defined "bin" P. to 8 
where: 
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Figure 2 .9 

E (t . ) + 20 = E„„ + Q - lOx 
y l CM 

yv 
f P . 7 ) 

The p a r t i a l cross sec t ion for t h e evaporat ion of x neutrons i s then : 

°Jt = * * 2 5 ^ (2« + l ) T e * T l X 2 [ t f ( e f + 1) - B . t t j + 1)] (2.8", 

As long i s 0 < I . < ! . < ! , i t follows t h a t i f max 

o ~ TTX —5- *10, independent of x 
x ti 

(2.9) 

(The largest and smallest bins can be truncated due to the limits 
C^ = 0, %f - 2 m a x.) Furthermore, the mean angular momentum T of 
the states on which the neuron evaporation chains terminate is 
predicted for each bin: 

3 £f + \ 
(2.10) 

Channels corresponding to different numbers of evaporated neutrons 
have different angular momentum ranges and the highest angular 
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Troniition energy (MeV) 

Figure 2.10 

momenta are in the channels with the fewest evaporated neutrons. 
These results have been demonstrated experimentally. °° 

A specific application is shown in Fig. 2.9 for the initial 
production of A — 160, vith an Argon beam of 170 MeV. The initial 
excitation is 70 MeV and the hn channel drops down to roughly 10 
MeV above the yrast line, without removing much angular momentum. 
There is still a high density of levels, and there follows a high-
energy statistical cascade of dipole transitions, which still do not 
carry off much angular momentum. Approaching the yrast line the 
level density becomes small; and the most likely mechanism is then 
stretched E2 transitions along the yrast collective bands. Eventu
ally these run into the discrete levels of the ground state band 
'like Fig. 2.5). By setting gates on the lines corresponding to 
the ijn ohannel one can look at the corresponding spectrum in several 
TJal counters placed around the target. 

The observed continuum spectrum for the Te( Ar,lm) Yb 
reaction is shown in Fig. 2.10, by the hollow squares. ' The dots 
show the corrected spectrum after efficiency unfolding. The expo
nential tail is associated with the statistical dipole emission, 
and the lower energy bump with the E2 cascade (confirmed by the 
anisotrophy shown at the top of the figure, obtained by comparing 
thp spectra at 0° and 90°). The integral of the bump gives the 
number of gamma rays. 

Then we determine the average angular momentum E carried in 
the cascades as 

e = 2(N + 6) 
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£ U) 
where 6 is the number of statistical "y-rays removing no angular 
momentum. (Note however that some very recent measurements indicate 
that a dipoie component is present in the yrast cascade, the precise 
origin of which is not understood. ) Our earlier theorems about 
the bins and the associated C of the different xn reactions, now 
enable the construction -̂  of Fig. 2.11. The slope is not exactly 
one half, but close at 0.U3- If we also associate the bump edge 
with transitions from the states of highest spin in the bin, we 
can determine the moments of inertia at these high spins from 
the relation: 

describing the transition energies in a rotor. 
The results are shown fe5'16' i n Pig. 2.12 

(?.ll) 

fo^ 162. 
l62v Yb, plotted 

in the backbending fashion of Fig. 2.3. Since ̂ "^Yb has not been 
tracked completely through a backbend, 1°°Yb is also shown (open 
circles). At the highest rotational frequency, the moment of inertia 
approaches the rigid sphere value with A = 162, /= 2/5 MR 2, 
2$ /h2 «s 11)0 MeV-*. The last point on the plot is associated with 
the (̂ Âr,̂ n) reaction, which as we saw earlier, originates from 
angular momentum == 35h. Since the deformed moment of inertia would 
be a little larger (by 10%) and since the measured values fall below 
this line, some residual pairing correlations may still persist even 
at this high angular mome.ntum. 

A great deal of experimental ingenuity is presently invested 
in methods for unravelling the information about nuclear shapes at 
still higher rotational angular momentum. A promising technique1^,170 
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figure 2.12 
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is to look at the multiplicity (the number of v-rays) associated 
vith each transition in the continuum. If there is some relation
ship, like: 

Z = —. 1(1*1) 

at work this will he reflected as structure in the spectrum and 
imply a prolate nuclear shape. The absence of structure, on the 
other hand, is an indication of nan c-vl^tive motion and hence 
spherical or oblate shapes. Ai* array or Nal counters is placed 
around the beam axis and the spectrum in another detector is un
folded in coincidence with one, two, three....counters of the array. 
Examples of coincidence and singles spectra for three reactions 
are shown in Fig. 2.13. (The singles spectrum shows the yrast and 
statistical cascades Just as in Fig. 2.10.) In coincidence the 
yrast cascade yields a bump in the E Y v multiplicity curve, the 
upper edge of which moves to higher energies as more angular momen
tum is brought in at higher incident energies (remember E « 1(1+1)). 
The spectrum is well reproduced in (b) with a cascade of 1/2 rota
tional transitions from spin I to 0 whose energies are, 

— (1.1-2). 

Thi e data determine the moment of inertia to be 95$ of the rigij 
sphere value. By contrast, the 1 0 0Mo + Ca example leads to nuclei 
in the N = 82 closed shell region, and the absence of structure in 
the multiplicity spectrum remains up to high spins. The rotational 
competition starts only at 50n , implying that this system is still 
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oblate up to this spin, and then becomes prolate. These trends are 
actually in agreement with detailed calculations of potentia] energy 
surfaces over the full (B,Y) plane, which use cranked modified-
oscil lator potentials with a St-rutinsky-type normalisation to the 
.liquid drop!1'-1- Clearly we are on the way to finding out about 
the dynamics of nuclear rotation at very high spins indeed. 

For a nucleus with oblate si. ae and with the angular momentum 
oriented in the direction of the L. ,ijnetry axes, we encounter a fonr. 
of rotational motion which is radically different from the usual 
prolate rotation. In the oblate case, the average density and 
potential remain s t a t i c . (See 7ig. 2.lh.) 

Figure 2.1^ 
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Each single particle orbit contributes a quantized eugular momentum 
in the direction of the rotation axis. The transitions from one 
state to the next along the yrast line involve successive rearrange
ments in the filling of single particle orbits, and th» energies 
along the yrast line exhibit irregularity, although on the average 
the yrast stp.tes have a rotational dependence of energy on spin 
with a mean effective moment of inertia equal to that of a rigid 
body rotating about the oblate axis of symmetry. The deviations 
from the mean, enhanced by shell effects, may cause large irregu
larities in the yrast sequence, and the nucleus may become trapped 
in isomeric states1"0 with lifetimes orders of magnitude longer 
than rotational transitions. A systematic search for such yrast 
traps has been undertaken with beams of Ar, Ti and Cu in a hundred 
different target-projectile combinations. ' 2 The y-emission from 
the recoiling compound nuclei were studied by detectors selecting 
high multiplicity (see above). The survey identified an island 
of hiph-spin isomeric states centered around neutron number 6k with 
lifetimes in the region of a few to several hundred nanoseconds. 
The interpretation will be quite speculative until the spin and 
decay schemes are pinned down, but it is fascinating to note that 
several theoretical calculations ' ' ' ^ » ' point to this region 
of isotopes as especially favorable for the occurrence of yrast 
traps based on the oblate coupling scheme. 

So far we have concentrated on y-emission for transmitting 
information about nuclei at high angular momentum. However, once 
form-id the compound nucleus has to decay by particle emission, from 
which important properties of the compound system become accessible, 
such as the temperature, distribution of angular momenta, moments 
of inertia, and degree of equilibration. Analysis of the data 
requires a comparison with the predictions of a statistical evapor
ation code. Remarkable progress has been made in refining the 

Figure 2.15 
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calculational ' and experimental techniques. Experimental 
data and evaporation residues (the remnant of the compound nucleus 
after particle decay) can he obtained for individual A,Z by an 
apparatus which measures AE, E (to determine Z) and tiroe-of-flight 
(to determine A « Et 2). A "state of the art" example is shown in 
Fig. 2.16 for **°Ar + **8Ca at E = 236 MeV. In this particular 
experiment1?? evaporation residues were not being measured, but 
the figure demonstrates that it is possible to resolve individual 
Z up to 30 (in fact, up to 65 has been achieved) and individual A 
up to 60. 

19 27 The measured evaporation residues in the reaction F + Al 
at 76 MeV are compared vich statistical calculations1'fc in the 
bottom part of Fig. 2.17. The upper sections decompose the 

i .Til 
ilk 

Figure 2.17 Li ,.L 
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calculation into contributions from different angular momenta in 
the compound nucleus. It is clear that increased oc-particle 
emission is associated with higher angular momentum and therefore 
these residues probe the region of the energy-angular momentum 
space closest to the yrast line of the compound nucleus. A recon
struction of the "decay scheme" of the compound nucleus is shown 
in Fig-. 2.18. fit is clear from this figure that our earlier dis
cussion of the particle emission down to the yrast line producing 
the •y-cascadcs was oversimplified for light nuclei—see Fig. 2.9. 

An important input to the statistical calculations is the 
level density in the nucleus at (in this example) excitations up 
to TO MeV, and angular momenta up to hOh . Nuclei in this region 
are likely to behave like liquid drops, and the influence of indi
vidual shell structure of a nucleus on the level density and pairing 
energy vanishes. Based on theoretical predictions ' one assumes 
in those calculations-1-™'-1-"0 that above a given excitation energy, U 
(liquid drop model) «= 15 MeV, the shell effects disappear. An 
appropriate allowance for the deforraability under rotation is made 
by using: 

i-£o 6L2) (2.12) 

In this way we obtain an yrast line deviating from that of a sphere, 
as shown in the third section of Fig. 2.18. Because of the connec
tion between the shape of the yrast line and the shape of the 
nucleus itself, information on the latter may be forthcoming from 
measuring the ratio between nueleon and a-particle emission (see 
the left-hand sections of the figure). The quantitative analysis 
yielded 2 x 10 < 6 < 5 * 10 , which is to be compared ^Vfe^Sp 
prediction of 2.5 x 10"^ for the detailed shape calculation 0 i » l t i d 

(to be discussed in the next section). 

Yet another method for extracting moments of inertia at high 
excitation and angular momentum is the measurement of coherence 
widths f. vhese can be evaluated in terms of the number of open 
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channels (Kauser-Feshbach denominated) a t a given compound nucleus 
J and of t h e l e v e l dens i ty in the compound system of (Ex,J) a t 
e x c i t a t i o n Ex. The s lope of V versus Ex i s p r imar i ly a function 
of t he^e f f ec t i ve moment of i n e r t i a , v i a the spin cu t -o f f parameter 

2 , with T the nuc lea r tempera ture . J For the 
l2C(1^K,a)2^AH system^1* a comparison of T v Ex in 2^AS. is shown 
in Fig. 2.19 for different s tat is t ical model predictions labelled by 
ft}\\?'. The moment of iner t ia / /h of 5.3 MeV-^ greatly exceeds1"^ 
that extracted by fitting the low lying member of the ground state 
rotational band (=* 3 MeV-1). I t will certainly be exciting to 
learn more about the predicted exotic shapes that nuclei, under the 
influence of heavy-ion collisions, will assume from experiments 
such as those described in the section. Since our whole discussion 
presupposed the formation of the compound nucleus, we must now 
check thic assumption. 

2.2 To Fuse or Not to Fuse 

That is certainly a question at the forefront of much modern 
research with heavy ions. It is well known that if a 
deforraable fluid mass is set spinning i t will flatten and eventually 
fly apart.-1-"2 To discuss the equilibrium shapes of a rotating 
nucleus we set up an effective potential energy and look for 
configurations that are stationary: 

F.E + E + E 2.13 

where 
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rot 2 / ( a 2 a 3 a u ) 2.H 

It is convenient to introduce two dimensionless numbers, specifying 
the relative sizes of the three energy components.1"^,186,187 
Choose Ihe surface energy of a spherical drop as a unit: 

(0) inR y = C A' 2/3 2.15 

with C = 17.9 MeV. Then specify the amount of charge on the 
nucleus by 

50 
7T_ 
A 

2.16 

For t h e angular momentum, specify 

i„V 
-=2_ 

| M j f C2A 

2i. 
"<2/3 ~ „7/3 2.17 

In terms of these parameters, Fig. 2.20 illustrates some shapes, 
in each case for the ground-state (stable) shape and the saddle 
point (unstable shape) — labeled H and PP respectively. As the 
rotation speed increases, the ground state flattens and the saddle 
point thickens its neck. In the bottom figure the ground-state 
pseudospheroid loses stability and becomes triaxial, resembling a 

Figure 2.20 
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flattened cylinder with rounded edges, beginning to merge with the 
saddle shape. At slightly higher angular momenta the stable and 
unstable families merge and the fission barrier vanishes. 

This behavior can be translated into an angular momentum plot 
versus mass (Fig. 2.21). For vanishing of the fission barrier the 
resultant curve is £, T. No nucleus can support more than 100h, and 
neither light nor heavy nuclei can support very many units. The 
dashed curve shows the angular momentum required to lower the fission 
barrier to 8 MeV; this curve is indicative of the maximum the nucleus 
could support and still survive the risk of fission in the de-
excitation process. 

By conservation of energy and angular momentum, it follows that 
the closest distance of approach of projectile and target is given 
by r . . where for impact parameter b, 

(••i) 2.18 

which, for given r . , is a hyperbola for b versus E. If r . is 
chosen as the strong interaction radius (R-^+R;?), this curve 
divides the plane (b v E) into two regions: distant collisions 
where the nuclei pass each other without appreciable interaction, 
and close collisions where the corresponding irb^ gives the reaction 
cross section. Because of diffuseness, this region is given some 
width in Fig. 2.22. The curves are constructed for R-^+Rg+d. The 
plane can be further subdivided by curves corresponding to the locus 
of fixed angular momentum £: 
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I = b/2gH 2 R. 1 b = -r— — p = reduced mas 2u E 

The value of y ior O at which the fission barrier vanishes can be 
inserted to construct the additional curves on Fig. 2.22 (both i'or 
zero fission barrier and where it has become equal to the binding 
energy cf a nucleon, which marks where the de-excitation mode 
changes to nucleon emission and the compound nucleus would be 
detectable). 

To the left of P f=0, a compound nucleus could form, and to the 
left of B{.=11 it would definitely survive. We shall see later 
however that the prediction of the formation cf a compound nucleus 
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is a dynamical question, beyond the scope of these considerations. 
Only if this critical curve lies totally above ABC, can the curve 
ARC represent the cross section for formation and survival of the 
compound nuc]eus. The 
WH compare with actual 

\ja ^> O ^ i ; ^1<J11 i \J I J U< 1IIUU J . U i i GWlli £)1_1J V 1 ¥ a J. \J 1 \*lirz 

he figures are constructed for 2(^+107^. JJQW 
ual data^^ for a much heavier system, JAr+lJ9AP. 

The fusion products are experimentally identified by detecting 
evaporation residues after evaporation of nucleons and alpha 
particles^ y and are shown in Fig. 2.2j; the trend follows that of 
Fir. ?.2?. The line Ii f =0 is marked and also more precise calcula
tions using the computer code ALICE, which deals more properly with 
particle evaporation, and in particular with the angular momentum 
they carry off (represented by AJ = 10 etc). Detailed discussion" 
of the fusion of heavy systems are j^iven in the reviews of Pefs. 
IT: and 191. 

In many case." we find that the funion cross section is much 
less than the reaction cross section, although the fission barrier 
har, s t i l l not. disappeared. It appears that the ions have to reach 
a critical •iictanae of overlap of nuclear matter before fusion 
-ptr, in. '' >J9-i <\Q take into account the effects of a critical 
distance we write 1^ 1 for the fusion and the total reaction 
cross sections: 

r. . = T T ^ 2~f (?*-+!) P« — ^ 
0 

•nf?~ 2^1 < ? * + l ) 

ba r r i e r is x j a s s t- , (3 • For V. we assume: 

IV = 1 l< I 
v cr 

0 £ >l 
cr 

Then the summation in Eq» 2.20 leads to 

o J E ) = TT*?(P. +1) 2 = TI* ?£ 2 ?.?1 
f cr cr 

The turning point for the partial wave £ - £ is deduced from the cr expression: 
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r-'i.'hr.t i * ' : t i n r fnr 
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2uR 

in Eq. 2 . 2 3 , gives 

, • < (• - ^ H 
This expression i s Jus t equiva len t t o the usual formula for th f- r e s 
t i c : ; cross sec t ion (see for example Eq. 2.16} with P r e p l a c e : :y 
the i n t e r a c t i o n "barrier radius R_, B" 

0 = r } 

U 

; ( . - ^ ) 
t h a t R„ 1.00 < A r , i / ' ) for ap ) I'JI ix wiae range- ' : 

This i n t e r p e n e t r a t i o n distance corresponds t o the over lar 
of the ha l f density r a d i i of the nuc lea r mat ter d i s t r i b u t i o n s . 1 — -
The rad ius i s m a r k e d 1 ^ on F ig . 2.2fc for - L U 0 + ^^Ca. Up t o a 
c e r t a i n c r i t i c a l energy, for a l l p a r t i a l waves t h a t surmount the 
outer b a r r i e r , the two ions succeed in i n t e r p e n e t r a t i n g t o the 
c r i t i c a l d i s tance (assuming t h e r e i s not too much r a d i a l f r i c t i o n 
near the b a r r i e r t op -(dashed l i n e ) and fuse. Above t h i s c r i t i c a l 
energy, however, the i nc reas ing cen t r i fuga l b a r r i e r does not allow 
the ions t o pene t r a t e for a l l p a r t i a l waves, and the fusion c ross 
sec t ion becomes smal ler than 0^. (This scheme i s v a l i d when the 
dynamical path for fusion l i e s i n s i d e the s add l epo in t , a s i t u a t i o n 
which i s not usua l ly f u l f i l l e d for heavy systems — see Lb<= 
' i iscussion in Ref. 30 ) . 

Fipure 2.2i* 
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rroTn these equat ions we genera te the schematic r e p r e s e n t a t l 
of fusion and t o t a l r e a c t i o n c ross s ec t i ons as a function of i/L 
Fig. 2.?$. Tn region 2 , the c r i t i c a l energy i s passed and the 
fusion cross sec t ion changes s lope — i t may i n c r e a s e , s tay const 
or dec rease , depending on t h e value of V{P ) a t t h i s p o i n t . Ir, 
region 3 , the l i m i t of maximum angular momentum in the compound 
system i s surpassed. J u s t these fea tu res appear t o be observed* 
in i^N+-L C system shown in F ig . 2.26. I f the da ta a re represent 
in terms of the c r i t i c a l angular momentum, as in Eq. 2 . 2 ? , then 
value £ c r ( f l . c r + l ) = 73*<!i2 does indeed correspond t o the limit, of 
26.6h expected from F ig . 2.21 for A ^ ?6. The p red ic ted shape i 
t h a t of a very deformed, t r i a x i a l nucleus with R m a x * 2?. and 
^min ** 0J»R, with R the r ad ius of the sphe r i ca l ground F t a + e . I 
view of these extreme shapes , i t i s perhaps more r e a l i s + i r t o 
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consider3°°- a critical deformation, or moment of inertia, which 
determines whether fusion occurs or not; in a more formal 
derivation^ ' R c r is introduced via the equation $ C Y - uR^r* The 
::tudy of much heavier systems, beyond the liquid drop fission limit, 
should lioon be. possible with the higher energies becoming; 
available.- 0 0 

1'ince the slope and intercept beyond the critical energy 
ue+.engine V c r and R c r = 1.0{A]-'3 + Ai'^), these measurements cai: be 
used to determine the potential at much smaller distances than is 
T'Cj-ible froir. elastic scattering^ ( w e call Ri/h and R s in 
I.eftur» 3 ) , and indeed were used to construct some of the points in 
rig. I.]'*. A thorough analysis of potentials, synthesizing 
ir. format ion from the total reaction cross sectien, the fusion cross 
re~* i'-.r;,e: astlc and transfer reactions is given in Ref. 3~; such 
rvY arj;roric!i nay help to remove the ambiguities we discussed for 
"''(•*•* ;"i in Lecture 1. However if there is significant radial 
friction (and the next lecture will show ̂ that there is) then our 
earlier equations should contain (l - :*~*?) rather than (l-Jp, 
where hv is the energy loss due to friction on that portion 
of th° ir&,'er;ior;/ leading up to the barrier. Foughly we can see 
that neglect of friction produces an underestimate of the 
potential .-'•' At the critical distance where frictional dissipation 
i.i very stronr the whole method of analysis presented here becomes 
questionable. Nevertheless a variant of this analysis,53 using a 
proximity potential has been used to extract potential depths down 
to values of s (in Fig. l.lk) which are negative, i.e., very strong 
overlap of the nuclear matter. A questionable assumption in many 
o? these treatments is the sudden approximation, i.e., a potential 
which conserves the structure of each nucleus.201 At the opposite 
extreme is the adiabatic approach, which allows a continuous change 
of potentia2.202 Ultimately a full dynamical calculation is 
required, in which the fusion cross section depends not only on the 
static shapes but also on coupling to internal degrees of 
freedom. -* , - ^ 0 " in the classical limit this aimroach leads to an 207 equation of motion with frictional forces. Then it becomes 
possible to describe in complete fusion events, or deeply-inelastic 
scattering; in the next lecture we shall see that these processes 
consume the missing cross section208 D f region 2 in Fig. 2.25. 

•̂ .3 More Microscopic (and Speculative) Aspects 

In our introduction to these lectures we mentioned that the 
microscopic, and the macroscopic were not really distinct subjects, 
but so far in our discussion of fusion processes ve have ignored 
any effects of individual nucleons, the fundamental constituents 
of nuclei. In Fig. 2.27 is a plot of the ^OCa+^Ca fusion 
cross section,2°9 plotted in our familiar framework. In the 
notation of Eqs. 2.25, 2.26, the solid line uses the parameters, 
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Figure ?.2'( 

\(Hy) = VA .r, HeV, P = 1.1*9 (A*'' + Ag ) = 10,?fr. 

V(P ) = Ph MeV, R - 0.97 (A, + A^'l = £.C^fm cr cr 1 S 

Thr- critical potential is positive, which classifies the systerr 
H:: "heavy" (compare Fip. P.?6 where it is negative). Since this 
r.yster» compriSOB two closed-shell nuclei, the tightness associat •-••': 
with shell effects could manifest itself by a decrease of the 
ra'm;r. parameter, compared with neighboring systems; such a 
':o:r.p-'i.rison could gave some information on the role of individual 
r.U'-'Jeons in the fusion process. The dashed curve in fact corre
sponds to a calculation with a smaller critical distance detenr.ine-: 
from Hartree-Fock densities for J0Ca- One physical interpretation 
of the critical radius comes from the tvo-center shell model. ^ 
This is illustrated in Fig. 9.?B for ^o+lGo; at distances less 
than 3-*' fm the lowest configuration becomes the ground state of 
' ?, and at larrje distances it is the ground state. At the 

level crossing, strong energy losses should occur. It would appear 
from Fip. ?.?! that there is no evidence for this closed-shell 
effect. However, another doubly map;ic system ''"ca+^Oopb does 

Figure 2.28 
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Fig. ?.',"" is s:ili poorly understood. An even more 
r>ervat jor, is the yresence of oscillations in the 
r-̂ t ior.:: cf Jif-:;t, closed shell systems,- 1 2'" 1 such 

If 

-irure ?. -,Q o. 

+ *-"o system behave? 
have described in section 2.2. 
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l/E r_ (MeV)"' 



fomr- exampl 'T, are shown in Fig. P.30. The story becomes ever, r.or-
subtlr- with th^ observation that these oscillations are corr».-i at*": 
wjth thr- r":-.orianoes appearing in the excitation functions 
l?r + i><- . v?c[',-+) + 1 ? c f ? + ) , which, as we discussed in th" r^-:*:. 
]'•"•+ur*-. h'iV- been attributed to molecular shape resonances.*'' ~* '• 
':"'•<* Fir. ,.''?) (for a detailed discussion, see Pef. 211.) hv:. 
'.h'' as.:or i ;i\ • on with -"l̂ se'l shell svstems, and/or even nartia" 
wnvcr. ar t'""Tirr, dubious with the recent observation" ^ that th" 

- "• ̂  1 f 1 ? 
os" L 1 ] ati or,:, are iic.o pr'-sent in ' r> + 0, C. 

J.O };Q 
?' rcK-irn t o t.he Ca + Ca system, which did not e x h i t i t 

shcj 1 '• '.'l'< ••*,::, i t i s '-ori.lectured tha t f a s t , c o l l e c t i v e e x c i t a t ior.s' 
'*-•.;] d rrovj-if. the f i r s t s t ep in overcoming t h e she l l pap befor" 
adi aba', i ̂  " f fee t,s f su<-b as leve l c ross ings ) become importan*. in 
•fhis m r 'd'-:, the two nuclei move on t r a j e c t o r i e s const ra ined by ' : / . 
rroximi*y p o t e n t i a l , and at the t u rn ing r oi nt of t h " rad ia l motion 
d i s s i r a t e f-wrty in to v i b r a t i o n a l and i n t r i n s i c motion. Fur: en 
happens pr*- lominantl / c lose t o the o r b i t i n g angular momenta, ar.'i 
a s a t i s f a c t o r y desc r ip t i on of the data in Fig. ?.?7 is obta ined . 

The sr.al l e r impact parameters tend t o make the ions bojr."e off 
on1- ano the r , a fea ture which i s a l so presenl in the time defender.* pi 7 ^iQ ;lartrr-'.-r'onk Model. ' ' p So far we have been l a r g e l y concerned 
with the "ma<"rophysics" of nuclear ma t t e r . C f course t h i s i s no*. 
n new s u b j e c t , s ince f i s s ion has been with us for a long t ime, bu-
t h e r e have not been many s t u d i e s oV t he dynan'cs of f i s s i o n . I t 
has mostly been an at tempt t o understand the e n e r g e t i c s and o the r 
p r o p e r t i e s of the f i s s i on b a r r i e r . Is i t p o s s i b l e t o get sorn^ 
unders tanding of a l l t he se processes in some microscopic framework? 
A convenient s t a r t i n g point i s the mean f ie ld or Kartree-Fcok 
approximation, which has enjoyed grea t success in the s t a t i c case . ' * 
This works because the dens i ty i s h igh , the e f f e c t i v e forces ar*=-
s t r o n g , and the Paul ! p r i n c i n l e i n h i b i t s c o l l i s i o n s . In a t ime-
dependent gene ra l i z a t i on the r a t e of change of the mean f ie ld ir.us* 
be small enough sn tha t i t does not produce l a rge e x c i t a t i o n s of 
the independent T . - t i d e s in a short t ime . The k i n e t i c energy p--r 
nucleon should not be too l a r g e compared t o the Fermi energy 
(=^0 MeV). The l a s t l e c t u r e wi l l carry us beyond t h i s regime. 

The TlJhT equat ions for the s i n g l e p a r t i c l e wave functions 'i 
are given by 

i 4 - 1> ( r , t ) = H(t)iJ> ( r , t ) 
dt n - n — 

H(t) = - £ - V ? + V(t) 

and V(t) is an integral over the two-body interaction calculated 



Figure 2.31 

Be: f-'-',rir,:Gently with the single particle wave functions. At each 
instant of time cne has to calculate a mean field produced by the 
infl'jenc"- cf all other particles. As the solutions are stepped ir. 
time, the self-consistent field is simply the Hartree-Fock potential 
at the r^-vious step. The initial systems are represented by a 
product of single partible wave functions calculated in a moving 
potential; after the collision, one needs a mixture of both sets cf 
wave functions. 

A computer Jisplav of the density distributions of these cal
culations for Ca + Ca at 8 MeV/nucleon in a head-on collision 
is shown in Fig. 2.31(a), as a function of time. ^ (Because of 
the symmetry the complete picture should be visualized with an 
identical pattern below the bottom axis and to the left of the 
vertical axis.) The contour stripes mark density intervals of 
0.0-'t nucleons/fm-'. We see that taking these calculations at face 
value fwhi^h is premature regarding the state of the art) the 
nuclei do not fuse, but separate after 0.65 x 10 sec oscillating 
in a predominantly octupole mode. In earlier stages of the diagram 
all the aspects of fission dynamics, including the neck formation 
and scission, are in evidence. In Fig. 2.31(b), a "trajectory 
diagram" is constructed showing the final energy and scattering 
angle for different partial waves. The small waves "bounce" back
wards UTJ to C = 30. Some waves fuse and others go into partial 
orbiting with deflection to negative angles. (This diagram is con
siderably more sophisticated than our sketch in Fig. 1.6, but it 
contains the same information.) As shown in Fig. 2.32, the calcu
lation using TDHF Force III gives a reasonable description'--1 of 
the Ca + Ca fusion data. 

The piossibility that low partial waves do not fuse (i.e., that 
there is a lower cut-off in partial wave as well as an upper) is an 
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made^of evaporation re 158 

t : rr.e i iea that, ban b^en around 
A detal'ed study was 
of the compound system £-"-'Er bv comparing the i*esujts cf̂ diff*--
format: np. experiments X J0 + 1 ;^Hd, i0hr + l l f V n , "'Y.r + :'"f"e, 
"\:u + 9*>Zr K h e last giving a slightly different unround r.u" 
The excitation functions for a particular evaporation char.r.el 
are shown in rip. ?.^1. We recall from the "bin diacrar." cf F 
2.8 that this channel should be associated with the ,<*r*v rfz-
p.ncY'fju verier, of the compound nucleus, regardless of how it va 
formed, but the evidence in Fig. 2.3' clearly indicate:- a shif 
the onset of this decay channel for the heavier pro.iectiles. 
thresholds ar° indeed found to be identics-1 for different lie;:. 
projectiles, ^, 0, and lie.) Figure ?.P also reminds us that * 
lower energy part of the curve must be associate! with the low 
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:e:-?ribod in this lecture—and the next. 

:>'!::i*" intensive searches in major laboratories in the '.'.F., 
"..'.''.:-., 'Jf-rri'my and France, no evidence for superheavy element:: 
in r.uciear re'i"tions have been found (for a "recent review see 
h'-^r.. ', Jf, . •"-'"-, (brief successes1 '̂  in Monasite inclusions were 
shor+ -Li ved.'' "•J) ^h-y-er limits for the cross sections are shown on 
the left side of Fig. 2. lit. Most of the limits are obtained b\ 
failir.,™ to detect any spontaneous fission activity; one event 
wcu]'i correspond to the quoted cross sections, and it is question
able whether the methods would make us believe one event. Some 
other experimental techniques, and their attainable limits, p.re 
illustrate': cr. the ripht. It seems clear that one must turn to 
methods capable of exploring shorter lifetimes and (preferablyl 
yielding higher cross sections particularly since the rcost 
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- • , ' * • • ' ' • •:' : *; • -"lit* i r " - : ' h<- ; " / ; . * i r.w* \ r :.- •'. r. 

.' * •!!. : * j , * - " r ! :;'.:•. n : 1 ' v r ' h " v r ; i , v r . -
• ' •• * :••! : ' ' ; : . : ' . r " : " r i r * " h nr«"""!". i r. f i r * V ' T . 1 r, 
• . . ' • ' ; . ' •<••;.; " , - y : - h " » T r i z r - f i . r - . f i r . r r i r ' - r . a w . 

, . - . . ,• . . , , , . v !-»••- •+. i . j , ; . r ' . ' • ' - : : : : — r : * i : : ! - f i " r i ' 

; • • ' ; ' : : . ' • ' - " " ' ' ' . ' ' f " i [ \.'JTi- V.f'TiH , 'i<"-<"-f "1 y - J T j F - 1 P. :" + . * - " ' 

• • : . : • • t . . , . y . . . • . - f " ; , ; , r n^ r- r 1 T t 1 " -f Vwrj-Z*,:. ' - -

i •' ;.*•••::• ' .-.-,'?'-rS r-\ H n ^ v <~'»ir.pr'.::.i r " "'• v h W . ' 
* : • • . • . • : r - . - / r - r . , n f K T ' / y " " ! • : • : ' , 1 - t . i t : - -
. : , , , . , . . . . , . T i , . j ( !'r.<w, : :t ". y T n,..« ,; „ f , . j r t r,; ;•[- r ! 

v ". "V : <•* * ••;-, whi '•>. i r."* m-iu"*-"! a ri^-v v .-.' ' ' * Y 
'.'.''"'.. . ' : : . " " d f - p l y - i r . " " ! 'ir-1 : " r.rntt^rinc ir. ! 
..": •;. •'.'. i , ' i : v i ' ">n , T r / .v r.wV":"- -i ri"v ri/ir:.'-, F 
'*<•!. ! . " - i ' - : iin"[p'*t J" v J i r i n n t ' *' ' h i : ; Knr? i : :h -i-

->. . . h " '• ii'-riorcnni. 

".• :••<-<• why " f u n n i o n c h i p . - " 3" an a p p r o p r i a t e t ^ r r . i r . o 1 . ^r\r, !••* 
...- .-i'-jk ril r.oir.p o f t h e p a t h r t a k e n hy h e a v y - i o n ro~l 1 I E io:;c - J • ar 
•they h-;-/'j eir.erred in the first two lecture:; 'see Fir. *. .1 ). The 
*:r.o rcfiir- i:: in units of T = 10"''' sec. It shows hew the c*or.pr>ri 
cyr.tHTn mny nroceed tovardr. compound nuclear format lor., crecede.i a:. 
c.i'-c^e-ie'i hy particle emission, an:) possibly en-iinr. in symmetric 
fission, hut there is also a new path, vhere the coir.posite oyster. 
never fusen co7npletely; rather, i t separates on a relatively short 
tirr.e scale into two fragments, reminiscent of the in i t i a l ions 
which went, into partial orbit . (is there a connection with the 
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216 
V n rrazinr anple, Coulomb dominated deflection. A critical 
rtrar.et.r--r in the reduced "ommerfeld parameter, 

o 
" - hv-

i-orc '•'' i:". the velocity of the two ions a t the i n t e r a c t i o n b a r r i e r , . 
The quan t i ty in rourhly the r a t i o of the Coulomb force Z- ,Z 2 e 2 /P ? 

f-.n-i thr- f r i r t i o n a ] force ( respons ib le for d i s s i p a t i n p the i n i t i a l 
k.i net i - pr.errv) which i s propor t iona l t o the v e l o c i t y and the 
t m j ' j H of th'- nuclear d e n s i t i e s tt l / P ' ' . Systems with n ' < 15pr-f''-0 
r i v 3 ri^F 1 t o o r h i t i n y whereas those with n ' > 250-300 do not. 1 ^" 
Another in.TJortant parameter def ini np th r- c h a r a c t e r i s t i c behavior 
ir. tYir- r'j.%Xr> 7/h of the cen te r of masr> enerpy t o t h e Coulomb 
: f i r r i ^ r . ' '*" (Home of the many extens ive reviews on the cub.iect of 
-ir-i-.r,": y-ip.r-: fir.ti c s c a t t e r i n p a re raven in P.efs. ?l*9-2!^-.) 

•j.oforr- proceedinr fur ther with the l o g i c a l a n a l y t i c a l 
prr-'ii r:ti onr: of the r o t a t i n g , d inuc lea r model, we must descr ibe 
:-~.r..n experiments r e l a t i n g t o d i r e c t experimentfe/ evidence for i t s 
vf i i i ' j j ty . An important aspect i s t h a t t h e s e r e a c t i o n s are b a s i c a l l y 
i inqry pr^oesnes , and t h i s has been e s t a b l i s h e d by coincidence 
rvri-uren.eritr nf the p r o j e c t i l e and t a r p e t - l i k e fragments (see 
f . r . P e r . i<cjr,). 

Another consequence of F ig . 3. '- i s t h a t t h e d i r e c t i o n of 
r i t a t i n r . <~ f the q u a s i - e l a s t i c ( pos i t i ve angle) and d e e p l y - i n e l a s t ie 
' n e r a t : v f unr le) frapjrients should be oppos i t e . F u r t h e r , in a 
" laci ' ioal p i c t u r e of a p e r i p h e r a l c o l l i s i o n , we expect the angular 
::.i::.e:itu:r. t^ be or ien ted perpendicu la r t o t h e r e a c t i o n p lane . For 
th'/ ' i-jaji-el a s t i e t r ans fe r , t h e s e m i - c l a s s i c a l model discussed in 
I.e^t'jre 1 r i v e s some p r e d i c t i o n s ° k , 6 7 of the p o l a r i z a t i o n , 
rva] ' ja t i rw *-, from the Eq. 1.1+3 and s u b s t i t u t i n p Eq. 1.J+1+ r i v e s : 

"eff R a P 2 R a

 v ~ ^ m - J S " 

fince the incident nucleus is left in a hole state of the transferred 
particles, the sign of its polarization should just be opposite tc 
>̂  . Vanishinr polarization is predicted at the "optimum Q-value", 
best satisfyinp the semi-classical matchinr conditions: 

If Q *' Q 1 1 the polarization is negative and if Q < Q , it is 
positive. (For a more detailed investigation using 
DWBA theory see ref. 256). 

http://rtrar.et.r--r


a t 

- Kir. v 
::. and t 

zero 

e. 'I he 
tendi n 

. r. de-.-

Tf-al ur--:; have l>een studied ' *' 1i. the ref;:-ti - r, 
i.O?p,. a-t rjQ >-0y ^ . r jneasurini-' th- ti-k-'-ay 
i-. ^hf.T ' = 1 + Kf = 1 -! T-" M ^V t = 2 r i "S f . • 

ij» -l , r -£tr.ax ' -• • J • ' ' - • • > W t ^ • 3 i . - . . 

* ;*ih-;t; on of 6 rnyr- with respect io ' the polariza:,: 
fj) = 1-Poor8. The apparatus is sketched in Fi<". 

a.*:, irradiation was cyclic anc on alternate cycler: 
"Ion of the -̂'-'H was reversed with an PF field to 
centa l anymrcetries. The results are shown in 
•- see that the energy suectriun of the -^B 'fdeterr.I:. 
i the continuum at a Q-value of «= -23 MeV, cor.nare,3 
+ AV0 * -21 VeV. Calculations ^or "both the enerry 

-• polarization are shown. The vai.ie of F indeel 
the peak of the dis tr ibut ions, but for mere 

:-z the values of P do not become sufficiently 
?fore, for these larger everry losses, we need a 
to five ar:,*tional polarization of the or^osiie 

I y-i n e J a c t i c scattering. 

For thf Ar + Ajr syaten at 300 MeV auasi- and deecly inela-t : 
i-esspr, are clearly separated. The polarization cf the frapmer/. t 
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'-.:._: Vs.--!•••'. '.'m.^s-r^. r.pir. in t h ' - r.nr/- :! : 
• • : y !'.•"•" ' ,:/• '• i ri" . '- ' ir r / j l a r i z a 4 ; ' . , ' . ' ' ' 
-:. Y-r/t'Jia'.i'.r.. '17r- '}\r'"-\\':. r.V r.s.~. Hr. 
: -;'Ti-t,'.'-r:Tir th*-- f - r jM/: ' ! Y-r : iyr , !'.—.- *,:.' 
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':.".J-^rr. rit, ---a'-h V., t h e n r ' i i j v i t f h:;." ': > 
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: : i-'r !i .;-. :-.:. f- : 'he Z wer &T\erpy, and the s t r a i r h t 1 ir.t-i* ar̂ > f thf-r 
'.•.<->• ;* '• ' ' ••!: :••-•-^-.structi-nn. The fa-t tha t *"he data arc- disrUaoe: 
?":-•"". ?s-r' '. - " : -•: ly a re f lec t ion ^f the s;": sequent neutr tn e:ni sr.:" r. 
i' *.ht- f :•'•* • : \ r-'fraf-rentn ^ and these diripla^er.er.4 s th'-ref^rr-

— '.'•-.::. ; i.r^rr.--.' i-'r. on t h i s exc i ta t ion enerry. "h<- diii placemen* 
'" 4 '.- *••: ••'•: i s .'.:;•' r e l a t e d t n 1 )>• <:; fl>i-f-r. ' " : : . v a :*'. i * i :. 
"' *.'.•• ••;•:':••'. '.' ""V . i i f ' f e r e n c e i f t h e oe:,*i--r - *' r ;•.. .- f-rf-rrl--." . 
;' : : *'•:•:.'.. <-->: • I ' 'it ion . 1 :' t h i n e n e r r y i'•' ' i " ' i i - - i in r r y r t i : . 

' •" * r.f- :'.'ir. • . \ ' :/• frai'rr.ont A.- s b r ; ] d r f f f i v e t iv- f r a " * '. -• :•. 
-••••'. . .'.:•. ,\. ' :." - jppor :"ir» c f M , - . ~. i-h^w:-, ' L i s q-; ' i - .*i ty : 

::.:*•.••: ' ; . ' • . . '. '. r. * . 1 '• , v-.r-ro t h e • ;r:v t-* ! r •. ; - <-/#-.- t h e "i,-
•-:•.••*•: : ." .*:• : '. ' 'Y->-'-:( ••• '.'•*'• <-vt i n t h ' : ' ' " ]:•.:" '.' ' :.'• f i r u r e , 

1 : ' :.' : . " . ' ; • r. ': J:. :i r.,- *"'nf.-rr.v ir: : .'''. 1 :• t h - •;\,<-rf.i,-e k i n e + 1 > 
•'. '" J :.'" e - l ' t e d r;*"":*.r'-r.. 1'L'- ^ ^ r ' r u V j r r ' " v?.r <-.' jr.':"' e : 
:• " • ' : • - ' •• ; .i . II r ' ; 1 i ' :. • f 1 ' / • e v >vy . '"'•--.•*.;•' ' : . " ••; ist*--rin--
:' ' r • : ; : . * . ••.- --Jr. : ;'/•;•' ', ••- i. f i •"-•• * :.'• d i v i s 1 • :. :' er.e••,-;.' i : . * *.•• 

- dirc-usr? \.)s- ':n i e r l y i r . f 'r.^'-hani " 
rt d-Lp.T in,-- r.f •*:;*"• ' • • i / T r : . find + h'-

•^ep'.!;,' < :.el aL't i " l . ' c i t ten r.i 

'lw .-...-j • v--. ••:• art-- '••jrrently i r. vorue to explain the d e s o r i i -
* '. • '.' .':-.••• •:•• • .nts • :' •'he i n i t i a l kinet j r en<"-rry ir.l o i n t r i n s i * 
*•*:•* !*. ' .*!•: . •' * ,-,-• i i iri-l '^ir --ninpiev. rin^-e th---v arrroaph the pr'' t -
'.'•:• ':•••:• ' :.. -.:.:;•' Let f •••;: vi r-.-^nint ;• of r^ie-hcdy d J"T;U ra t ion ar. "J 
"'..'••'':'• : 1 ••-•::'itit n, i t i ;• l ike ly that the u l t i r . a te t r u th will: 
ir.v :•'• -i .•'/:.'_*.":' :r,, , ; , -r + 'ir c : r un'ierrt andinr '•'" nuclear s t ruc t :r^ 
ir.v ;•:<•• .-!:..••.•- r --.rti v ; <• n:.d ^.-1 ]eri ive aspectr;. '.-.''• should reca l l 
'\.--' '':.'• *.:"i!,:;' i rri hetweei. lir^-et aii i compound nM'lear orricesse:; 
::" r'.+ -:.i-rj'- *,-, hf .vy-ion rea^t joi.r.. A typ ica l en^rry spectrum 
: v , r a ,ir-l. ' .- ir; , react i.-T, ( e . r . , j , r ' } appears' "•"•'" ^^ in F i r . 1-~ • 
"A,'- enr-ri--y '-.'.,:: _•]':::.a CTH a'Jnc l e rerar-Jed a.̂ ; a tiir.e va r i ab l e ; the 
. -••* erif.-rry f,'JTr.r-'v;rtd rer ion r."" rrespor.ds to a lonn Jnterarrtion tiir>-
and thf hirh r'nf-*r/^ d i rec t rerion to a short t ime. There i s a 
cont: n'.our evolution fror. d i rec t anci rr.ultiKtep d i rec t react ions 
tc c-,r.r - .ri : riijciear re-'ictionr. 1'he re la t ionsh ip to heavy-ion 
react ions l.ec'.,r.es p laus ib le if we compare the evolution of the 
Ji Tferenti al c rsss nections in F i r . ?.. i and those of F i r . 3.9, vhic] 
per ta inr t o d i rec t and p.ult istep react ions leading to disevere 
final ct*]ieG.^r**J*c'v'i In t h i s type of react ion the r /^roscopic 
techniques we dinrussed in Lecture 1 are well developed and there 
is honest hat r iir.il ar approaches can he applied to heaw-ion r ea r -
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In searching fo. a fast dissipative mode, "we are led naturally 
i •"• think of riant multipole excitations. The dipole resonance has 
fi chara-'t^rir+i r time of 1 0 ~ " sec, and is one of the fastest 
.^tr:..' 'r.!.<v)> in nuclear physics. There are two characteristic 
+-i:•.'-.- ;r. h^-Hvy-ion collisions. The first is the time durinp- which 
*':.•'-' :.;-.••" --.ro in contact, i.e. 

H-t) C-o) 

r.ot to fir ,-ve the "barrier thi" time is of the , _ o : , 
i * c *" 20 *" se<" / . The s e c o n d one m e a s u r e r t ^ e 

l i ' - i : / . i c i t y o f t h e p r o c e s s , v h i c h i s c o n c e r n e d w i t h t h e 
:•, ••-.'.;- wh ich t h e f o r r . f a c t o r chanr . e s "by a f a c t o r o f t w o . 
• . l i r ' o r . r V : h a r p m a y be an o r l e r o f ma^ri i ' .ude s h o r t e r 
, 1. <-•. = t '• V " ' * . I P ; - . The quantur- t r a n s i t i o n s , t h a t 
.n« , . Q- i r inr the- c c l M r i ' . r . , a r e t h e r e f o r e l i r . i t e d a d i a -

: •:•;* Ap i h ' T c h a r = 1 0 - ? 0 MeV. TM c r e r i o n o f e x ~ i -
,. * where t h e r .a . ior f r a c t i o n r f t h e s.ji r r i i j e . £ c r 

^x • I+-:*.i'n cf F.ia.nt resonances is e-zhuut-ted.' " A nu.-.ier 
i"-.. tripe rs -jeal ^'i£h these rcodes ar the mechanise for 
:•;. • '. : ;--catt'--rinr, via r.ultister excitation. 

.vj r-xuerimental point of view one rr.irht hope to ret a 
*~Yi\ role ~f these modes hy lookinr for structure in the 

-^icJ ic continuum. So far this has appeared as a feature-
cut n:~re refined data for the Ca + Ca and Cu + Cu at 

.•:.,- -CO .MeV, acquired with a magnetic spectrometer, 
- i comolex structure. f^ee Fir. i.lO: fa) for Ti is^-

>w-. + "a; (v.) for Zn isotones fror. Cv. + Cu, and (c) ' :Cu 
. "u + Cu; the total excitation energies are a?so indicated). 

E , (MeV) E. IMeV) 
,00^0 1£0 flO W (ffl V) 20 

wr 
J t j . . . . . . 
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Figure 3.10 
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Even more pragmatically, we might look for the direct excita
tion of giant multitioles in inelastic heavy-ion scattering. The 
probability that either fragment will emerge in a single giant 
resonance depends, however, on the system.j For heavy systems, the 
large energy loss implies a dominance of multiple excitation, but 
for lighter systems, the shorter collisionjtimes and the higher 

The E2 mode has e x c i t a t i o n , lead t o s t ronge r s i n g l e e x c i t a t i o n . The E2 modi 
been observed in 1 6 0 + ^ T A 1 , 2 7 0 l 6 0 + 2 0 8 ^ 2 7 1 , 2 7 2 a n d 12, c, 

tio (shaded) for excitation of the giant quadrupole resonance 
sd to everything else. Even for this light system the 

Zr, Pb.^'^ For the xo0 + ̂ (A1 system, Ffig. 3.11(a) shows the 
excitation probability for different regions of 8, together with 
the rati 
compared 
probability is unexpectedly small, and it remains to be seen if 
the quantitative models^"0 account for the strength. In (b) is 
shown a "Wilczynski Plot" for the inelastic scattering (compare 
Fig. 3.M which also shows the ridge, between -7 and -20 MeV, 
characteristic of deeply-inelastic scattering and negative angle 
scattering. 

Finally an example of E2 excitation for 0 + Fb at 315 
MeV is shown 2 7 ? in Fig. 3.12. Both at 1̂ 0 MeV and at 315 MeV, the 
observed strength apparantly exhausts the energy weighted sum 
ru]e; therefore the multiple step excitation of the jaeet>l;y-
inelastic continuum (a cross section of JtOD mb at 135 HeV^'^J does 
not reduce the single excitation, possibly raising an element cf 
doubt over the role of these resonances for the damping. Further 
comparisons at different energies are required. An interesting 
feature of Fig. 3.12 is the appearance of higher lyin£ structures. 
The frequency of oscillation of multipole modes can be derived : -* 
from the liquid drop model to depend on the multipolarity as 
C J' /A; for quadrupole oscillations wg**1 ̂  0.8 Mev. An evaluation 
of OJ as a function of C and A, tells us that the associated 
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velocities, v ~ w R , will call for collision speeds in excess of 
2C HeV/A for the excitation of higher lying* multipoles, vhich ray 
therefore be appearing in Fig. 3-12. (The giant quairurcle rescr.ance 
corresponds to the bump at 10.8 MeV.) 

!;cw let us turn to the alternative energy dissiy^ation r.e-hanisr. 
via E-inrle particle motion. In this picture, as the two nuclei 
rotate in close contact, an exchange of nucleons takes rlace tr.ro:..--':. 
the window that opens up in the neck between their,. Ccr.rider the 
nuclei as containers in which the nuclei have a random r.̂ ticr:.- ~ 
A r.u.-leon in nucleus 1 can escape through the neck and be absrrbe.: 
V:y rr-fleus 2, and vice versa. T.et the area of the interface rf 
the composite systeir. be A(t), and the window integral in the reac
tion, 

AM = I orbit A(t) dt 

The probability per second that a nucleon crosses the interface fr^r 
1 tc 2 is n^2 A a n d similarly from 2 to 1 is np^A- These rater. 
depend on dynamics and are functions of time. This dependence will 
be weak if the number of transferred nucleons is much less than the 
total. Co say n 
transferred is: i k is constant. Then the variance of the nur.br 

6n [ ( n 1 £ " ? ] / A(t) d t ] " 

http://ii.i4.05l
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while the flow of mass from 1 t o 2 i s 

<n> = ( n 1 2 - n 2 1 ) / Aft) dt f2.C) 

and the normalized d i s t r i b u t i o n of t h e number transferred raJr^t he 
expected t o be a fiaussian , 

F(n) - exp -

Hov a good ruess for the transfer rate is: 

n i 2 * n ? i * ! p T ( : " c ; 

where g_is the nuclear matter density, 0.17 nucleons/ir , and v == 
9 * 30 is the typical speed of a nucleon inside the nu~leus. 
Vith an interface area of I = 10 fm and a typical direct reaction 
time of t * 5 " 10~ 2 2 sec for the collision of "°Ar or. 5 07i at i'-i 
VeV,1"7 we ret in ** 5. The Z and A distribution of frarisents in 
this reaction are illustrated in Fif. ?>.13 (which were obtained by 
coir.tininr the Z and A information of Fip. 2.16) and we see that the 
spread in A values is indeed the order of 6n. (it is difficult tc 
see the Gaussian profiles in the S-V not, hut such indeed are the 
observed shapes. ) 
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3.3 More Formal Theory 

The theory presented here will he only slightly more formal, 
with an emohasis on the extraction of physical quantities from the 
data. Kirorous approaches are described in other Lectures of this 
School. The generalization of the discussion in the previous 
section to diffusion processes in the rotating dinuclear systen. 
leads to the rocker-Planck equation 2^' 2^'277,27o f o r t f ) e VCT>XJja_ 
tion distribution cf a macroscopic variable x as a function of 
time, P'x,t): 

3F(x,t) 
3t 

3P(x,t) 
3x 

3 2P(x,t) 
3x 2 

the sedition cf which i s : 

,t) = • vtr 
IiDt 

Inc r.r?ar. value of the distribution y. moves with time at constant 
velceitv, and the variance a = <x - <x>>^ = 2Dt increases linearly 
vith time (see Fir. 3.lM. The transport coefficients v and D are 
kr.̂ vr. ac the drift and diffusion coefficients. The FVHM of the 
curve i~ ..riven froir. Y^ = 16 ̂ n 2(Dt). Amongst the macroscopic 
varialles vhi^h have been measured are kinetic energy, the Vt'7 
• ; p r r o P r.f freedoir. and the mass asvmmetrv depree of freednr. 
A- - A,/A- + A 2 . 

?7Q PflP A" an example of hov th^se methods work, ' • '̂ -̂  consider the 
ch^rre iistrifcution as a function of angle. This can be derived 

P(x,0 

Pcz° A, ^ - ^ * t o A, " 2r° x . 
0 x 0 ix0 x 

Fip.ure 3.1^ 



from an analysis of distributions of cross sections such as Fir,. 
; . 3 for each Z. They would be expected to have Gaussian distribu
tions , 

F(z,t) = 
AnD t 

exp 
( z - : • v t ) ' 

liD t 

where z - z 0 stands for the numher of protons transferred duri -\z 
the interaction time t. The quantities v z and P z represent avrrare 
proton drift and diffusion coefficients. In order to relate ar.gle 
information to tine information we write, 

r. - 1 ( 8 
i nt co gr 

'3.:2J 

vhere T ^ n t is the interaction time for the rotating Qinuclear 
systei", rotating with mean rotational frequency to. (The rotation 
is measured fron the crazing angle.) liow, 

7 is the moment of inert ia of the system, and 

where ve at tr ibute deeply-inelastic collisions to the tar,i nf rartin 

<1 1 I 1 I I I I I i i 
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waves from SQT±t 'inside of which fusion takes place) to S (see 
Fig. 3.1). 2 8 1 

For the reaction Ar + Th depictea in Fig. 3.3 at 388 Hev, S F 

and f c rit have been determined as 222 and 9̂  respectively. ^ For 
j* we can assume rigid body rotation of the dinuclear coirmTe>:: 

£ = | MaR^ + | M 2R 2 + pR2 . (3.15) 

The plot of T versus 9 in Fig. 3.15 can then be regarded as a 
ulct cf T2 versus T i n t = t, and the slope T2/t a Dz. In fact, the 
same value of D z is derived for the different reactions studied at 
different energies (on the figures, the t-scale is diffe£ent for 
tie different reactions, since this is transformed by 1/C ). The 
de: ived value was T)z « 1 0 " (charge units )2/sec. Other quantities 
can be determined by similar analysis. One finds typically: ^ ' 

23 Energy drift coefficient v * « x io J MeV/sec 

Energy diffusion coefficient D ** k x 10 (MeV) /sec 

Charge drift coefficient v ^ 10 (charge units)/sec z 
22 2 ~harge diffusion coefficient D * 10 (charge units) /sec z 

These values are not expected to be very accurate due to the crude 
jr.ethoi of estimating the interaction time. In a more refined 
approach ~ a better relation between impact parameter (=6) and 
scattering anffle is derived by constructing a proper deflection 
function. Energy and angular momentum dissipation are taken into 
account. Intei ''tion times calculated in this way can vary by a 
factor of 3 from the simple estimate. 

A characteristic of the deeply-inelastic collision is the 
large energy damping. This energy loss also appears to take place 
rapidly while the two ions are in contact. On a microscopic 
picture the energy loss could be mediated by particle-hole excita
tion and also by transfer of nucleons between the colliding ions. 
Such a nucleon, with mass m, deposits a momentum Ap = mjfj, -where 
r is determined from the energy of the system prior to the -ansfer, 
and the resultant energy loss is therefore proportional- to z'te 
energy available (<5E a (At>) ). This argument justifies the intrc 
duction of a fractional damping force proportional to the veloc-
ity279,2o3-£85 

F + = -kv (3.16) 

Then we can wr i t e for t h e r a t e of energy l o s s : 



_ = yv — = v-F - -k. 

Integrating the expression, 

-(f)-^ 
How we have just shown that a time scale is established by the rela
tion t = r^/2D z, ana therefore we expect that there should be a 
linear relation "between Cn(E 0/E) and F§: the gradient yields a 
v.ilue for k/pD z. As Fig. 3.16(a) dramatically demonstrates, ° 
there certainly is a clear correlation between the width of the 
chnrre distribution and kinetic energy loss, which is shown on this 
firure for successive 50 MeV wide "bins in the reaction of Bi + Xe. 

Tn Fig. 3.1b("b}9 the values of of from Fig. 3.15(a) are plotted 
&s n function of che interaction time T(C ) in units of 10" cec. 
ar. i arrear to increase linearly, i.e., off?) = 2D Z(* ) T (« ). The 
tiT.e rcale on the figure was derived from the deflection function. 
This reflection function was constructed "by assuming a sharr. cjt-
cff r.oie] , where the cross section up to C * is given by o = ~ 
TT''K' •+! ) . Then using the experimental results on the cross 
section as a function of kinetic energy loss, the angular mnnentur. 
c:-.n Ve rel&te-i-0^ to the energy loss by: 

; (AroMrc MjiwsEi?; 

( 3 . 3 7 ) 

rM( IO a !ec | 

Figure 3.16(a) Figure 3.16(b) 



Figure 3.16(c) 
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ABU) 

3 (3.19) 

where Aa ij is the cross section in an energy window between 
Ej and Es. The average scattering angle for a particular energy 
less is also an experimental quantity (see Fig. 3.M, so the curve 
of 6' versus C can he deduced as in Fig. 3.16(c). The angular momen
tum dependent interaction time is then calculated from the expres
sion 2 8" > 2 8 8 

T(P) = A8(8) ^(8 h8 (3.20) 

where A9 is the difference between the Coulomb deflection angle 
(dashed) and the actual reaction angle. From these results we 
extract the values of ff (the FWHM of the Gaussian functions in 
Fig. 3.16(a)) as a function of E and construct the plot shown in 
Fig. 3.17, which is indeed remarkably linear. Since we previously 
deduced a value of D z we can now use these results to calculate the 
coefficient of friction k = 0.6 x 10 •* Mev sec fm~ . (A much more 
sophisticated treatment involving deformation is f-iven in Ftef. 289.) 

It is instructive to see how the large value of k can be under
stood 276 using the simple model of matter transfer discussed 
earlier in section 3.2. Suppose that the speed of nucleus 1 rela
tive to 2 is tangential and eqxial to v t. The rate of nucleon "hits" 
from 2 to 1 through the window is: 

dn_ 
dt pv A cos9 p(v) (3.2H 

where ft is the inclination of the nuolecm speed v, of distribution 
p(v). Each nucleon of mass m deposits the excess momentum -mvt, and 
therefore the average force actinp in the tangential direction is: 



96 

„ ! 0 5 R; • '"Xe 
0 ' "Ho - ' "xe 
a ""ft • **Kr 

" « H O < 
s 4 Kr 

F t = " 2 , r ' p A v t 

/ • I t /2 

J V 

• 'n 

v p ( v ) co-,0 ^— ov ' 3 . 2 2 ) 

1 , -a - 17 mpAv v 

By identifying this expression with the fruction force -kv, ve 
der ive t h a t 

k % f- mpAv 

Assume, as in Equ. 3.5, a window area of A * 10 fn , an'1, the average 
nucleon sceed 7 = 3/h vp * 3/16 c and the nucleon density of nuclear 
matter, 0.1"7 fur 3. Then: 

k = 200 MeV/fm-c 
-21 

(-.2i) 

i.e., 0.7 * 10 C J" MeV sec fir" , ir. good agreement vith the value ex 
tracted from experiment! In fairness, however, we must note that 
comparable agreement can he reached" °^ usinp the relation. 

dt dn dt fi ^ . 2 5 1 

where <AE> is the average loss per collision, taken as a typical 
piant resonance excitation and W is the imaginary optical potential, 
deduced from direct reactions (Lecture l). 

A more careful examination suggests that the apreement with 



the one body dissipation mechanism may "be less than perfect.291,29? 
Remember that the basic tenet of this;model is expressed via the 
relation: 2 9 3' 2 9^ 

97 

6E = ^ E P (3-26) 

vhere <5E is the loss of kinetic energy per nucleon exchange and 
E is the available energy at that time. (This equation is quite 
consistent with our earlier equations. Thus in equ. 3.17 we car 
vrite dE/dt = 6E dn/dt where dn/dt is the nuclear flux, and by the 
analysis leading- to equ. 3.22 this is just 2k/:a; hence the above 
result for 6E. The validity of the equation relies on weak coupling 
o? intrinsic and collective degrees of freedom, an assumption that 
has been challenged. -̂ J Wow 6E must be deduced from the experi
mental data (Fig. 3.17) which essentially gives energy loss as a 
function of o*̂ . Regarding the nucleon exchange process as a 
raniom walk process, the number of protons exchanged is just K z = 
of. The experimental observation of the fast equilibration of the 
:::ass to charge asymmetry degree of freedom indicates that neutron 
and proton exchange rates must be very similar2 2

rana therefore the 
total number of nucleons exchanged is K = (A/Z) 0"£. Differentia
tion of the curve of E v a| with respect to (A/Z) of lef.ds to 6E = 
<5c/$:'i^ which is plotted versus §E in Fig. 3.18. The dashed line 
represents the one body dissipation of Equ. 3.26 and it appears 
that this mechanism accounts for only 30$ of the energy loss. 
Before attributing the additional loss to other mechanisms such as 
the fast collective dissipation, discussed in section 3.1, the whole 
validity of the analysis must be examined. It has been pointed out, 
for examDUe, that the relation between angular momentum and ener—.-
implied by eqn. 3.19 is oversimplified,29o aT)(j a i l 0 r e rie-orous 
treatment may remove the discrepancy with the one body dissipation 
model . 

Figure 3.18 

fr E (MaWulecn) 
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Figure 3.19 

The simple approaches have nonetheless given great encourage
ment to the researchers on bu^erheavy elements, as we mentioned 
briefly at the end of Lecture 2. It has been found that the curve 
of energy loss v. o^ (represented in Fig. 3.19, with a different 
ordinate from Fig. 3.17) is not universal. For U + U, as shown 
in the right hand portion, a much wider charge distribution is 
found. " This observation has important repercussions for riakinr 
superheavy elements, where the problem is to keei> the excitation 
energy ?ow enough for survival against fission. Consider^O as a: 
example 

ow enough for survival ; 
?38 u f23Bu ) l8l Y b*)295 SH 'llU* For a relative fission width 

r,/(r +r n) of 50% the excitation energy of the superheavy must be 
about 30MeV. Assuming partition of the energy according to the 
mass (as we justified in Section 3.1) the Yb nucleus then carries 
18 HeV and the total excitation energy is h8 MeV. The Q-value for 
the reaction is -55 MeV, so we can tolerate a total energy loss 
of 103 KeV and still have reasonable survival probability. Froir. 
Fie. 3.19, the associated charge variance is o|=lU. The crcs? 
section can then b° calculated from {llM = a Q(92) exp(-(AZ )il/2r„'1) 
for a total kinetic energy window of ±10 MeV, o" (92) is I* mt and 
with Az = 22, we obtain o(llU) = 10-31* cm 2. ° 

The hope of reaching the Holy Grail of superheavy elements 
will no doubt stimulate more accurate calculations of the production 
cross sections. There is much to be done. The mechanisms of dissi
pation we have discussed may be adequate for the early stages of 
deeply-inelastic reactions, where the window is open, i.e., when
ever there is solid contact between the ions. There is also "two 
body" friction, analogous to viscosity in liquids. ^' More general?y, 
a friction force of the type we have been discussing can be repre
sented as: 
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F = -k I a 3 r P 1P 2 |r| 3.2? 
where p and p are the density distributions of the two nuclei 
and the integral is taken over the QverlaD region. The rate of 
dissipation has also been calculated using a "orcximity formalism 
(rather similar to our discussion of uroximity potentials in 
Lecture 1), with the result2^,299,300 

-23 -li 
where n 0 = 2.5 x 10 MeV-sec'fm ;is the transfer flux density, 
R and b are the nuclear half-dens?ty| radius anO diffuseness, and 
y(Z ! is a universal flux function. An application of this 
formalism to the above reactions for1 Kr -jid Xe on heavy targets 
yields21*? 

| ||= 10 2 1
 X(e 0) * 0.7 - 2.1 x 10 ? 1 sec - 1 3.2a 

which is actually in very good agreement with the value cf 2k/u te 

2 y 10 ? 1 sec which follows from Fig 3.27. 

3-*i Efynawical Aspects 

The previous section was intended to give the flavor of the 
approaches to understanding the diffusion processes in deeoly-
inelastic scattering. The evidence strongly suggests the idea cf 
an intermediate conrolex consisting of two well defined fragments 
in contact, undergoing equilibration, and the time constants of 
these relaxation processes have been determined. Hov we onsider 
the transfer of orbital angular momentum into the rotation of t;*e 
two fragments constituting the complex. The anrular womentum 
transfer induced by the frictional forces passes through several 
stages.296 initially, a sliding friction term makes the two 
bodies start to roll on each other, and then a rolling fraction 
term causes the two todies to get stuck in rigid rotation. 

At the onset of sliding the moment of inertia character!sinr 
the system is simply 

/us - V«S 3" ? c 

where p is the reduced mass and R the distance between the centers 
of the fragments. For the sticking configuration (using the 
theorem of parallel axes) the moment of inertia is 



here tf^ „ are 
he rraxir>,?ttr vn.1 u 

4 • ^ 
the rcoir-ents of i n e r t i a of the fragments, ?/5 y.. r ' . . Who 

The 'r(7.r?V;^ vn.1 n" A?, of o r b i t a l angular rr:oir.er.tur. transformed 
in to intr'in:" if* ri in can then "be c a l c u l a t e d frh>r. 9,. £ t .„ = ?-,,.<£„ 

' > ' . - ( ' , M 
i ". :̂  

which a;i""i." 'i.- i.ntrinr,ir r.rm of the franr.er.ts. For eq'ja: rar-
r.-̂ loi we "M-.:.v «'.P = ?',"' J.', ar, I the fra"tii^ varier 'Jeper.dir.r '.:. 
*hK- :r.;i:-3 ar.yrjr.etr.v , an showr. helov: 

f 

U 
M +'̂ _ 1.. 

0 . 1 ;-.*! O.c? 

0 . f- :.'-: 0 . - . " 

0 . • 1 . 5 - J - j 

0 . 1 . :.!•-; 0 •*" 

0 . 5 1.1.0 = f.'5 r> i = f ' " 

' r. the case 
'ndf'i'pridvr.-' 

f r'.llina friction, however, the friction AP 'f. 
1 r J/jc masse?, o' 1 iJj'? two ?:iWc / ?Qp* 

For TirLaiu -ases, i t in possible to shcv th^t the nuclei 
have reached the sticking confirmation fror. ar. analysis '-~*' 
of the final channel kinetic enerrier. The total kinetic ener 
of a rotatirir system at scission is riven by: 

r = v (Fl + V..(P) 
f C K 

In classical friction models it is usual to rewrite the last ter-
as f^ Li(Li+l )lî / 2\iR^, where f is a numerical factor dependinr •-:. 
the relevant type of friction. For stickinr f = ;I F 2 / ( U K 2 + < £ , + £ - \ 
and the value of f often leads-^ ̂  to the experimental E^ valuer* 
usinr a value of R ~ R _ as discussed in Lecture ?. crit 

A better test is to measure AR. from the "y-ray multiplicity 
associated with different frapments arisinr from the decay of the 
complex. 30li-30b As discussed in Lecture 2 it is reasonable to 
assume that the intrinsic angular momentum is just twice the 

http://franr.er.ts
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Firure ;.20(b 
"H.v • assur.inr that the anrular momentum is carri"! 
y the ¥.2 yrast cascade). An example is -he t'J!> + .-r 
t 1"5 !-*eV for which enero' spectra are shown ir. ¥lr. -

:i fferent anrles. We see that in proceedinr t~ r.rro-
anrle.; the quasi-elastic component disappear? an : tr.e 

nelastic dominates, ^ust as in Fig'. 2.-.. Thr- multir!' 
ction of the Z of the detected fragments are shewn 2:. 
for the deeply-inelastic component. For comparison th 
d values for the oases of rollinp and sticking are dra 
values of entrance channel angular momenta (50h and "2 
e YOh is expected from the sum of the known evapcratic 
cross section cf 900 m;. (corresponding to if cr i t f i 
ieeply-inelastic cross section of ^00 rr.b, usinr cur 
.• formulae. ^7he line for 59*1 corresponds t r the ".: 
rind nuclear formation.) Then the roll in." limit ir 

a = f y . = rah 3.3ii 

or,° where the rotatanr dinuclear complex has remained in 
•Tor a lor.r time, the stickinr limit appears to be reached, with 
"between 50 ana ^Oh . At more forward anrles the fragments arre*-v 
to "be still roliinr on each other. These data furnish strong 
evidence that the intermediate complex approaches ririd r̂ tratir-: 
a time comparable to the rotation period. 

307 A similar experiment has been conducted on the much heav 
systems 8^Kr+ 1° 5Ho and ^ K r + 1 9 7 A u . Cf.ee Fir. "S.?l). On the :<?'" 
hand side (quasi-elastic transfer) the multiplicities reflect 
simple transfer reactions where the anpular momentum is transfer 
by particles vithout the formation of the dinuclear complex. 

http://Cf.ee
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Figure 3.21 
Tn t h a t case we expect AP, ** AM/M Hj where A!' i.~ the t r a - n f e r r e - : r.a:-:: 
rind " i s the inc iden t mass. This formula leads t o the c h a r a c t e r 
i s t i c V-shape in the f igu re . Tn c o n t r a s t t o our abov» e x a r x > ' , 
the d e e p - i n e l a s t i c components seem t o he c lo se r to th*1 roller..- I::-!4--
^calcula ted as 2/7 < U , with < P.> taken t « be 2/3 k/ A v* : - e > * 
t r i an ru la r ?.-di s t r i b u t i o n ) . This r^rul t ir. paradox jr-a; riTw-r. *->.*• 
enerry i s completely re laxed , "he r ^ a u s i t l e escare Vr^r. * h<=- ; l ; ^ - j - ' ; 

ir, t c assume t h a t t h e low 7. frarments a re p r e f e r e n t i a l l y r~pul a*.-:- : 
by low P.-waves. This explanat ion i s runported t.y inspect i "r. ~f *':.<:-
curves of "potential enerry versus t h e " of the frarmer.+ for H 
s i m i l a r system in F ip . 3-22. At the 7 of en t rance channel 'wh^re 
tne p o t e n t i a l i s scaled t o be z e r o ) , th~ p o t e n t i a l slTer* tovar: ." 
symmetry for small a n p i l a r momentum, beeominr p r o r r e s r i velv r i,e* i:«-:-
for h i rhe r A. Therefore only the lowest. V-waver ccnt r i l - :*^ + - *:.•• 

Figure 3.22 
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rojulation of fragments much lighter than the project i le , a .-o-
cajled "fractionation of the angular momentum distribution." 

Clearly a better tes t of the theories will come fror. -r.easjri.-..-
hU-r.er order quantities in the exneriments. For example, H *-f-e~-
exxerimer.t^ 0 with a b Kr on ""sai at 1.90 KeV, in additio:. t- r.easu.-i:. 
the r.ear. multiplicity <M> of Y-rays in coincidence with o'-asi- ar.j 
deeply-inelastic scattering, also measured the distribution cf -u : t : 
pi ic i ty by using an array of Tf-detectors (as we describe-; in lecture 
' ? ' 1 ' - £ h e r j quantities such as the standard deviation v = '<:/">-
<'.Otr)'i ana the skewness < (K - <K>)3>/v^ are accessible, exar-.de? - f 
which are plotted in Fig. 3.23. The left part shows < !•:> and v i ? 

a function of reaction Q-value. The right part shows th- skewner-s. 
For Q-values close to zero, the skewness is positive indicatin- a 
preponderance of low V. events, with the reverse in the deep];.- in
elast ic region. On a sticking model is i t not possible to ' ret the 
correct values of <K>,v and the skewness simultaneously. Another 
piece of experimental fine tuning cor.es from measurement of Y-rays 
to discrete final s ta tes . These dete-.-mine the degree of alignment 
of the final fragments, which can be- cc-iared with the 
cf the sticking model. 9 predictions 

Another classic experiment has capitalized on the fission 
decay mode (rather than Y-decay) which is dominant in heavy systems. 
The experimental arrangement310 i n vhich 209si was bombardf.-d with 
610 MeV °°Kr ions is shown in Fir . 3.21(a). The angular correlation 
of one of the fission fragments, in coincidence with a r ro jec t i l e -
like fragment, was measured both in-plane and out-of-plane. 
Classical arguments t e l l us that the fission fragments should be 
most intense in the plane, i f the target- l ike fragment has a large 
angular momentum perpendicular to the reaction plane. The out-of-
ulane correlation for the fission fragments depends on the quantun 
number K, the projection of the to ta l angular momentum on the 
symmetry axis of the fissioning nucleus. Then, 

http://exar-.de
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The d i s t r i b u t i ma P(K)» Pf 'O, and F ' .T ) represen t the r r - V a r ; : i t y f- r 
f inding the system with those quantur. na^ber.:. PfK1 r"d.r, ĥ -
'ietenr.ined frorr. indeDenient f i s s ion exper iments . As a fi r e t 
es t imate we can a l s o assume complete al irnir .ent , sn V',".'.) = ~f.T' 
with M=J. To determine P ( J ) , the p r o b a b i l i t y t h a t a t a r r e t - ? ik^ 
fragment has anpular momentum J , i s tho roal of the experOrient. 
Aps-jrainp t h a t the amount of an ru la r mom-intum t r a n s f e r r e d , .", i r 
p ropor t iona l t o the i n i t i a l o r b i t a l momentum ?., 

? ( J ) « O J + ] ) 

(because the p a r t i a l d e e p l y - i n e l a s t i c c ross sec t ion o^-rd?; <x ' , : 'P •^ : , ; . 

The resu l+s are shown in Fifr. 3.2ii(b} and i n d i c a t e t h a t 
J m a x - 58ti, from a simultaneous f i t t o t h e in -p lane and c u t - o f - r l a n e 
c o r r e l a t i o n s . (Note t h a t a recent study of sequent ia l f i s s ion in 
a c imi l a r r eac t ion a t t r i b u t e s the ou t -o f -p l ane d i s t r i b u t i o n t o the 
d e e p l y - i n e l a s t i c process i t s e l f by t h e e x c i t a t i o n of c o l l e c t i v e 
bending o s c i l l a t i o n s . ' 1 1 ) For the "^Kr+^^Bi system, the fraction 
of t h e i n i t i a l c o i t a l angular momentum t r a n s f e r r e d i s 0.29 £} for 
s t i c k i n g . The value of J£j in t h i s r e a c t i o n i s 235'' and t h e r e f o r e 
the measured value of J - 58h i s c lose t o the s t icking: l i m i t of 6Bh. 



This experiment is a refinement on the previously described Y-ray 
experiment, because in principle it could determine the angular* 
r.^enturi asrcc'atcd with one of the fvagments. Now the anrxtlar 
Tr.rr.entui:. is divided between the fragments as follows: 2^" 

%> ( r 
As the asyrasetry becomes larger, this becomes a highly sensitive 
".elho'i for distinguishing between rollinp and sticking-

~he separation of Y-ray multiplicities between lirht and heavy 
:'rarT.«-:.ts is possible in principle by m e a s u r i n g 2 the energy as 
'<.<?'.1 i:9. the multiplicity. Then we can write: 

<V > < F >,. + <M ) T < K >r = <M >< E ) 
y :•: Y h Y L Y I Y Y 

?. 30 
<Y > <!•: >T = <M > 

1:0 Po a:.; extract <M > and < 14 > . The results for 237 MeV Ar + Y Y n y h 
,-ive a ratio of (t'ly^l/^Y^H i n t n e region of 12 for fragments far 
removed from the initial channel. By the above equation this 
reru^t implies an approach to the sticking limit. 

Ultimately it will be necessary to make a full solution of 
the dynamical equations of motion with conservative and dissipative 
forces for comparison with the experiments.c""i313 For the 
Kr + E. case discussed above these equations have been solved usinp 
a tanrential friction component which was weak compared to the 
radial component-^1 *md resulted in a total angular momentum 
transfer to both fragments of only 38'', considerably below the 
experimental value. 

3.5 The Limits of Space and Time 

We have seen that in deeply-inelastic scattering, macroscopic 
concepts such as viscosity and friction, are of great current 
interest. On the other hand, in conventional nuclear physics, 
the statistical model, which assumes thermodynamical equilibrium, 
has been generalized to include pre-equilibrium behavior.315 since 
energy dissipation includes not only viscosity but also heat 



oon- luc t iv i tv -^ i t may be p o s s i b l e t o make a l ink between t h e twc 
approaches. ** A new fene ra t ion of experiments i s aimed at 
s t ' idy inr the formation of " h o t - s p o t s " in nuclear m a t t e r p Thi.-, c 
cept, ir: very o ld . To quote from an h i s t o r i c a l p a p e r , J J "Tf » 
nuclear p a r t i c l e of energy E, comparable with t h e nuclear i n t e r 
ac t ion ene r ry , s t r i k e s a nuc leus , i t wi l l l o se p r a c t i c a l l y alZ i 
enerry in the ' su r face l a y e r 1 of the nuc leus . This p roc-"" vi'.l 
r.r^}r.r- in tense ] ncal h e a t i n r of the pa r t r,f t he nuclei:.': s t r uck , 
"'he ' h e a t ' wil l then pradual ly spread f.ver the whole n u f i ^ r . . " 
r-n"1 cul n+ ion ' of the heat c o n d u c t i v i t y , spec i f i c he*t <=-tc. o** 
nuclear matter from a Fermi pas model wa.~ a l ready complet'-d ir. 

:• i rr.t consider some typ i ca l tin** s c a l e r nf dee 
' i f , t i onr.. ' ' F^r the r o t a t i o n a l motion, we h a w a 
;/ (.- t-'.rA an an r l e of r o t a t i o n 0 throurh which the 

^'r.A T~t. Therefore : 

;u>--r nf r , , P ar, 1 rf~ fan lie estin.nt.r-i, no we na 

lit 

t c cl ' tair. <*). For example, a reasonable e s t ima te of t i r '; ''•' C . , 
correrpnndinr t o r o l l i n r f rarments , and E r0^_ = Er» - ^r-o-j"1 + ' " 
Fnr the reac t ion 1 , 0 Ar + P 3 ? Y h a t 37Q M«?V ( F i r . 3.'3) t r c + * 15 r VPV , 
* * 3 5C ' see d i s c i s s i o n of Equ. 3.15) so w* 3 y 10 2 : 1 s e r - - and 
T ^ 3 v 10" sec for a t y r i c a l r o t a t i o n a n r l e of 1 radiar. . 

V.:e can a l so e s t ' m a t e t h e time i t t ake s an e q u i l i b r a t e ! excit-. i 
nucleus t o emit a p a r t i c l e . An empirical f i t t o the measure: wi :-.h. 
c-f cor.round nucle i for A = 20-100 y i e l d s : - 1 1 1 

rluev) = ifc exp(-]'.69A7E*" ) ("-.:.;• 

relating the temperature T to the excitation enerry by K = a?*" , 
where a = A/6, we have 

T ... , * 0.5 exp(!3/T) l3.-.-\ 
particle r 

where T is in MeV and T in units of 10" sec. An excitation 
energy of 3.25 MeV/A yields a temperature of 5 MeV and a lifetime 
of T x 10~^ 2 sec. If local temperatures of this mapnitude should 
be produced in heavy-ion collisions, then the lifetime for particle 
emission is so short that the rotating dinuclear complex will emit 
particles before it scissions. Ve say local temperatures because 
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total center of mass energies in deeply-inelastic experiments are 
< 10 MeV per projectile nucleon, and therefore the achievement of, 
say, 3 MeV/nucleon in some region requires a concentration of energy 
into a " h r t - s p o t . " 3 1 6 - ^ 

Delving slightly deeper we can write the relaxation time for 
jisjipatinr the initial energy deposition as:' 

X vrA 
K (3 . -

ere \v i s the Fermi v e l o c i t y , A i s t h e mean free path for nucleon-
\ idecn s c a t t e r i n g , K I s t h e thermal c o n d u c t i v i t y , p i s the dens i ty 
u: cz t he s p e c i f i c heat of nuc lear ma t t e r . Expressions fcr K and 
! car; be der ived from t h e Fermi gas model . ^ • » - ^ 7hur, 

S 3 / ? 

^ T T / F 
C^-i-5) 

where <-y 
effectiv 
•oerature 

5 r,nre 
icurh 

is the Fermi energy, T is the temperature and Q is the 
nucleon-nucleon cross section. f3* 27 mb). For a tem-

of = 1 MeV, Tp is h x i o ~ 2 2 sec. From the above equations, 
s as T^ (essentially because the mean free path decreases 
nucleons are excited above the Fermi level), and, at high 
c-mperatures, becomes longer than the time for particle 

These trends ere illustrated in Fi^r, 3.25 fron:^an old 
ion-^1 (left hand side) and a recent calculation.-3 In 
culations as the incident energy (temperature) increases fe 
toint where the compound nuclear lifetime is less than the 
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relaxation time, just the condition for the formation of a hot-.-.i.' 
(Also shown on the rirht are the passing times for tvo A = c/i nuc: 
the nucleon-nucleon collision time.) The critical temperature 
appears to be around 8 M<iV-*23# (v/e shall return to thin terr.per^^^ 
in Lecture h.) 

Several coincidence experiment:; have recently Veen pe: 
with the reneral philosophy directed at observinr h^.t-npot: 
these experiments have studied the anrular correlation of 
particles (e.g., alphas) in coincidence with the project!'* 
heavy frarment emitted in quasi- or ieeply-inelantic scatt* 
a fixed anrle. A typical example"^ 33 shown in rir. \.c(. 
reactions of l 6 0 + ^ 0 8 P b at ]1)0 MeV and i] 5 MeV. For h va: 
projectile fragments, the correlation.1- are very narrov arr3 
rourh]y in the direction of the fragment (marked with an a: 
between this direction and the beam axis. I.'ote that the chr: 
attainable by pure projectile frarmentat1on (-̂ C + rt) r.ac a 
peak, as expected, but the other channels (e.r. .; + ri! rlv 
~ii;;ilar overall distributions. The fact that al] these patt 
are reminiscent of the decay of an excited projectile-.ike :" 
is also confirmed by a kinematic contour plot. This IF; shf* 
Fir. "i.?'i for a similar reaction, ?"-° * U + ^ITi. at 9J '-!e7 "le 
to -* ®b and a fragments. The two island- <±re consistent wi • :. 
of a prefrarment 1 H* at an excitation of * 1 KeV (denote': 1 
dotted kinematic constraint) traveling with a kinetic enerr 
^ 55 I-'eV (dashed lines). 

ir-ty 
peak 
row , 

Figure 3.26 
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A possible interpretation of similar correlations of a-particles 
observed in reactions of 3 2 S + ' ( A u at 12 M e V / n u c l e o n 3 2 ' is Eiven 
in Fig. 3.28. The 32g m o v e s along the Rutherford trajectory up to 
the distance of closest approach. Then it emits an alpha from the 
surface in any possible direction. The subsequent motion of the 
a, 2°Si and ^i^u nuclei in the Coulomb field is calculated numeri
cally, generating two peaks in the correlation. Only the left hand 
peak appears in the data, which is associated with the region of 
the projectile between the projectile and target (i.e. a localized 
region). The first experiment'2° to reveal such a phenomenon 
(actually emitted from a "hot-spot" on the target) vas the reaction 
16 0 + 58ui at 92 MeV. The confusing effects of projectile break
ups were eliminated by searching for a-particles in coincidence 
with 1 6 0 scattering. The rather detailed analysis329 of this 

Figure 3.28 
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experiment assumes that a hot-spot is created on the surface of 
the tarret, the oc-emission from which has a high temperature com
ponent emitted outwards from the pole, and a low temperature com
ponent from the diffusion of the a-particles through the nuclear 
matter in the opposite direction. The final solution is complicated 
"by Coulomb and nuclear deflections and by angular momentum, which 
makes the hot spot rotate. Nevertheless, some idea of the results 
is conveyed in Fig. 3.29. The top part shows the <x-ccrrelati cr. 
measured from an origin in the direction of the projectile, rcth 
ti.e fast and the slow modes lead to the narrow angular correlation:-, 
characteristic of all the experiments we have been discussir.r. The 
bottom middle section displays contour plots of the cross section 
in an Ea-9oc diagram, the projections of which onto the Ea axes 
(left and right) show the expected a-particle spectra. The hirh 
temperature component (=» 7 MeV) is close to the temperatures 
required for the observation of a hot-spot (see Fig. 3-?5^ whereas-
the low temperatures are characteristic of greater equilibration. 
The experi.'/ient-^ yielded temperatures of 3-k MeV in the forward 
direction. Using the expressions Ex = a T 2 and the value cf Ex = 
28 MeV extracted from the experiment, the value of a = K/8 river. 
N = 18 particles. For a fully equilibrated system N * 70 and the 
temperature would have been only 1.8 MeV. Such experiments can 
lead to a determination of the thermal conductivity and specific 
heat of nuclear matter, and are an alternative to preequilibrium 
theories. 3 1 6' 3 1' 
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Figure 3.30 

There are several other experiments on the production of fast 
non-equilibrium light particles, '' i-ou~:J;J«? v ^ h interpretations 
ranging ever emission from the neck between the colliding nuclei ^ 
(like ternary fission and maybe even like a hot-spot) to backward 
splashes of a particles accompanying fusion. " The fun is Just 
berinninp. The theoretical possibilities are also diverse. A 
possible mechanism-^-'5 for the production of fast, ncn-equilibrium 
ct-particles is the strong radial friction damping: fcrce, which 
ejects a particle 01. the opposite side of the nucleus 1'ror. where 
the projectile and target first make contact (see Fif. j.3'— This 
leads to a correlation with the a and the heavy fragment on the 
same side of the nucleus which would not be consistent -with many of 
the above experiments. Another possibility is illustrated ir. part 
(b) of the figure, which by similar arguments would attribute 
the a-production to strong tangential friction, certainly essential 
as we have seen to account for the results of y-^ay multiplicity and 
the fission fragment experiments. This picture car. explain how in 
Fig. 3.26 alpha particles are observed in coincidence with heavy 
fragments that could not arise from simple projectile fragmentation, 
but which nevertheless bore close resemblances. Tb,is picture has 
also been said to represent a "sparking process,'0-' and is consis
tent with our discussion of "hot-spots" in this section, i.e., a 
zone of slightly higher complexity and concentration than occurs in 
simple projectile excitation. V."e note in Fig. 3.26, however, that 
at the higher energy the relative importance of these more compli
cated channels diminishes and the pure fragmentation channel becomes 
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dominant. This simplification sets our path towards Asymptotia, 
the subject of the last lecture. 



h. ASYMPTOTIA 
In this lecture we leave behind the familiar territory of 

Miorcscopia, and even the still recognizable landmarks of Kacvo-
Siv; 'a, to venture into the Mew World of Asymptotic Before settinr 
out -t is Just as well to have a navigation chart,"5 w n j c ^ appears 
ir. Fir. h.l. The abscissa is the projectile energy in "eV/nuclear, 
and the ordinate is the projectile mass plotted as A1'-". The 
shaded bands define regions of fundamental parameters such that 
when we cross a band, we can be confident that the underlying phytic 
will change. The three characteristic center of mass energies of 
?0 MeV, lliO MeV and 930 MeV are estimates of vliere the subsonic, 
mesonic and relativistic domains merge. Macroscopic phenomena co-e 
into pron.inence when A-1'' > 1. The band at Z =* h (170) is a re
minder of the changes that may occur when (2Z-x fine structure con
stant) becomes large compared to unity. Most of this space is 
•jnexplcred apart from the two axes, the left-hand side with the ow 
enerr̂ y heavy-ion machines, and the horizontal axes with high energy, 
haaron accelerators. Alth^ry] some possibility for exploring the 
remaining space (where most of the crossing bands lie! hag-existed 
with Nature's own accelerators, the Cosmic radiation, ' it ic 
the development of high energy, heavy-ion accelerators, such as the 
Berkeley Bevalac, that has sharpened and focussed these studies. 
Combined with parallel developments on increasing the energy of 
existing Cyclotrons (at Berkeley and Texas A and K) ur to 35 MeV.' 
nucleon, it is now possible to trace the evolution of heavy-ien 
reac+ioi. mechanisms across some of the critical boundaries of Fir. 
k.l Ve becin with a discussion of this evolution in peripheral 
collisions, then deal with the more dramatic (possibly) central 
ccllirions and end with a few words on exotic phenomena. 

Mesonic Relativists 

10 MeV [ 100 MeV 

~2-<20MeV) 

Figure h. 1 

I GeV 10 Ssv 
~2-(930MeV) 

2-(140 MeV) 
XBLT94-28I6 



.̂1 Evolution of Peripheral Collisions 

Tn order to make a conceptual link with the last lecture, let 
UG consider how deeply-inelastic scattering might evolve with 
enerry. "* Imagine two nuclei with radii R collidin? with relative 
velocity u. The collective kinetic energy is 

K * y-v^pju2 

('••i'e are dropping factors of order unity.) If the nuclei are in 
cotuTiunication through a window of area "flâ  (as Qiscussed in Lecture 
?,, equ, 3.Pi, etc.), we have 

|| * \ Pv 'TTa2) u 2 f L . 2 ) 

where v is the average intrinsic nucleon speed. Therefore the char
acteristic dampinr or stopping time is of order: 

t + * P J p u?/f v a 2 

stop (!)"(*) 
We compare this tiir.e with the collision time, t „ = F/u to riv ' coll 

t s top _ / f i f / U \ 2 / R \ 2 /Enersy/i 
t

C cl l \ a / V'/ W V F e r m i E l Energy 

Therefore if "a" is not too small, as the incident energy ê proacher. 
the Fermi ener{iy, complete damping plays less of a role. We r.ust 
then ask the question, what process takes over the large deeply-
inelastic cross section? 

It appears that multibody fragmentation phenomena replace the 
essentially two-body processes of deeply-inelastic scattering. -̂  
Below 10 MeV/nucleon, the collision time is longer than the ̂ransit 
time of a nucleon at the Fermi level; consequently the whole nucleus 
can respond coherently to the collision, and the dominant phenomena 
are characteristic of the mean field.' " At relativistic energies 
of GeV/nucIeon, on the other hand, the reaction processes are domi
nated by independent collisions of individual nucleons.-* The 
transition repion mipht be set by requiring the complete disjunction 
of the two colliding nuclei in momentum space, i.e., at a few tens 
of MeV/nucleon. This transition, which could be labelled^1-3 "fror. 
nuclei to nucleons," has been observed in peripheral collisions. 

The approach is to measure the production cross sections and 
energy spectra of projectile-like franrients from * 0 induced 
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reactions on tarrets such at Fb, Au as a function of incident 
er.erry. " c»-' J Some typical spectra for outroiii, C pr;<uucts at 
incident energies of 1^0, 216, P^O and 315 MeV are shown'*4"4 in 
Fir. •'-.?. The spectra all have a characteristic Gaussian form, 
peaV.eu at an energy (labelled Ep) corresponding to the fragment 
travelling with a velocity close to that of the incident bear.. At 
low energies, if two-body deeply-inelastic scattering is the relevant 
ir:echa:nsr., this behavior implies a high excitation of the residual 
frairrr.:nts (compare the energy, labelled r.s. in Fig". k.2, associ
ated with the production of the nuclei in the rround states). The 
continuum could also correspond +o transfer reactions to a hi(_.h 
density of states •?,»-'1 in the continuum-, with an optimum £-value.^ ^ 

The continuum: is a!!so characteristic of multibody fragmentation 
at high engrgies. An examp-e of similar spectra at 2.1 GeV/nucleon 
is shown J in Fig. 4,3. Here the spectrum is plotted in the pro
jectile rest frame, so that a fragment emerging with beam velocity 
wouJ.d correspond to F-,-, = 0, where P^j is the longitudinal momentum 
in the projectile frame. In fact, just as In Fig. ^.2, the Gaussian 
shaped distributions are shifted slirhtly below this point. Both 
at 2.1 GeV/A and 20 MeV/A this shift iAF-Q ) is well accounted for 
by the separation energy of the projectile into the observed frag
ment together with residual nucleons and alpha particles-1 •"*-'-L' (e.g. 
the arrow labelled Ey in the top part of Fig. U.2). In Fig. U.2 
we observe that the widths of the spectra increase rapidly with 
energy, which is a manifestation of the transition in the nature 
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of the reaction mechanism. 

First we use the concept of temperature to find systematic 
trends in the data. At low energies (< 10 MeV/A) the production 
cross sections of isotopes, in reactions of the type reported here, 
have an exponential dependence,"!>352 a „ exp(Qgg/T), where Qgg 
is the two-body, transfer ground §£ate Q-value. A good example is 
shown in Fig. h.h for the system 0 + '^2Th (similar to 1°0 + Au, 
Pb), in which the cross sections were obtained by integrating spectra 
similar to Fig. U.2. The exponential dependence on Qgg over five 
orders of magnitude would not be expected from a simple direct 
reaction model," 2 relating the cross section to the Q-value at the 
peak of the distribution, which might be 50 to 100 MeV more negative. 
The systematics do however have a natural explanation in terms of a 

Figure h.h •5 -« -IS -JO -a, -30 -,5 
Q„ (HeV) 
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rotating dinuclear system undergoing partial statistical equlibriura 
at temperature T. J ' ̂  In a statistical reaction, the cross 
section is given by:-" 

o « f (H*) " exp f 
P. 
T (̂ .5) 

proportional to the level density of states at excitation E*> vhich 
can be written E* = Qgg-Q, and the Q-value is made up cf the changes 
of Coulomb energy, rotational energy and other excitation processes. 
Therefore, 

Qgg-AVc (h.6) 

where ve have included only the Coulomb tern in Q, since some of 
the others are not strongly coupled to the degrees of freedom par
ticipating in the equilibration. ̂  

The temperatures derived from this approach for a variety of 
data (including those of Fig. U.2, and of the extensive analysis of 
l6'; , i5II + ? 3 2Th reactions3^1) are shown in Fig. h.5 by the filled 
circles, plotted as a function of the incident energy above the 
barrier (top scale). The variation initially follows the trend of 
the Fermi pas equation of state, E* * (Ec-V) = aT 2, where E c is the 
center of mass energy, V the Coulomb barrier in the incident channel, 
and "a" is the level density parameter, equal'-' to A/8, with A the 
mass number of the intermediate complex. Hence T is proportional 
to /Er.-V, the variable used on the bottom scale. 

At relativistic energies the concept of temperature has also 
been useful in explaining isotope production cross sections, vhere 

(Ecm-V)/nucleon 
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the 'emitter" is the projectile rather than the dinuclear 
con-.t lex. 3^2,355-357 Then a « exp[Q F/T), with Qjr equal to the 
fragmentation Q-value, and T is the projectile temperature. This 
ap] "oach has "been applied to the data in Fig. U. 5 at 315 MeV 
f*?0 MeV/A)" 3^ 3 and at 2.1 GeV/A;3fc8 the values of T are also 
displayed in Fir. ^.5. Following the initial trend of the Fermi 
gas equation, a rapid rise sets In between 10 and 20 MeV/A, after 
vhich the temperature appears to saturate at approximately 6 MeV. 
Above .15 MeV/A, vhere the curve departs from the prediction of the 
Fermi gas for heating the entire complex, only a part of the total 
system can be heated (compare oui jiscussior. of hot-spots at the 
er.ri of the last Lecture). The saturation at 6 MeV could be 
Interpreted by assuming that A' («.\) nucleons participate and 
chrry less than BA' of excitation energy, where E is the binding 
energy of a nucleon (=̂ 8 MeV), for the system tc survive to emit 
a compile:-: fragment. If this subsystem is excited lik*1 a Fermi 
ra:, the result T * 8 MeV follows immediately from the equation 

•/BT' Since higher temperatures would result in a 
disintegration of the fragment ,339 it is natural to refer to this 
temperature as the "boiling point of nuclear matter" -'It is 
interesting to make an analogy with Fig. 1.^, where a limiting 
temperature is also observed for hadronic matter; this has also 
beer, referred to as a boiling point of hadronic matter. 

35b 
Although temperature is a useful concept for organizing the 

data, and for understating the limiting behavior in the high energy 
region, an-alternative interpretation comes from the abrasion 
model y * in which the primary fragments emerge by the sudden 
shearing of the projectile without prior excitation. The dependence 
a CT wp/T) can also be derived analytically with this model.3^1 
The basic idea of this model is illustrated in Fir. It. 6 (top part)/ 

' ^^ • "^ r o> 

Figure l«.6 
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The incident projectile in the region of overlap with the target ha 
a part sliced out.3o2 The cross section for this process can he 
calculated using Glauber theory3o3 Dr from geometrical considera
tions. The cut is not clean hut creates a hot region which causes 
the remaining fragments to be highly excited, so that they proceed 
to evaporate additional particles (ablation). In the Glauber 
n.cdel at high energies the nucleus-nucleus cross section for an 
event in which n projectile nucleons are scattered out of the 
projectile A is: 

0/ d 2 b d - p ( b ) ) n p ( t ) A _ n 

Tih) /> dz a s. P A ( s -bz ) e x p f - A j O j I d z ' p ^ f s . z ' ) ] ,f i..e 

Here (l-P(b)) is the probability of finding a projectile nuclecn in 
the overlap zone when b is the impact parameter. Equation ^.7 is 
then the cross section for n projectile nucleons to be in the over-
2ar and (A-n) outside. It turns out that O changes very little 
between 20 HeV/A and 2 GeV/A in spite of a large change in 0"J;I>J. 
However, at high energies the momentum transfer is sufficient to 
knock nucleons out, but at low energies they appear to stay in the 
pre fragment and deposit their energy. The subsequent fate of the 
projectile fro.tz7nent (the ablation stage) is rather different in the 
two cases. This model3°̂ * appears to account both for the isotope 
inferences and the element similarities observed in O*" induced 
reactions at 20 MeV/A and 2.1 GeV/A. 

For the primary distribution of fragments, eq. ^.7, ^.8 lead 
to a distribution in mass and mass and isospin, we use the 
formulation of the abrasion model in Ref. 365 : 

o <* exp 
(a-a ^ 3 0 

,21 

2cr 
3 

where a = N+Z, the number of nucleons abraded, Jc - (N-Z)/2 and 
a a, o t are the dispersions around the mean values aQ, t-Q. 
Transforming to the variables N,Z yields the distribution of iso
topes about the mean: 

c a exp 
0 U n

2 <V7I L -* 3 ' J 



Values of o a , 0 - t , a re derived from a model v i t h c o r r e l a t i o n s b u i l t 
i n t o t h e nuclear ground s t a t e , v i z . o t = 0.2*4 A 1 ' ^ , o a * i*.9 o^ 
(pee l a t e r ) . ^ 

In t h e product ion of a s e r i e s of i so topes t h e changes in Q__, 
are determined pr imar i ly by the N-dependent terms in t h e l i q u i d 
•ircp ir.asc formula. For a fragment of mass A„ t h i s term can be 
v r i t t ' , ; 

JAJ.-2N)2 a

s s

( V 2 r i ) 2 

V^ i . l l 

vhere a s and a g s are the symmetry and surface symmetry coefficients 
rerrective]y. It is then simple to derive a quadratic dependence 

on ( H - H 0 ) ? , viz. 
"F 

( * • $ < " . 
= •< I IT - -T7? l ( » - » - ) 2 = B ( U - N J 2 14.12 

From Eqs. U.10 and h.12 we g e t , 

Us/ 0 = e x p W u-13 

which is equivalent to the result of the thermal model, vith T 

replaced by a8. By inserting the values3°' of 0 a , 0"t and r; the 
mass formula coefficients,3°° we deduce that T = 9MeV^(or 5 MtV 
vith values of 0 neglecting3°5 correlations). This derivation 
of isotope distributions ignores the subsequent redistribution by 
nucleon cpati're and evaporation, 36*i but the value of 9 MeV is close 
to the requiied saturation value of 8 MeV in Fig. ^.5. This 
parameter in the exponential dependence of a on Qp is, however, 
identified with the onset of the fast abrasion mechanism^ rather 
than with the saturation of nuclear temperature in the slower, 
equilibrating process. 

In the saturation region above 20 MeV/nucleon, the abrasion 
model also accounts consistently for the momentum distribution 
of fragments in the projectile rest frame,356 

4 - exp 
dp 

<P-Pp> 2 

2a 2 
14.H1 



where p 0 is the momentum corresponding: to the peak of the distribu
tion , of width: 

° = °o (A- 1) U ' 1 5 

V, i\ a re the masses of the observed fragment and t h e p r o j e c t i l e 
r e s p e c t i v e l y . This value of o2 i s j u s t r e l a t e d t o the mean square 
momentum of F nucleons in t h e p r o j e c t i l e suddenly going off as a 
s i n g l e fragment. Not s u r p r i s i n g l y , t h e r e f o r e , i t i s aJso c lose ly 
r e l a t t d t o the Fern.i momentum by py - O 0 0 which has been 
measured -^" as 2?5 MeV/c for • l D ) . The ana lys i s of the heavy-ion 
rpec t rn y i e ld s oQ * 66 KeV/c or p P = 192 MeV/c. The Gaussian 
d i s t r i b u t i o n shown in F i g . i+. 3 is" ca l cu l a t ed with the above 
e d i t i o n s . For the energy d i s t r i b u t i o n s in the l abo ra to ry frar.e 
•iz an r l e 0, t ransformat ion of Eq. l.lU y i e l d s : 3 ^ 3 

~ia -*V - ^ ( E - 2 a E l / 2 cosO + a 2 ) 
0 

• • . : £ 

where a = ] /2 ̂ v , v is the velocity corresponding- to the peiV 
of the energy distribution. This formula is used to generate t; e 
theoretical curve in Fig. 1.2 for the top set of data at 2'; VeY '/., 
arain using o c == 86 MeV/c in the expression for o^. 

The energy distribution in Eq. 'i.l6 is also expected fror. a 
rtatistical moael of fragment emission. 35° Therefore, the forr.ula 
car. equally v^ll be applied to the lower energy spectra in Fir. -. 
where ve have already shown that equilibration processes at 
temperature T are relevant. By conservation of energy ar.l r.or.er.tu 
T and c 0 are related35o by 

2 „ A P ' l 

C = T ir, : , 

where rr. is the nucleon mass in MeV. (Fo^ 0 o = 86 MeV/c, T * S VeV, 
consistent with the two interpretations of the isotope distributions 
in the high energy region). The values of T required to fit the 
data at all energies are shown in Fig. h.2 by the open circles. 
Also included are data for oxygen on nickel at 315 MeV and on 
tantalum^oo a^ gg MeV. Although only results for 12c fragments are 
presented, similar trends were observed in the energy spectra of 
other particles,3^3 ^ i o v energies (<30 MeV/nuc3eon) the 
temperatures extracted from the momentum and isotope distribution? 
are in agreement, supporting the temperature model. At high 
energies (>20 MeV/nucleon) the saturation of the widths of the 
momentum and isotope distributions at 8 MeV is consistent with a 



fast abrasion mechanism, although the alternative interpretation 
of a localized thermal excitation is not excluded. 

If we adopt the abrasion model for the description of the 
hip-h energy data, then the sudden transition from equilibration 
t<-> fragmentation must contain information on characteristic 
properties of nuclear matter, such as the relaxation time foK.g ^„ 
spreading the localized deposition of energy, or "hot-spot", ' J X 

o«sr the nucleus. The initial excitation may be in the form of 
uncorrelated particle-hole excitations, in which case this relaxa
tion time is related to the Fermi velocity. On the other hand, if 
the initial excitation is carried by coherent, collective compres-
sional modes, then this time is related to the frequency of these 
modes, which in turn depends on the speed of sound in nuclear 
matter.-""9 Recent experiments, ̂ ° determining the frequency of 
the monopole mode, lead^Tl to a value of the compressibility 
coefficient K * 300 MeV, and an implied velocity of sound 
v s = /K/9m of 0.19c (m is the nucleon rest mass}. This velocity 
and the Fermi velocity in nuclear matter (equivalent to 36 HeV/ 
nucleon) are marked in Fig. U.2. Although it would be premature to 
specify which (if either) defines the change of mechanism without a 
detailed model, the velocity of sound is certainly close to the 
transition region. 

A formal approach to the break-up of nuclear matter war: Riven 
recently,^' by writing for the stress, S: 

with 
2 

f = hi k ? + Ap + E p 2 {l-1&) 

In this equation the three terms represent the kinetic energy and 
the effects of the ordinary and velocity dependent nucleon nucleor. 
potentials. Then the stress becomes: 

from which information on the tensile strength of nuclear matter it,* 
obtained in the condition of maximum stress dp/dp *= 0, which is 
equivalent to the classical condition of the sound velocity going 
to zero. In central collisions the energy per particle comes out 
at a few MeV/A. This approach, if extended to the type or peripheral 
collisions we have discussed in above, could be a fruitful way of 



studying continuum properties of nuclear matter. 

16„ The equivalence of tvo extreme models for the 1 D0-induced 
reactions is an intricuinr problem. One model assumes thermal 
equilibration whereas the other is a fast abrasion process "ron th» 
nuclear cround state. The dereneracy mirirt be removed by usinr 
heavier projectiles such as "°Ar, with which the deeply-'in-lasti-
scattering processes at low energies are better develoned (as we 
discussed in Lecture 3). A new series of experiments to study the 
isotope production cross sections as a function of enenrv has beer, 
initiated. An example of tne first experiment 3" 7 3 with £; 3 KeV/A 
Arron en Thorium and ."arbon is shown in Fig. I1.7. The identifica
tion of isotopes was achieved by multiple AE-E identification in a 
•'element detector telescope, and imposing a v?-criterior, that the 
identification be similar in all detectors. j T J All isotopes up to 
«rror. were resolved although this is difficult to see in the illus-

The momentum spectra for 1 C and J""S are shown in F-'r. L 6 
Inese are representative of all the isotopes are chosen as ex amies 
cose to and far removed from the projectile. The theoretical 
curves come from Ecu. U.lh and i.16, with values of o Q = 90 Ve7/c 
'see Equ. i-.15). (The associated temperature is 8.9 KeV.I - n the 
framework of Fig. L.S this result fits into the oattern cf l £ C , and 
we take it as confirmatory evidence for the fast abrasion .r.echanisr.. 

2000 " 4000 
—*Total energy (MeV) 

Figure h.l 
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Figure *i. 8 
~n the thermal equilibrium model we might conjecture that the 
temperature would have come out lower than for -*°0, as the initial 
localized deposition is cooled more^rapidly by the larger thermal 
capacity of the heavy projectile. -J-'' The crucial test wi.il come 
from the equivalent study of the isotope distributions, since the 
parameter aft in Equ. ^.13 is A-dependent, whereas the Fermi momen-
tum parameter o Q which characterizes the momentum, distribution in 
the abrasion model is not. 

Although the analytical comparison for the Arrnn reactions has 
not been completed, the preliminary results do indeed indicate that 
the "T" or "0:6" parameter is quite different from - Jr\ although it 
appears^1-' to increase to approximately 12 MeV, rather than decrease 
as predicted by the (oversimplified) analyses of Equ. -.19--.13. A 
value of 1^ MeV in the expression a a exp(QF/7) has been deduced in 
a similar experiment3'° with 250 MeV/A C on Ca in which the tar.:ct 
fragmentation yields were measured by "y-ray counting (thir is 
effectively the inverse experiment). The predicted curve, usin,--
only the leading Qy value of R^in is shown in Fir. -..9(a). The 
likely success of the_abrasion-ablation approach is also encourarin?-
from the predictions 3 for the magnesium isotope distribution 3 0 

(hatched curve) in Fir. '-.9^b) compared to the data (solid points'1; 
the calculation reproduces the width of the distribution fairly well, 
although the peak is shifted from the experimental maximum. 

The widths of the isotope distributions in the abrasion mode
ls of considerable interest in view of recent attempts to account^. 
for them by building correlations into the nuclear pround state. -"*D '•• ̂  
In the absence of correlations the abrasion model just calculates the 
dispersions (e.p. , o a and o t in Equ. 't.9) in the number of protons 
and neutrons removed as equivalent to the relative number of ways 
of distributing neutrons and protons in an assembly of "a" mu-leoi:.-

http://wi.il
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' s ee a l so Equ. U.'J), F ig . U.10 shows some r e p r e s e n t a t i v e r r i r .ary 
product change d i s t r i b u t i o n s for i 2 C + -^"\j a t 2.1 JeV/A."'-" ;7r.e 
aa ta were acquired by the radiochemical method, as in Fir. ~-.Z.) 
An a l t e r n a t i v e model for t h e d i spe r s ions assumes t h a t f lu?tuat icr .c 
in the number of swept-out protons (see Fif. - . 6 ) a r i s e fron. zero-
poin t v i b r a t i o n s of the g ian t d ipole resonance , which i s sr. out-of-
phase v ib r a t i o n of protons and n e u t r o n s . 3 The r red ic t i c i iS v i t h 
' 1CF ) jrive a narrower width in "better arreement with the experiment 
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Figure I.11 

data. The uncorrelated calculation (hyperreometric) jriveu too 
large a width, essentially because it allows for unphysical possi
bilities such as removing all "a" nucleons as neutrons and protons 
alone. (The shift of the theory from the data is due to the neglect 
of the ablation stage.) Very similar considerations entered into 
the evaluation of the correlated widths o a , O^-, in Equ. k.Q. li.10. 

The subsequent ablation stage, in drifting the primary distribu
tion back to the valley of stability, tends to erase the mcnory of 
the primary. The effect is illustrated in Fig. fc.ll; the top sec
tions display the primary abrasion distributions for (a) correlated, 
(b) uncorrelated and (c) unrealistic ground state motion. After the 
ablation stage (bottom) the distributions begin to look similar, but 
some influence of the primary persists.-* •* Returning to experimental 
data in Fig. k.9(h), it is clear that very careful measurements will 
be called for, s f g c e "the completely different deeply-inelastic 
reaction ^°Ar + hQC& at 6 MeV/A111 and the P + 2 3 G U reaction at 800 
MeV 3" 0 give very similar distributions. (The points for both reac
tions were deduced from adding up counts from the published spectra 
and are thereby not very accurate.) Remember that the deeply-
inelastic cross sections also arise, from an equation like ^.9 (see 
3-7)i but the physics in the primary dispersions is quite different. 
What is clear however is the radical difference in the position of 
the peaks of the distributions. A more graphic demonstration appears 
in Fig. ii.12 which shows that the H"/Z value for the deeply-inelastic 
reactions reflects more the value of the composite dinuclear system 
(due to the rapid equilibration of this degree of freedom, see 
Lecture 3) whereas at high energy the faster abrasion mechanism 
reflects the N/Z of the projectile, and the target acts as a 
"spectator." It is also clear that abrasion reactions such as 
k°Ar+ 2 3 2 T h , o r b etter ^°Ca + 2 3 2 T h , at energies in the region of 
200 MeV/A could be a powerful means of producing nuclei far from 
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stability, JD5»37- w j - j e r e the detection problems are simplified by 
the high emerging velocity of the fragments. 

More detailed measurements as a function of energy for :r.any 
systems must be made before a clear picture will emerge. Already 
departures from the skeletal framework of Fig. «.5 may be cropping 
up in recent studies of 1 6 0 + I^Au reactions at 90 MeV/A. 3 t f l One 
piece of evidence appears in Fig. 14.13, where the momentum widths 
of the fragments are compared with the parabolic dependence inherent 
in Equ. ̂ .15, evaluated with 0 0 * 86 MeV/c typical of the other data 
in Tip. i*.5. The systematics are obviously grossly violated. The 
data at 20 MeV/A may not therefore reside in Asymptotia as supcestea 
by our earlier discussion, and implied by some other features. Cne 
characteristic of asymptotic behavior is factorization of the v.ross 
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sections into a projectile and target term 
A + T -» F *• Anything: 

382-381) For the reaction 

AT (U.20) 

This behavior is a logical consequence of the dependence c ot 
e>:p(Qp/T) but not of the deeply-inelastic dependence 

exp Qgg-AVc 
T 

of Equ. k.6, since the substantial differences of Q-value for dif
ferent targets would lead typically to an order of magnitude change 
between Pb and Au targets . The factorization appeared to hold at 
both 20 MeV/A and 2.1 GeV/A but not at 8 MeV/A.-382 A direct reac
tion model of peripheral fragmentation also leads to the observed 
factorization.3°? "phe phenomenon is also reminiscent of the Bohr 
independence hypothesis.357,386 A dramatic i l lus t ra t ion of the 
factorization and limiting fragmentation hypothesis ( i . e . , yields 
independent of energy^ ) i s given in Fig. b.lH, which compares the 
yields oT target fragments produced by protons at 3-9 GeV/A N ions 
Cupper curve) and 3.9 GeV protons (lower curve). (The data are 
displaced by a factor of 10 for display.) Other experiments also 
indicate that the distributions become similar for protons, of 
equivalent total energy as the heavy-ion, rather than of similar 
velocity.3°9 

Figure U.llj 



Col l i s i ons 

F\.\. .-iti v i s t i c er .erf ies mark a chanre in t h e a b i l i t y of a rmc'eor. 
\ r p . - : : ;-.rcurh the nucleus , Above 1 GeV the l ong i t ud ina l moment jr. 
de?;-y !r-:..-th appears t > frow to over ^ fir. and "begins t o approximate 
r/.-vloj.,' rmprisirnr.^ the c c l l i d j i v nucle i could then pass r i r h t 
V!.2'cj.rv. '••••'•:i e t h e r . - The consequences of the c o l l i s i o n viZl vary 
•iorei. :;:.,- m whether the c o l l i s i o n i s pe r i phe ra l or c e n t r a l . Fi*7. 
'• .1*7,1;-.' r:*".•; ("by i l l u s t r a t e s examples o£ the two t y p e s . In (a) the 
cerithe.-i". c o l l i s i o n ? G - cf 870 KeV/A CQ r e s u l t s in a small number 
z:' p a r t i c l e s , cont inuing in the p r o j e c t i l e d i r e c t i o n . For t h e cen-
t r s l - d i i s ion in ( b ) , t h e r e i s a s t a r e x p l o s i o n ^ 2 of Ar + Ft ax 
. . " ">7/A; t h e t o t a l m u l t i p l i c i t y of charged p a r t i c l e s ranges up 

£ugg&sfcLnffi.-jbbad^fab&i&MLtAal ,sygjfiff^-is,,,cpm^letely d i s i n t e g r a t e d 



(far from passing- through each other!). At lower enerries, we 
have seen that central collisions lead to fusion or fission. 
Although the nature of the central collision is very different ir. 
the two regimes, it appears that the onset of these more catas
trophic processes takes place at roughly the same overlap of nuclei 
matter densities. '" To see this* '••"0 we write the reacticn cr/:: 
section as the sum of peripheral and central cror.s section:-.: 

°R = °F + °c U * £ : I 

ar.d compare valuer of a c deduced from this equation by subtract:nr 
the summed peripheral cross sections of all reaction products in 
A + 20'"JFb at 20 KeV/A and 2.1 GeV/A (last section) from the 
reaction cross section, which has been measured directly at 2.1 
•"eV/A ani was deduced from the optical model analysis of elastic 
pcatterinr at ?0 MeV/A. 

Tota l 
Fnergy Reaction Pe r iphe ra l r e a c t i o n Central 

o (mb) a (mb) a i'r.t) 

20 "eV/A l 60+ 2 0 8Pb 1295 3̂ 60 2160 

::.: >V'A 1 c+ 2 0 pb 930 3100 2260 

The r eac t ion cross sec t ion has a l so been determined from C r e a c 
t i o n s in emulsions in t h e energy range 75-150 KeV/A and appears t o 
r i ve s i m i l a r va lues .393 s u c h an energy independence would net be 
expected from t h e known ( l a rge ) v a r i a t i o n of. t h e nucleon-nucleon 
cross sec t ion over t h e same energy reg ion . ' 

In the c e n t r a l c o l l i s i o n s of the type in F ig . 14.15(b), the 
most exo t i c fea tu res of high-energy heavy-ion c o l l i s i o n s w i l l be 
hidden—one says hidden because they must be separa ted from the 
l a rge background of (poss ib ly) t r i v i a l e f f e c t s which a re t h e ou t 
come of the superpos i t ion of a l l t h e free nucleon-nucleon cross 
s e c t i o n s , proper ly folaed with t h e p a r t i c l e d i s t r i b u t i o n s of p o s i t i 
and momentum. The bas i c layout of a system designed t o make quan t i 
t a t i v e s tud i e s of c e n t r a l c o l l i s i o n s i s shown in F i r - ^ -16 , which 
combines a p a r t i c l e i d e n t i f i c a t i o n t e l e scope t o iden t i fy a p a r t i c u l a 
p a r t i c l e , with an ar ray of p l a s t i c s c i n t i l l a t o r s t o determine^the 
m u l t i p l i c i t y of charged p a r t i c l e s a s soc ia ted with each event . •3- • _.\ 
l a rge m u l t i p l i c i t y i s used as a s i g n a t u r e of a cen t ra l c o l l i s i o n . 

Proton energy spec t r a from Ne and He bombardments of U are 
shown in Fig. Ji.l6 for angles of 30°, 60° , 90° , 120° and 150° 
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( e x c e p t f o r lie). The s p e c t r a h a v e Maxwell i an s h a p e s c o r r e s p o n d i n g 
t o h i t rh t e m p e r a t u r e . T h e s e s p e c t r a h a v e b e e n e l e g a n t l y e x p l a i n e d 
w i t h a f i r e b a l l m o d e l , - ' " - ' , ^ c i l l u s t r a t e d s c h e m a t i c a l l y i n F i f . 
~ . 6 ( b ) . The model i s an e x t e n s i o n o f t h e a b r a s i o n - a b l a t i o n p i c t u r 
u s e d p r e v i o u s l y f o r p e r i p h e r a l r e a c t i o n s . I n t h e r . o re c e n t r a l 
c o l l i s i o n , n u c l e o n s swep t o u t from t h e t a r g e t and p r o j e c t i l e fern. 
a q u a s i - e q u i l i b r a t e d f i r e b a l l a t h i £ h t e m p e r a t u r e , e q u a l t c t h e 
a v a i l a b l e e n e r g y p e r n u c l e o n . The v e l o c i t y o f t h e f i r e t a ! 2 i s 
assumed t o b e t h a t o f t h e c e n t e r of mass sys ter r . o f t h e n u c l e c n s 
swep t o u t . The f i r e b a l l e x p a n d s i s o t r o p i c a l l y i n i t s c e n t e r o f 
raas: s y s t e r . w i t h a M a x v e l l i a n d i s t r i b u t i o n i n ene r , r , - . 

Assuming s p h e r i c a l n u c l e i and s t r a i g h t - l i r ? t r a j e c t o r i e s , t 
p a r t i c i p a t i n g vo lume o f e a c h n u c l e u s i s e a s i l y c a l c u l a t e d a s a 
f u n c t i o n o f i m p a c t p a r a m e t e r . The number o f p a r t i c i p a t i n g p r e t c 
a s w e l l a s t h e d i v i s i o n b e t w e e n p r o j e c t i l e and t a r g e t a r e shewn 
Tip, 1 .17 f o r Ne on U. At t h e b o t t o m i s t h e e f f e c t i v e v e i r h t , 
2JTbH p r o t o n Riven t o e a c h i m p a c t p a r a m e t e r . The v e l o c i t y 
c e n t e r o f mass o f t h e f i r e b a l l i s t h e n r ; iven b y , 

l a b _ p ' 1 i J 

E,_,_ (N +N,)m+N t . l a b P i 

where P, , is the lab momentum, E, , the total enerny, t. the lab lab i 
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projectile incident energy/nucleons and m the nuclear mass. 
total energy in the center of mass of the fireball is 

TE 2 - P 2 1* 
[hlab *lab] 

(u.23) 

Tf one assumes there are sufficient degrees of freedom in the 
fireball, and that there is a mechanism to randomize the available 
energy, one can define a temperature T, which can be expressed 
(non-relativistically) by: 

e = 3/2T (1.21) 

where c is the available kinetic energy per nucleon in the center 
of mass, i.e., E c i n/N t + N p ) . The quantities 13 and E (calculated 
relativistically] are given in Fig. i+.l8 as a function of impact 
parameter. The momentum distribution of the fireball nucleons in 
the center of mass is then: 

p dpdfi 
(2-rrmT ,-3/2 

-p 2/2mT 
(i*.25l 

where p is the momentum of a nucleon in the center of mass. Using 
the earlier expressions this distribution can be transformed to an 



energy distribution in the laboratory, which must then be integrated 
over impact parameter weighted appropriately (Fig. h.17). The 
resultant distributions are shown in Fig. I4.I6 (typical values of 
8 and T can be derived from Fig. ^-18 at the point of maximum 
weight fS ^ 0.25 and T = 50 MeV)). Fairly satisfactory agreement 
vith the data is obtained. (Note: the data shown in Fig. l . l i 
have an error of absolute normalization, and the authors of Ref. 
_;95 should be consulted for rorrections.) Recently more ad.ancea 
versions of the model sjch as the diffuse firestreak^"' have been 
developed, but its success is less obvious in view of the data 
errors. For a review of the various approaches, see Ref. 398. 

-t is possible to advance further and explain the distribu
tion? of„other fragments heavier than the proton with a coalescence 
""del. "' If any number of protons and nucleons corresponding to a 
bo"-ir.d nucleus are emitted in the reaction with momenta differing by 
]ess than a "coalescence radius" p 0 (a parameter to be adjusted 
which comes out at 130 MeV/c typical of Fermi momenta), they are 
assumed to coalesce. The cross sections for these heavier nuclei 
are Lher. trivially related to those for the proton. However, there 
are also thermodynamic models which extend the fireball concept to 
the emission of complex fragments. 

Fragments from central collisions may originate from several 
qualitatively different subsystems, such as the fireball, the 
target spectators, or even an explosion of the fusen target 
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projectile system. The detailed distribution of the loniritudir.a: 
and transverse momenta of al3 the frarnents eive information on 
these subsystems. For this purpose it is convenient to character!ze 
the distribution of longitudinal momentum by the rapidity variaf.le: 

(E ,) 
TK^ V 

where E and pj. are the total energy and longitudinal momentum of 
th • particle. {This variable is convenient in relativistio sy^te-r 
because it transforms in Galilean fashion in chan,^inr frares.) 
'ontour plots of invariant cross sections, which are ir.easureu as h. 
flection of angle, are transformed to these variables in Fi*;. ^.J> 

•r inclusive proton spectra for the reactions U01 8oo Mev/;. "2°;;. e + 
Th -*• p + x. These data were taken with a target centered rotatim-
i:.ur;netic spectrometer to obtain data at high p^ for production 
angles 15° ** 6 C ^ 1^5° and proton momenta in the intervai 
0. <. <S p *? 2. b CeV/c. The half rapidity line that corresponds to 
the velocity of the nucleon-nucleon center of mass frame is markka. 
The mountain top of the cross section is found for p^ i 300 KeV/c, 
y - B i 0,1. Most of the protons have small transverse momentum 
and come from a source that moves slowly in the laboratory 'tarpst 
spectator decays). Towards hifh Pi the contour lines move up in y 
but ali;ays bend round at a y smaller than (y T + y p)/£. The apparer. 
proton source moves slower than the nucleon-nucleon center of mas.-. 
Over a wide ran re oi~ p_£ the apparent source rapidi +y coincides with 
the fireball, which by equ. 14.22, is arcund 0.U for this ryste::.. 
Similar studies for Ne + NaF (i.e., an almost equal mass tarret 
and projectile) which should have y - (y~ + y D)/2, do not c-r.t ire-y 
support the elemental concept of the fireball but, at the ]e--irt, 
call for refinements that allow a continuum of source-vei r'_*i+ i e.', 

Figure ^.19 
XBLT79-I889 



Pata obtained with the very different techniques of stacked 
Lexan foil detectors give evidence for emission of complex fracr.entn 
from a source moving with low velocity and high temperature,"1 

which .'annot be accommodated in the framework of a fireball. These 
fran:ci.tr; appear to originate from non-equil ibriujR emission fror. H 
:",::••• en. like the entire target, where the internal energy doe:- m; *„ 
}<:-.-:^ T/ r^ich the value of 2 x P e r nucleon. Tin* radial er.i r:.- ;or 
vf?;-ciT^y in the source fram& is strongly correlated with the t;--̂ r-e 
v̂ lr.ei ty. independent of the mass of the fragment observed. Thir 
behavior is uncharacteristic of a thei'malized source. 1 ' J Yari' uc 
r-̂ pF-iTit: ve, non-thermal processes can be imagined, amongs* vhic;, 
f-.re •̂-•"•.pr̂ -sion̂  wave phenomena or the release of preeyistin.-
". i;r;.e:*:-. These ideas will be the topi'- of the lart section, •'*._•'. 

7h< fireball model "was introduced in relativistic hair-.r ar.u 
:."*. vy-i:.'!. collisions and led to great early inright into t'.e -r.^iex 
: :*c":':.ver that take place when heavy ion:* collide. Ihe mode, i.e. 
Icrj .•*••:* ei.j'.-ys unqualified success in its own territory, but ii i.-. 
:.-_.v np-i". :o: to shed light on reactions at much l^ver energy. 
'.>• P<-\IV3 the nuclear ptiysics comrnvnity) do not mind picking -ip tr.-
rr'-L*r.l" that fall from the rich man's table 'high enerry physicr,'. 
V.V- can crn^ider the- logical limit of the fireball apprcaer. as + r.e 
J;.'.-1'ieM er.erry is decreased. It works at 250 "eV/A and H n.ir'\t 
wr r>. at lr/J MeV/A. At still lower energies there cannot be a 
fireball, clearly separated from the intersecting nuclei, but can 
w^ 1 marine that the process degenerates into a local heated re<:icn'' 
"ne J_'JS.nihility of the process depends on the reaction time compared 
\ r the tine for transporting the local excitation outwards into the 
surrounding nuclear media. As we have seen (Fig. 3.25) this time 
increases at high energies. Presumably this concept c:' the 
"fireball" merges with the "hot-spot" discussed in Section 5.5 of 
Lecture 3. Some justification for the validity of this approach at 
-eant aewn to 20 MeV/A comes from the successful application of the 
'Hauler mudel to describe complex fragment yields at 315 M*J,>' 
' F!»f- Lq. J--T, ̂ . 6 ) . To establish another link between the asymptotic 
an'i ]ow f^n^rcy regimes, let us look again at the fireball data of 
Fir. '-.]6 compared with a cascade calculation *^ 4 in Fir- ^."C 
The simultaneous evolution of all projectile and target cascade 
parti-les is followed. Pion production and absorption are included 
via " Ti •*- NA, and experimental cross sections are used to "ieterir.ine 
the outcome of two-body collisions. Diffuse nuclear surfaces, 
Fermi motion, the exclusion principle and binding energy effects 
are also included. The inner workinrs of these very expensive and 
complicated computer calculations are beyond the comprehension of 
non-technicians, but they clearly do a food job in describing the 
data. This success does not signal a defeat for the fireball model; 
because the cascade model shows that complete thermalization is 
achieved for central collisions (but not for larger impacts 
parameters). 
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M}5 
l r Compare now the proton energy spectra "' from the collision of 
'C with 5 6Fe at a total energy of 192 MeV (i.e. only 16 MeV/A!) 
in Fir. 1*.21(e). The trend of the data is indicated by the solid 
lines, again the spectra are statistical in appearance, but by 
extending with substantial cross sections up to 70 MeV, require 
a temperature far in excess of the compound nucleus. (The center 
of mass energy of 130 MeV above the barrier gives rise to 7 = 3.9 
fror-. the expression E* = ̂  T 2, and a resultant decrease of 1?5 i n 
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in cross section between 10 to 60 MeV compt-ed to the observed 
factor of 3 p 2 ) . These data are also fitted by a cascade 
calculation" 0 6

 o p e n circles). An analysis of the output suggests 
that the protons are evaporated by the projectile, which is excited 
i:. the collision and sequentially decays.1'0'!' The high energy 
I.!"'t"r,F are produced by the vector addition of the low velocity 
le'ii.Y iv. the projectile frame and the high projectile velocity. 

'"lor.fr investigation suppests that this explanation nay have 
a flaw. The data" 0 8 in Fir. i.21(b) for l^o + 5 8 8 P b at 315'MeV 
•• •ve;- a wider range of angles frtv. ?0° to 80°. Over this rerion 
-!.p sj-e-tra do not fall off sufficiently rapidly to._be attribute-: 
- |.r.\1ectile decay. On the other hand they fall off too quickly 
tr ^ririr.jite from the compound nucleus. Rather the data call for 
•=r: intermediate number of nucleons moving- with an intermediate 
••'"l-rity, ,!uat as in the fireball. The solid lines are in fact 
::*..- t<- -.he high energy parts cf the spectra using eqs. I.22--.25 
! \.t replacing the ideal p.is (Eq. l.2h) by the equivalent expression 
:'• •: a dei-enerate Fermi fas. The fits result in a temperature of 
L.'< "eV (compared to the strict fireball prediction of 5.9 MeV) 
:"rc.i.. a -c;urce of approximately 30 nucleons moving with half the 
p.-'Jectil'" velocity. The temperature of 6.9 MeV is almost the 
ri-j-.f- aj the value deduced for the erission of complex fragments at 
t'r.'- ear." incident energy (see the discussion of Fig. li.5). 

riir.ilar descriptions of proton spectra have been reported in 
i-;.art;-:le. induced reactions at energies of 25 MeV/A 1 , 09 and 
:c0 !.:e'.'/A."-° The formation of a localized hot spot has also beer. 
Ii r. :• usse-: i the analysis of a preequilibrium component in neutron 
-pectra of • f 0He + iSOjja, leading to a temperature of 6 MeV and 
:5 pfir1 icipating nucleons." 1! Yet another approach''12 is to describe 
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(b) 

Figure k ,2j 

the energy spectra with an an^le dependent temperature in reactions 
with l̂ M on 209Bi. Local heating takes place at the contact point, 
crje to strong frictionai forces, and alpha particles are emitted 
from the rotating surface (compare our discussion of hot-spots in 
faction 3-5). We have already seen that the rotation angle is 
intimately related to reaction time, in deeply-inelastic phenomena. 
As the system rotates the temperature drops according to the 
conductivity and specific heat of nuclear matter. Figure '..22 
shows the temperature and number of participating" nucleons as a 
function of angle. The values for a completely equilibrated 
compound nucleus are given by the dashed l ines , which are approached 
after 3A of a revolution. 

There are other explanations in vogue for the explanation of 
energetic light particle emission in heavy-ion reactions. For 
example, Fig. k.23 shows'39 a heavy-ion reaction at relative speed 
V of nucleus 1 at the ion-ion barrier . A nucleon V moving from 1 
to 2 has on arrival a velocity VQ = v., + v_ where v is i t s velocity 
in nucleus 1, with a maximum of Vp + V. The maximum kinetic 
energy i s : 

E(max) * E^ + E , + 2 i / 0 T I*. 27 
F re l F rel 

For a 20 MeV/nueleon with EF= 35 MeV, E reaches 108 MeV. An 
extension of the model to "Fermi-Jets" has recently been developed^3 
and studied experimentally. ^ The emission of fast light particles 
i s also encountered in time-dependent-Hartree-Fock calculations* 4^ 
and in hydrodynamic calculations.^1° A standing wave is set up and 
the nucleus fractures at the weakest point, which is a node of the 
standing wave located at a distance n/kp from the surface. The 
two types of calculations are compared in Fig. 1».2H for a collision 

(a) 



i J ^ A ^ / A A". 
A:r}—r\--A 

L-ner.-y of i-.-'A = 100 MeV/nucleon. The numbers a t the r i g h t f ive the 
t ir .e expressed in u n i t s of fin/c in the hydrodynamics! c a l c u l a t i o n s , 
ar,-; in u n i t s of 1Q-?1 sec for the TTJHF. In both c a l c u l a t i o n s a 
zy.ji'.l ya'-•-e of nuclear mat ter i s e jec ted with h igher than "bear. 

'.n low energy i i p h t - i o n r eac t i ons t h e r e are well developed 
r r t '••"•; ,i.; Ibriuir. thee i e s for f a s t p a r t i c l e emission (see r e f s . 5 l 5 - i 
' " / -VL. A c r i t i c a l quest ion in these t h e o r i e s i s the co r rec t i n i t i a l 
oxci ton number t o use . For a - p a r t i c l e induced r e a c t i o r s t h e r e i s 
evidc-r.ee t h a t the co r rec t nuir.ber i s four, for two protons and two 
neutron"."*-*' In heavy-ion r eac t ions one might assujr.e t h a t the 
heavy ion , ep. 1 ? C , breaks up in to 6p + 6n, and the nun.ber of 
exc i tonr would be I ? . C a l c u l a t i o n s " 1 " based on t h i s hypothesis ??>r 
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the J I r ( C,n) r eac t ion are shown in Fi/*.. '* .25(a) . The dashed 
l i n e for 100 !•'*_-V rep resen t s e s s e n t i a l l y compound nuclear evapora t i 
(dashed l i n e ) witli a small p reequi l ibr ium component, flow note the 
dramatic change at POO MeV, where the hure inc rease of the 
preequi] ibr ium emission leads to a cross sec t ion ex tendinr out to 
very hi rh e n e r r i e s , j u s t as in the ^?C and Ql6 induced r eac t i ons 
of F i r . ' ' . 2 1 . The preequi l ib r ium emission becomes important wher. 
the e x c i t a t i o n enercy of the compound system becomes comparable 
with the p a r t i c l e binding e n e r r y / e x c i t o n . A method oV f inding out 
the number of exc i tons i s t o p lo t *̂ -° t h e lop of the d i f f e r e n t i a l 
cross sec t ion versus the lor of the r e s i d u a l e x c i t a t i o n ar̂ d the 
s lope r ives the (number of e x c i t o n s - 2 ) . An example for a-induc^-] 
r eac t i< r̂. i s ?iven in Fit*. ' . .25(b) on a v a r i e t y of t a r c e t ^ ; the 
s l o p e s , r.ark&d on t he l e f t hand s i d e , a re t y p i c a l l y about 1 (a 
Fimi^ar p lo t for t h e r ^ " induced r eac t i ons of Fip,. h.21f>'z) y i e l d s 
O , \:ery c lose t o the number oV p a r t i c l e s in the f i r e b a l l c a l c u l a t 

A.. 1 the above lengthy discus 
i r r e r M o n from our de sc r ip t i on c 

ons , (which are a considerabl 
c e n t r a l , r e l a t i v i s t i c heavy-: 

c o l l i s i o n s ) are meant t o emphasize t h a t the ques t ions of 
l o c a l i s a t i o n , hot s p o t s , h i rh temperatures and t h e l i k e are not 
•jj;ique t o the province of Asymptotia. These phenomena are firm: 
rooted throughout the whole physics of l i g h t and heavy-ior. 
c o l l i s i o n s and t h e i r i n t e r p r e t a t i o n w i l l c a l l for a l l the t o o l -
of nuclear dynamics, whether microscopic or macroscopic, a t hirr. 
or low e n e r g i e s . V.'e have t o understand how t h e cen t r a l r o l l i s j -
a t low energies evolve from fus ion, f i s s i on and d e e p l y - i n e l a s t i -
processes t o the more c a t a s t r o p h i c event of F i g . k .15 . Then 3 ar 
a l ready in t imat ions on how t o t r e a t these problems.^19,-PO 

317 •.R a f inal i l l u s t r a t i o n look a t the two spec t ra 
compares p+p c o l l i s i o n s a t 100 GeV/c with ^°vfp,n 
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energies: cf 30 MeV. roth s p e c t r a have a "low ter.pei a t u r e " ccr:xoner.* 
i'in the p+p rase T * in̂  t he l i m i t i n r temperature discussed in t h e 
introduction t<- Lecture l ) and a "preequ i l ib r ium t a i l " , ';cth <-ar. 
r" cen.~:i d<--r<=-d as l o c a l , ins tantaneous equi l ibr ium in a hot s r ' t . i _ 

.-'-.j i the experiments proposed t o R e a s u r e ^ l thp s i z e and lifet:: '** r f 
\i\e.- :'i r^fi'il I fror. Lhe small an r l e c o r r e l a t i o n s " ? ? by adaptir . r Vr ** 
"••: t .rv-••:""• VT: ^r.d I v i s s technique t o measure the s i z e of r t t . / j r 
;.[ j c T t s , ::. .:.t a l so be appl ied t o the lover enerc* reg ion . T;-.-_-
::-:-th' : har already been used with pions to determine *• 3 the ri~-

':• fr"--,/•' I.-.;.-:;cible t h i n r s . " "Z daresay you h a v e n ' t had r.uch 
\.yri?_\\ ve, ' ' t:aia t h e o.ueen. "Why, when I was your a r e , I always 
:; : ; t i'^r i i x hOur^ per aa;/. Sometimes I ' v e even thourht ••; f a.-
::.ar.y fir r l x impossible t h ings before b reak fa s t ! " :-y an-: jar.--" 1 
r.ti-.-f r.'.t ta lked tv ;;MJ of impossible t h i n r s . Fa the r , as T..-te: 
'':-••:. ..'air.f-c .:~yce in the in t roduc t ion t o the Annotate-* Vers;-*-, 
"•'..ice in '.••'finder; and", I have "wiped my ."losses with what " 
K: '/„•" ! r - r a d e t a i l e : d iscuss ion of^iir; ~rs;.r 1 e_£hi n^s , I r-"- •.'•- ;.• . 
t . r:.ar.y exce l l en t review a r t i c l e s . * - " » ""-* -"~ *••''"--?£• 

An i r ; •• r tar . t bas ic .:uest„on in complex rrjcieus-nucleu..-
I n t e r a c t i o n s i s t;. what ex ten t they fan be t r aced back t~ r . :a=:-free 
h'j.'jr'..::-ha-:rn:1 cr.lliri<~r,::. In the t o t a l enerry ava i l ab le ir. the 
::;/3t^:', v i z . h i t j „ A-i A;,/A-;+A;. V . ' , the important quant i ty or ^ r i t 
j u s t * l-/2?iur. + ' ' j -P ".nV th'-.t ir. availa:!.-- < A : nuc~.eon-r.uc le •:: 
reaction::'." The di ;l';erence t f-tvf e:. these p i c t u r e s i s important . 
1 f ve fin': pi on production at 0.1 T'-V/A, the forr.fr express! n r..-u--
be relr- ' /ant , and collective phenomena are impor tant , an.*, .v-.ve 
already been ciaii3e;' k tc be observed. ''^ but more recent exr^rir.ent.-
y i e ld cor ^ rau ic tory evi denoe . ' * ' - " ' * ' v .Many ex per i rent:- nr*. ;r 
pro pre re;, and i t i s cl ear t h a t the r r e a t majority uf event,:: .-an \% 
eaa i l y explained in an independent nucleon-nucleon r..->de.." " Ty.ere 
ar^ a l so sorr.e i nd i ca t i ons in pi on m u l t i p l i c i t i e s - for ri - 'u.n i T . vi.-! 
s t r o n r nucleon c o r r e l a t i o n e f f ec t ; : , , which hopefully rr.ay be n 
s i r n a t u r e for shock waves, "'"1 
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Figure I4.27 

It has been suggested that a compressed zone of high energy 
density n.ay be formed in a central collision, vhich propagates 
as a shock vave and could lead to the emission of energetic 
fragments upon impinging at the nuclear surface.&30-U31 Such a 
propagation of high compression (p > p Q) and with velocities 
v s > 0.2c has been called a "shock wave." The progress of this 
wave is illustrated in Fig. i.27. In the initial phase a "splashinc 
tidal wave" is expected at a backward angle sirufi-, = v^/vj, where 
v t i s t n e expansion velocity of the shock compression zone. In 
the second stage a strong compression shock is created accompanies 
by a Hach cone traveling outwards in the direction $2< e o s lJ ,2 = vs' vi< 
where v s is the shock expansion velocity. In the final stare, 
matter is emitted in the directions ^(splashing) and <5>2 (Kach). 

In reality the projectile would slow down considerably and the 
simple Hach cone picture is distorted. The emission is then spreai 
out over a wider angular region, which actually appears to be a 
feature of hydrodynamical calculations of collisions of nuclear 
matter, treated as a classical compressible fluia.^ 1) The criterion 
for compressibility is whether flow velocities are comparable to 
the speed of sound. For nuclear matter with an incompressibility 
K(MeV) the speed of sound is^S 

(K/9mo)" li.26 

and the projectile energy/nuoleon above the Coulomb barrier requires 
to reach such a velocity is: 

E/A K/18 -1.29 



Ill 

F'.. t y p i c a l values of K between 150 and 300 MeV, v s i s der ived t o 
be 0.13 and 0 .19c, "or E/A of 8 and 17 MeV. Apparently compressi
b i l i t y w i l l be important a t t h e r e l a t i v i s t i c ene rg ie s we have been 
d i s cus s ing . For a hydrodynamic d e s c r i p t i o n t o be v a l i d , t h e mean 
free path of the microscopic p a r t i c l e s should "be small compared t o 
the macroscopic dimensions. From the known nucleon-nucleon cross 
s-'r'tion of i-0 mb a t 2 GeV, we can es t imate t h e mean free path 
?• ^ I /pa ^ 2 fin. So the c r i t e r i o n i s only marginal ly f u l f i l l e d . 
The iijdrodynamical equa t ions have been solved^>^J for c o l l i s i o n s 
cf 2 t J i ; e on U ( the r e a c t i o n used for t h e f i r e b a l l d i scuss ion) a t 
?50 MeV/A. Figure 1.3 showed the time development of t h e dens i ty 
aj r epresen ted by the d i s t r i b u t i o n s of p a r t i c l e s , for d i f f e r e n t 
imcaet parameters . For t h e near ly c e n t r a l c o l l i s i o n ( l abe led 0.1) 
the r:eor. p e n e t r a t e s i n t o t h e uranium nucleus and s e t s off a s t rong 
sh. _k wave ( c l e a r l y v i s i b l e at 5.1 x 10 -̂  s e c ) . Subsequently 
n.ojt of the energy of t h e p r o j e n t i l e i s thermal ized and the 
nucleus expands. The o the r two s ec t i ons i l l u s t r a t e an in te rmedia te 
in/pact t r : r r ineter (which should cone c lose t o t h e f i r e b a l l 
•Rescript: :n ' , and a p e r i p h e r a l c o l l i s i o n in which we see a pa r t of 
the p r o j e c t i l e sheared off ( j u s t as in the abras ion p i c t u r e ) . 
Vhe:j T-:.e angular d i s t r i b u t i o n s for c en t r a l c o l l i s i o n s are computed 
fro::, the d i s t r i b u t i o n of nucleons in the f ina l s t a t e they lead t o 
r a t h e r f ea tu re l e s s exponent ia l forms, with no sharp shock wave 
pe^k. 

Another way of t r e a t i n g t h e dens i ty problem i s by in t roduc ing 
s t a t i s t ! ' a l microscopic c a l c u l a t i o n s . **36 These make Monte Carlo 
air.ui a t ions of c o l l i d i n g samples of almost free poin t nucleor.s. 
The nucl^nri-nucleon scatterinf* follows t h e known cross s e c t i o n s , 
conservat ion of energy, momentum, and angular momentum. The 
pos i t i on and ve joc i ty of each nucieon i s known ( in p r i n c i p l e ) a t 
each t ime. These c a l c u l a t i o n s i n d i c a t e t ha t the t ransparancy 
e f f e c t s are too l a r ce t o f ive high enough compression t o produce 
r.hock wstves. 

Never the less , they have been searched fo r , and the f i r s t 
experiments made extens ive s t u d i e s of high m u l t i p l i c i t y events in 
t r ack ' i e tec tors using AgCl c r y s t a l s and emulsions. The d i s t r i b u 
tion:; of da/d6 were measured for events with more than 15 prongs , 
ani a t y p i c a l example*437 appears in F ig . J*.?8(aK The sharp 
peak seemed to s h i f t i t s pos i t i on in a way c h a r a c t e r i s t i c of Mach 
shocks with a propagat ion v e l o c i t y , 

= v. cos8(peak) I.'?. 

and the peak moves baa'Kvavds with increasing energy, '"hese peaks 
have not been found in other emulsion experiments, nor are they 
present in the differentia] cross sections obtained with the live 
counter techniques. ^° It seems that the peaks are due to 



Figure ^.28 

combinations of different particle types, such as prctor.o and alpr. 
which were selected by the experimental technique at different 
^nerries. 39 (Tip. U.28(b) shows both components ar.d the sum.) 
~ther experimental searches for shock waves have not yielie-"; 
r-cr.itIve results (see Hef. 337, p. 38 for a summary; and it rr.-.rit 
be concluded that there is no proof of their existence. rTually, 
thourh it is not clear these experiments were capable rf 
establ ishine; the existence of such effects, in that they were 
predominantly single particle inclusive measurements, lackir.r 
essential information on multiplicities. This criterion car.r.ct 
be levelled at a recent study of the °Ar + 9j*e reaction at 
1.5 OeV/A. '" A test was made of the possible correlations betvee: 
& particilar multiplicity M and the inclusive cross section •••', ty 
the ratio r = W M(e ,Y )/W(G ,Y ) as a function of the Ial-rater;/ 
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anrle © L and the rapidity YL. This ratio is shown for p, t, d in 
Fip. l4.29. The multiplicity requirement vas that at least seven 
fragments are detected "by an Array of Cerenkov detectors. According 
to a shock wave model, J ^ the fragments from a shock wave in the 
projectile would peak at rapidities indicated by the shaded region. 
The evidence is nc-rative. 

vnly the first feneration of experiments have been completed, 
vhich have primarily Icoked at sinr.le particle inclusive spectra. 
There are many refinements in progress to search for collective 
effects of nuclear matter at extreme density and pressure — 
ccnditl'jns vhich are also probably realized in the interior of 
neutron stars. As an indication of some of the exciting 
P'.-r;:itilities ahead, Fif. U. 30 shows the anticipated equation cf 
state. This equation, at densities above twice normal, can be 
affected ':;; collective phase transitions to Lee-Vick abnormal 
ir.atter,""'•_density isomers or higher order transitions to a pien con
densate, "•*'»341» 4-- the experimental signatures of vhich have re
cent];,' teen discussed. ' In the absence of u'.iese effects the energy 
vcul-i -imply increase ir.onotonically with density. f/ince pressure 
in a hyarodynpTr.ic iriodels is proportional to dE/dP, a change to 
negative ~lope .above twice normal density would imply negative 
pressure, e.p. condensation to abnormal matter. Tiit? most favore 
pecsilility now is a transition to quark matter, in which these 
Hypothetical constituents of strongly interacting- particles ^hadrens) 
v-;.M net :e confined to individual nucleons bvt instead could move 
separat*-.;; thrcufh the nucleus.^5 A possible signal for these new 
stater r i' r.r-tter would be some unusual thermodynamic property cf 
matter at t.ifb baryon density. One proposal (discussed by 
"Tendenning :r: this fjtudy) extends the speculations about hadron 
ntr\;cture " " to the heavy-ion domain, raisinr the possibility that 

Figure h.30 



dense niatter might e x h i b i t a l i m i t i n g temperature T ** rci - 1**0 MeV, 
as we d i scussed ' a t t h e berinninp; of Lecture 1, and whj.qh many have 
been observed in hadron c o l l i s i o n s . I t has been s a i d U U j t h a t "U+u 
c o l l i s i o n s in the region of U GeV/A niirht produce intportant new 
phenomena, perhaps even p r a c t i c a l a p p l i c a t i o n s . I t should t '• 
rioted t h a t unl ike hadron c o l l i s i o n s these e f f ec t s are not 
.;;;pl;';. rited in a c c e s s i b l e astronomical p roces ses . They wou] d be 
-in] ike.y t o occur except in r.ravi t a t i onal ly c o l l a p s i n c ob,;ecte, 
nr in the inverse process t o the Bi£ Bant'. The lack of 
astronomical informat ion rceans t h a t we must depend on t h e o r e t i c a l 
es t imates t o deduce t h e consequences of t h e s t a b i l i t y of mat te r 
vi t i i supernormal d e n s i t y . Evidently t h i s could be a p o t e n t i a l 
*-•:-)«r.'-y - ^u rce , s ince i t could swallow up nucleons ar.d a i s rn rge 
<~j:>-»•••-•, b'jt equal ly evident i s the p o s s i b i l i t y t h a t the swallowing 
fr.rc<ff~ vouJd be hard t o control." 

a sa io a iso JOO H O 
Projectile mass number 

Figure U.31 



11.7 

Whatever the theoretical s p e c u l a t i o n s , t h e u l t i m a t e t e s t 
w i l l come from the experiments conducted on t h e p resen t heavy-ion 
acce le ra to r . ; (see F ig . h. 31) although some of these s t u d i e s c a l l 
for yet another generat ion of a c c e l e r a t o r s , reach ing energ ies of 
TO tc : 0"i "eV/nucleon, "beyond even the range of t h e upgraded 
bevfiifi". ".-.ith the l a s t s t a t ement , T must su re ly have covered at 
le-a.-.t . Ix Ir.pQszil-le Things and I sha l l s top ! 

ix - ij Envoi 

*:. *.->_• .~e lectures I have attempted to riven a:; overview nf 
current a'-* ivities in the different areas of nuclear reactior..-, 
with r,f'i\y i^n?. My selection of material was guided to scr.e 
ester.-* :y -i:. atter.pt to show that the subjects of Microscopia, 
:•••;..':'',./-'".:!,. find Asymtotia are not separate and distinct. The 
rate r •' exploration and development on all three continents ir 
truly rui-.arkable, and dispenses with the criticisms of many 
"dr .r̂ ir:;- '" b'.-mases" in the early days of heavy-ion research, who 
insisted :.hat the processes would he so complicated a? to defy 
even % qj:-.I." dative understanding. Nor should we be deterred by 
the -•ritjcr vho insist that all the same phenomena can be studied 
mere pari'y in hadr-^n reactions. The fact is that they were not 
r? jzud''(j'J until stimulated by heavy-ion research, and this is 
true of j'-.rating high spin states in nuclei or cf terming 
i"jc:«ar fireballs. Ve have only to look at the quality of heavy-
icr. ;iiti and the sophistication of our present microscopic theories 
of muitistep processes in deformed rare-earth nuclei, to vender 
whether o :r tools would be of poorer quality without the advent 
of heavy 1 <:ns„ 

!•!;.' lectures rr.ust seerr. a little like a helicopter tour ever 
the Continental .Tunnies. We have not flown very high (this is. 
the task of other lecturers) but neither was your pilot skillful 
vr knew j.ed gable enough of the terrain to set down in the dense 
undergrowth. The metaphor of the .Jungle is apt, because that is 
what experimental physics is like. Sir.ce this School is mainly 
a Theoretical Study we do well to recall Max 3orn's words 4" 1 on 
the relationship of Experimental Theory in Physics. "I believe 
there is no philosophical high road in Science, with epistemologieal 
signposts. Ho, we are in a jungle and find our way by trial and 
by error, building our road behind us as we go. We do not find 
signposts at the crossroads, but our own scouts erect them to guide 
the rest. Theoretical ideas may be such signposts. The difficulty 
is that they often point in opposite directions: two theories 
each claiming to be built on "a priori" principles, but widely 
different and contradictory." 

http://atter.pt


At the moment i t i s not c l e a r where the r.any paths wi l l leaa 
in hr-avy-ion phys i c s , but wherever, we can be assured t h a t y ; hav« 
embarked on one of the voyages of the Century- The analory in 
r> ften rr.ade t h a t research in heavy-ions i s 3 ike lookinr Tor 
fln-w^rr. ar.onr the weeds, and i f any sipn of flowers are ev; r:er.t 
i:. i.r,.- v.f-<--,s of thei-.e l e c t u r e s , then i t i s only because 1 hav.-
::.'•>•--;;.• "rr.a ;r- ::, a Lunch of o ther men's Hovers , and provi-ie -: 
.)*.t:>- f ry own but the s t r i n g t o bind their.". '^ The.™- :'-.re a- -j 
t ri l ':t(- t o the many people whose research I have used, v: tr.-. :*. 
}!-'i.fr i n t e r p r e t a t i o n or acknowledgement, l e t me end v:tr , a 

... . -.-Tp^joi) ' of how the Juri/r]*; v i l ] look one day, a." r.-'it 
t r i t - ^ : lavrnp and flower beds . 

"...r>.;r*h gardens are not made, 
;•;/ s i n r i n c : , f j h , how b e a u t i f u l ! ' and 

s i t t i n g in the shade , 
V.Tii le b e t t e r men than we po out and 

s t a r t t h e i r working l i v e s , 
At p; rubbing weeds from gravel pa ths 

with broken k i tchen kn ives . 
; , h , Adam was a gardener and God 

who made him sees 
That h a l f a proper ga rdne r ' s work i s spent 

upon h i s knees , 
ro when your work i s f in ished you can 

wash your hands and pray 
For the Glory of t h e Garden, t h a t i t may 

not pass away! 
And the Glory of the Garden i t s h a l l never 

pass away! 
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