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INTRODUCTION

Let us begin on a grandiose note by comparing heavy-ion eolli-
sions, which occur on the shortest scales of time and Space in the
Universe {10-2% sec and 10~'? cm), with the collisions of galaxies
(then both exponents mre positive!). Figure 1.1 shows the spectac-
ular NGC 519k spiral nebula in Canes Venatiei,* with the satellite
nebule NGC 5195. The analysis of [this type of cosmological event
uses a simple potential model withrgravitational forces folded over

2,3 "The collision of two equal mass

the mass dén distributions.

Figureil.l



! Figure 1.2 XBL 781-6300

galaxies, where one has some initial symmetric distributica counter
to the parabolic orbit of the incident gelaxy, 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. Now compare
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250 MeV/nucleon and 2.1 GeV/nucleon in Fig. 1.3; these pictures
vere generated by solving the hydrodynamic equations, and show
nuclear rather than galactic matter streaming out, as the wounded
nuclei try to recover. (The hydrogynamic 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. 1.&515 shown the temperature
reached in the nuclear fireball (the region of metter 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 curve labeled "experimental”
corresponds to a mass spectrum containing essentially the known
rarticles, while that labeled "Hagedorn!' corresponds to the boot-
strap hypothesis of an exponential growth of hadrons. In this
model the temperatyre limits at ~1k0 MeV (and such a limit may
have been observed®), a temperature epproaching 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 consideresble interest
throughout th- whole of physies 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 1 for nuclear species in Fig. 1.5.
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There are 300 stable nucleer species. During the last half century
only some 1300 additional radioisotopes have been identified and
studied. It is estimated that in tue interaction of U+U, 600C new
species could be formed. The historic rcle 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 chargs and mass number,
limitation of spherical shape, limitations of "normal” temperatures
and pressures and reaction mechanisms. The influence of very heavy-
ion wmccelerators is already beginning to be felt in theoretical
chemistry, in atomic physics, and quantum electrodynamics as well
es 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 Physies. I shall draw
heavily from a similar course of lectures delivered last year,
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
meke 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 drift, with a
merging of the microscopic, macroscopib and asymptotic approaches.
When they finally become a Trinity, no;doubt we shall find Utopia,
but I am afraid we shall not reach it in these lectures. However,
the very fact that we are gathered her? to discuss both heavy-ion
and pion physies is alsoc an indication of the reunification of the
many branches into which nuclear physics has become divided.
Perhaps we couléd do well to reflect on' Benjamin Franklin's injune-
tion io his colleagues, "Gentleren, let us all hang together, or

we may all hang separately.” In other| words, make out of necessity
a golden opportunity to strike down ar#ificial barriers in physics,,

rroviding a better perspective on many' aspsets of nuclear dynamics.32

1. MICBOSCOPIA

We shall begin by derining some of the parameters of heavy-ion
reactions, and then use this knowledge t. deseribe the characteristic
features of elastic scattering. The status of optical potentials
is then itreated, followed oy their incorporation into the DWBA
fcrmalism for simple transfer reactions. A survey of more compli-
cated multinucleon transfer leads us to keavy-ion compourd nuclear
reactions, from which most of our knowledge of new types of states
excited in heavy-ion collisions is presently being gleaned.
Throughcut this, and the subsequent lectures, the emphasis will
te on heavy-ion collisions at enrergies well above the barrier,
since this region is the wave of the future.

1.1 Characteristies of Heavy-Ion Collisions

In the collision of nuclei with charge and mass nurbers 77,
A2, some useful quantities sre defined in Fig. 1.6

Ay and 2.,
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Figure 1.6
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Reduced mass W = 757° m = nucleon mass. (1.1)



Relative velocity = v,

v Elab
T o= m , E in MeV . (1.2)
3-8 A A
o= 2= By o~ 12 ¢V
Wave number k = § = n - A A (c) . (1.3)
1 Ei
Kinetic energy of relative motion E/=% wv?. ’ (1.4}

Half distance of closest approach in'head-on collision

2
ZlZEe ZlZE X ,
a = = i fie . (1.5)
v em VB¢
Z,2%5¢?
Sommerfeld paremeter n = ka = —S—— (1.6)
Classical impact parameter = b.
Associated angular momentum = kb = £ (partial wave).
Scattering angle = 6.

. . : n - /3, ,1/3
Strong interaction radius R = R, +R2 = x-o(A1 +A; ).

For a Ruunerford orbit,

d = a1l + cosec 8/2)

a+val+b?

Wk (1 + V1 (2/n)2 (1.7)

Critical scattering angle 6, or 6, when d=F,

g . 2 (1.8)

sin 2 = R-a -
b, = RVI-2a/R (1.9)
£, = kb, = kR(1 - 2n/kR) (1.10)

Heavy-ion reactions are characterized by large values of
kR = R/X >> 1. Such consideratirns lead us to the concept of a
semi-classical trajectory, associated with different impact



parameters. Indeed the very features
celculations for heavy-ion interactions
momenta £ =kR and large Sommerfeld par:

that complicate mumeriecal
S, high orbital angular
ameter 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| angular momentum and energy:
* = 2= wvp (1.11)
wr? # 5w s v(r) = E = lz;sv: {1.12)
Then ;
ax _ axfat _ X _ & | 1 (1.13)
= = = =5 .13
dr - ar/d E r f E - ¥{r) - 2*/2ur?
|
and we cen calculate the scattering an%le
o
a1) = n~2f-52— L (1.1h)
LT Jam-auv(r) - 2/r

since 9 = w-2X.
Coulomb + nuclear.

Here V(r) is the to'tal potential, comprising
Equation (1.1k4) enables us to construct a

scattering diagram and a deflection function diagram, which

typicelly looks like F1g. 1.7.
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For large impact pararcter b the trajectory follows a Coulomb
orhit, and as b decreases 8 initially decreases. At smaller impact
perameters the atiraetive nuclear potential pulls the trajectory
forward so there is a maximum scattering angle e,c , called the
Coulomb rainbow angle, beyond which scattering|is forbidden
classically. The attraction pulls the trdaectyrles rocund to a
mazimum negative anple, after which still smeller impact parameters
apgain scatier Lo smeller anp%e This negative marimum is called
the nuelear rainbow angle, 6 The trend is) concisely reprecenteq
in the deflection function dlagrdm at the bottom. One of ithe
contrasts between light- and heavy-ion scattering is the prominence
of nucleyr raintows in the Tormer and Coulomb #ainbrwv in the
latrer.” These considerations lead us to prefiet an elastic
ceattering distribution (Fig. 1.8). }

illuminated

1
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shadow

Figure 1.8
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The scatterinr fcllows the Rutherford pattern up to the grazing
trujeclory. Heyord that is the shadow region, where classically
no particles peonetrate. HNote, however, that a similar picture can
be generated hy strong absorption inside the grazing trajectory.
Then the snadow is generated by an imaginary rather than the real
potential.

We compare these zeroth order predictions with the two standars
forms occurring cxperimentally in Flp. 1. 9j which shows the scatter-
ing of 160 of 10 MeV/nucleon on 208 and 12
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These are_ examples of Fresnel and Fraunhoffer diffraction. 1In the
case of 160+2 Sf’b, the scattering is Coulomb dominated and the
averaae trend is indeed as in Fig. 1.8. An interpretation of the
di ffrar+ion patterns is possible in tge semiclassical picture by
intraducing complex trajectories, 35,36 and is dircussed by R.
Jehseffer in this lecture series.

1.2 More Formal Treatment of Elastic Scattering

The scuttering amplitude can te written
,161

£7(0) = = J (#R+1)5 (cosO) (e -1) {1.15)
3

i'sine semi-classical ideas:?ﬂ"’6
a4) %enlace f by continuous variable L, f£+% > L.
b, Acsume continuous variation of phase shift 8(L) with L.
c, #Heplace Mp(cosB) by an asymptotic form for large L.
4} Replace £ by f.

P | P 2314(L) .
rpy o= -i?fl, aL JO._.smo)(e ~1) (1.1€)

e oyxliv i 6 2 oW/6.

P owe et

Ciais

elm(“) -1, Lo
(2.17)

=0, L<y ,
., nG crattering if L>L,, complete absorption if L<L.), the
irniepral car. be evaluated to give the diffractive cross ssction
- Jl(kRG) 2
GD(G) =~ (kR“) —WRE (1.18)

where L = kR. This diffracticn cross section has a characteristic
cscillatory behavior with spacing

a8, = w/kR . (1.19)

In order to discover the predicted twend of differential cross
sections we ta'gulate some values of parameters in Table 1.1. We
see that tue 100+ 12¢ reaction at 168 MeV has a small Sommerfeld
parameter n aﬁd has similar velues of n, kR, %, a, R, 8, to the
reaction a+ "Zr at 10% MeV. There is therefore nothing mysteriocus



about. the almost exactlly cimilar differential cross sertions snown
in Fig. 1.9(b), of thc predist-d Fraunhsffer diffraction spacing,
Lo,

TABLE 1.1. TInteraction radius compited as rr(;’-.]
with r = 1.6 fm.

Inas - R » N .
fons @ [fm) (M ) -

w+ o 00577 9.81 9.0+ 10b oup3e sy 7017 L Llew

Té 120 o.h79  7.69 0.20%
a8, 1,608
9 " "HI‘

A reaction such as 16’ +° »0h Th i characterized by = -
i io Coulomb—daminated, lezding Lo Frecnel
. rawthoffer ceatter would be difTieulr Lo obse s
wentully sinee 48 = n.3”y,

(PSS

T thir ea. w nake the lare anele aprreoxinat| Toriay
o 1
1 2 ‘ I 2i5(: R
(&1 B —— — roc{lA - ~ . o {-. .
e I o) I L)( )l
Q

it oa seattrring angle 9, the muin corntrivution o nhe Interrs?
enmen from values of L onear Lg riven by

{ .
o (88} L L (.01)
al. ),

{Note: This is an equation for L9~ for Coulomb phase shifts
gives Llg = neot{8/2).]

Expand 6(L)} about Lg:

ds a’s » -
6(1.6)+( )(L L) + (dL ) (L-1g)” % e (1.02)

s{L) i

26(1) = 28(1g) + 8(L-1g) + 5 ()L o1)7 w L. (1.23)
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Taking out slowly varying functions, and replacing the lower limit
of integration by L, (i.e. sharp cvi-off model):

o
L . .

. 1 6 ia(6) i (de) ) PN
o) o Lef 8 ifd6 - .
mre) K V Ssind © dboexp 5 q) (b-Lg) | (1.24)

6
L
c
Tnis I just the Fresnel integral (compare Fig. 1.9{a)).
Introducing a new variable x by
2 _ f48Y) . .y 4 acy
iz’ = (dLe(“_“(z) (1,25}

rfe(dL/de) i

v, iv———s—;‘—e— e (el where &=a+%(:—i)e (1.27)
and
(o) = lre)l” = e (2R) (1.28)
W e Le = kba, which is just the classical scattering formula.

How we note that if Xo is set equal to zero, i.e., L= LC, we
Lave <he simple result that at the evitiecal anglc 6.,

(1.29)

=l

which is the o»igin of the famous "quarter-point" recipe.39 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 shifts3® (which ean be done, e.g. smooth cut-off
instead of sharp cut-off) or resort to the common practice of
dressing everything up by an optie. ! potential.



1.+ OGCptical Model inalycsis of Elastic Zcattering

Mest analyses heve used a Saxon~Woods nurlear optical potential.
{Ths- Coulomb and eentrifugnl petentials muct zlso be included. )

5 _ . -~ \
ulr) = —veF eyt w1y (1.3%)
where
x = {(r-K}/a v o= r (a3 A:/ﬂ.
n 1 o
PRI G S AN V£ R = r'(,ﬂl/i + ,x}/':‘
(TR o~
Yoot orten the four-paramcter fnrm, K=k and a=a', ic i od.

The most eokorent pinturs wonld he that of quoiing a rlobe
¢ parameler:, but we are not guite there ye*., There zre t
ampipaities assnciated with the porentials {or the soat
strongly absorbed particles, which are sencitive oy
erxireme tail of the potentaal.

Ae ai cxample, consider data for the reduction J(0+
197 Me? shown in Fip. 1.10{a) {similar to that shown in =le.
The anslysic with Zaxon-Woods potentials ir Fig, 1.10{bj il
tnree potentials which it tie 192 MeV dats equally well.®D
of the potential at 18,5 fm f5 well detormined. o
. - actual value of the nuclear pot-rntial at this 1
(= ] MYy is very snall eompared to the Toulorbh (=74 M.
cross-over point is called the semstiive radius (5)
same: sipgnificance as the Fresnel Y%-point 2itcusced previously.
1n fact, from Fig., 1.10(a), 8, = 31.4°.  Then,

L = ncot(8/2) = 100,

’ ’ n o= 29.9 (1.31)
and

R, o= n/x (1+Vi+m)?) = viom (1.3

whirh is close to the 12.5 fm of the cross-over. The point also
coincides with the radius associated with the f-value at which the
optical model transmission coefficient drops to %, (R:), and

L, = 106 in the above example. This distance is yplcalxy 2 nr
3°fm larger than the sum of the radii of the two ions, at which
their densiiies Tall to cne-half of the central value. Even
when absorption is almost complete, only the 10% regions overlap.
From classical perturbation theory it can be shown that elastic
scattzring mainly deiermines 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 cogstant at high energies. A deteiled analysis of the data
for the 1 0 + 208Pb system?“ shows that from 90 MeV to 190 MeV,
the scattering is indeed refractive, with R4 roughly constant.
Rezently the elastic scattering has been extended to 319 MeV (see
Fig. 1.11) suggesting rather that the distance continues tc de-
crease, and that higher energies_may be able to prove the pueen-
tiel deeper inside the nucleus.

Higher bombarding energies_have b;en used inhﬁnh%Ltempt to
resolve the ambiguities in the ~¥0 + ““Si system. * 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

NT et e Potgnn
Ltz e Priceongl

Figure 1.12



much absorption will always give rise to a diffractive 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 ﬁ energy independence; this is expected to be small
for heavy-ions. The solid curve is for V = 10, W = 23, ro = 1.35,
ro' = 1.23, a = 0. 618 and a' = 0.552, whereas the dashed curve is
{Sr a écw potential of 100 MeV. The poten}1als extracted for
C+ ¢i are quantitatively very similar.

Given the abrupt change in character of potentials for light
ions {e.g., alpha particles) and heavy ions as light as -°C,
chvicusly one must lock in between, say av 'Li. In fact the
results”? in Fig. 1.13 have a pronounced nuclear rainbow similar
te a-scattoring, completely at variance with shallow 10 MeV dif-
frartive potentials, but unable ncnetheless to pin down the real
potentisl to better Lhan between 150 and 200 MeV (with W = L0 MeV
in both cases). liow the search is on with 9Be, and no doubt Mother
Nature will be elever enough to hide_the sudden transition between
light and heavy ions in the nucleus °Be! The suddenness cf the
transition is a challenge to fundemental theoretical derivations
of heavy-ion potentials and we end our discussion of elastic scai-
tering with a catalogue of some of these approaches.

1.l More General Approach to lecavy-Inn Potentials

A5 we have seen, the study of heavy-ion potentials is hampered
in general by the insensitivity of elastic scattering tc all but
the value of the potential at the strong irteraction radius. 3
natural therefore that both exreriment and theory should turr -~
methods whieh determine the potential at closer distances. A
distance where the nucleus-nucleus interaction is established can
be estimated from the liquid drop model. This is the distance

e R e B i e e SR S S
‘Ll.lﬂsl
E=135.0 MaV
ﬁ“‘ = V100 Mev
——— ve130 M |
f\\ — - Ve200 MeV
& g2
b
W63
o SR
©g 0 ™ T %0 & 7
8., {0eq)
-

Figure 1.13



corresponding to the sum of the half-density radii Ry end R, where
the attractive force is:

R, +R, =R (1.33}

where Yy = 0.95 Mev-fm_2 is the surface tension coefficient. The
previously determined sensitive radius and iLhe value of the poten-
tial at this point, together with the value of the force:

R.R
7
© /r=R 0]

determine the two parameters V and a. The sum of the half Eensity
radil R +Rk, can be evaluated using expressions of the form: 9

Ry = 1.2 273 - o6 A‘1/3 (1.35)

{The dewviztion from striet proportionality to Al/3 comes from purely
gecmetrical considerations of a spherical distribution with a dir-
fuse surface.) Using these equations, the nuclear potential can be
calculatel for any target projectile combinetion, end iead typically
1o potentials 60 MeV deep, of diffuseness 0.85 fm.

These simple considerations have been generalized by the
Ireximity, Force Theorem which states:

"The force between rigid gently curved surfaces is propor-
ticnal to the potential per unit area between flat surfaces.”

Yor frozen, sphericel density distributions, tiie force between two
nuclei as a function of distance s between their surfaces is

12 .(s) (1.36)

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

. e{0) = -2y

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

15



For the potential we obtain,

R.R L
N(s) = 2m el f els')os! (1.31)
2 s

s =T - (Rl + R2) .

The interaction is given i= terms of a universal function e(s);
once known or calculated ! .r one pair of nuclei, we immediately
have information about other pairs. Although based on a liquid
drop model, the formula is actually very general. Suppese that
the interaction energy is represented by a folding formule with
4 d-function interaction:

U=~4np(r )02 (r - r_)dr {1.28)

If the densities 01,92 have Saxon-Woods shapes

e (1.39)
= —— 1.39
P (1 + exp(r_:ﬁ)]
a
then the integral can be evaluated:)l
R_R L
_ 2 12 s'ds’ T
U(s) = 2mA P TR f — f1.40)
1 2 S exp -7

where s = r - {R. + K,), and has the proximity form with - particu-
lar expression for e(s). This result begins to link for :w tae
mieroscopic and macroscopic approaches to potentials.

To compare with experiment, we write U(s) in the form
R.R
—L2 yo(0) (1.41)
1 R

where £ = s/b, b =1 fm, and y = 0.95 MeV'fm_z. The universal

function ¢ has been evaluated using the nuclear Thomas-Fermi method.

We find:

ol < 1.25) = ~%(g - 2.54)% - 0.85(z - 2.54)3

(1.1:2)

¢(g > 1,25) = -3.437 exp(-5/3.(3)

16
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ard is plotted in Fig. 1.1b.

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

As we shall see in later sectionﬁ, inelastic processes probe
the potential to much smaller radii.3" Values derived in this way
are shown as triangles. The theoretical proximity potential is in
good mgreement with the date over the entire range of distances.

A similar global comparison is discussed in Ref. 53, where the
potentiai 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 %ﬁr%gation
of heavy-ion potentials; for sxagple, the folding model,” ~ and
the energy density formaliﬁm? s Perhaps it 1s appropriate to
conclude with a comparison2 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:

R.R r-R.-R
12 12
v(r) = 50 exp ( )
Rl + R2 a

with R = 1.233 A;'/B - 0.978A;1/3 and & = 0.63 fn.
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1.5 Transfer Reactions

The resurgence of interest in microscopic heavy-ion reactions
around 1970 was largely (end rightly) triggered by the great hope
that multinucleon transfers (which are possible only via heavy ion
reactions) would reveal a rich sgectrum of new types of states in
nuclei, e.g., nuclear quartets The ideal scenario is to
teke 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, wany studies
of one, two, three and four nuclear transfers®-~ (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 6L
reactions cen still make an attack on nuclear structure problems.

Look at a nucleus such as 20Ne in which the sphericali-basis )
shell model generates rotational like spectra described as (2s,1d).
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=B, 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 tengency to loosen the 190 core so that the
configurations such as 1p~<(2s, ld) creep in, bringing higher angulaer
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momentum. (Such merging of cingle particle and collective aspects
will be taken up iz our discussion of much higher angular momenta
in nuclei, in the lecture on Macroscopi}a). If the band stops at
J=8, the argument for the truth of the shell model as against the
classical rotational model becomes very strong.

The states of the band shou%d be strongly populated by
attaching an o-particle to the 160 eorel, agd the same is trwe for
the configurationaily equivalenrt case in 0, by w-transfes on
1% into the band be§1nn1ng at 6,05 MeV. Now tske a look at the
spectrum®? for the 1g, L1)160 reaction at 11k MeV in Fig.
1.17. We imagine the a-nartlcle popped, ontc the 12¢ surface,
bringing in an_sangular momentum of several units due to its linear
motion in the 11B, The striking feature of the spectrum is the
2xtreme seleectivity. Only a few states appear up to 21 MeV excita-
+tion which can be identified with members of the rotational band
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Lo (an” also & negative parity band up to 77).

I ]evr-1 dersity in 0 arour” 20 th is many tens of = /M
Thers ic litvle sign of 10% and 12 levels which the E; = he/al
111+41) rotational scheme would plece arcunc 29 and 29 MeV. S thi.
vimple svectrum, 1lmost by inspestion, elready strenginers rur

1ing that the shell model is probably an excellent first order

ription of nuciear structure and that the collective mode
wre prebubly to be regarded as much mors convenient represent
{ some aspects of the shell model, but secondary to it, rather
than medele that contain tryﬁhs beyond those to be distilled from
she11 mode: wavefunctions.” However, we do need a quantinative
“hesry of the resction dynamics to predi~t the strengthc of the
“ates iy Fip. 1.17. Let us begin with a simple, semicluscical

s

“L6T

“his model” assumes thatl the particles move on o
jectories, as illustrated in Fig. 1.18. (The transfer

5
is
ivn quantum-mechanically.} There are three kinematical can
m
T
-

+ . be satisfied if the transfer probability of the cluster a
nutlear or grouup o nuclears) is to be lerge. (We shall return %o
< thenry in Lecture 3 on Deeply-Inelastic Scattering.) The
cluster starts in en initial state (€31)7) and ends in (Ladz).
s I
‘0T R R
1 A
= v
kU T h

where v iz the speed of the particle at the transfer point.
—_— .

N

/

Figure 1.18
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. , _ -
o m At 1}(0(81 R,)} + Qerf — hv 0 (1.1k)

- v,i i 2 Lz,
eff = 5 - (2122 - ulzg) e“ /R (1.4y)

o+ £, + X, even.
N 1’2 2
i.ese: conaitions imply, respectively: conservation of the y-
r‘rfn' cf angular momentum of the transferrei nuclecn; con-
* ~f angular momentum; and confinement of the transfer tc

plane, i.e., the angles 6 in the spherical harmonicc
o nrle particle wave functions are = w/2. An approximate
XL r. for the transition probability is:

o) ~ sysrgn) [ (39) Y (30)
1

2 2 2

x exp (EOA) (5&) (1.1€)

1 2

%) is determined by the radial wave functions at the
nrface, ané 01, 0p measure the spreads in Ak, AL from zerc
lowei by the uncertainty principle. The total transition
Lility is then calculated by summing over the final magnetic
¢ and averaging over the initial substates, weighted by
angaar momentum coupling coefficients and the spectroscopic fac~
3 (82,0 ,) for finding the cluster in the initial and final
tales. }owever, the localization and semi- c13551cal aspects of
he transfer usually mean that the reaction is "well matched" for
restricted renge of Aj,Ap and 23,25, The spectroscopic amplitudes
ir the rotetional band ere very simple to calculate in the SU(3)
m 10 They are just proportional to the intensities of the 5U{3)
{3 ren*esentatlon in each state, which are equal for all! members
-1 the band {at ebout 0.36). é comparison of the experimental
ar? theoretical cross sections for the positive parity band are
given in Table 1.2. {Theory and experiment are normelized for the
£t state. ggere is still some uncertainty about the location cf
the 8% state but it is more likely to be associated with the
oread structure at 22 MeV excitation rather than at 20.9 MeV, which
appears rather to be the 7  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,6 so 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.

oo

P

By comparing one, two, three and four nucleon transfers on
di fferent targets, all leading to the same final nucleus, it is
possible to bootstrap one's way up through a hierarchy of simple



=0.0 n.606 0.019 0.256 e

67,70

«toher, cluster configurations in lieght nucle
criments have already led to the formulation »f Lifteral
slels by convsluting an a-particle wilh the core a
5f their separaticn, adding ur all the nuclear-nuzl
i~ns to generate them from an effenctive a-coire potrntla..

fir ther imprezsive demonstralion tha' few npuclenn
T nan proceed by simple u-transfer comes {rom
s 1 the presumed inverse process, a-d=ecay. Nuclei in the
lew® resion are ideally suited to this test. For example, i1 is
: S to derive a "reduced a-width" rate for 23pg ((.7T Me¥,
nand fjkPo(gs) states from their decey tno 2oePb, from “re

22 .
w;ero T is the mean life and P the penetrability. Then, ¢ (2707

& in*, = ¢,61, in excellent agreement with the spectrosccpic &
ratio F(?*2 S£O+) = 0.64, deduced from a direct reaction analys
[ ‘Oa?b(l‘o, 2C)?-lZPo, leading to the conclusion that the bas

the decay widths are underestimated by the shell model by a fact~
cf 1600--whieh may indicate substantial clustering of alphkas in
the surface region,7 515 and therefore surface phenomera not
presently described by the shell model.) However, one is encour~
aged to look for other zlpha particle strengths, e.g., alpha
vibrations,77 analogous tg pairing vibrations, so far with a mys-
tifying lack of success. |

This type of stimulus is surely what we should expect and
demand of heavy-ion transfer reactions. After &ll we do not need
heavy-ions to study one and two nucleon transfers! Many interest
ing possibilities remain, so far almost completely untapped.
Three and four neutron transfers are availabls only by heavy-ion
reactions but even today there has only been a handful of studies.
Such reactions enable us to Zoecate not only new configurations in

I

78-81



23

nuclei, but also new nuclei themselves. Freguently, Just the know-
ledge that a nucleus exists, stable against decay by strong inter-
acticns, together with the ground stete mass-excess, can lead to
rew nuclear structure information, A striking case is the Na iso-
topes, which extend from 19Na to 33Na, the widest range of {N-Z)/A
vrown t- man (apart from He isotopes). This information 1ed92 tc
ihe prediction of a sudden shape change from spherical to deformed
ir. the Na isotopes. Perhaps we should be 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
ncw spend scue time looking at these complexities!

The formal gueantal evaluation of heavy-ion direct reactions
ases the DWBA. Symbolically the reaction can be written

(e +cl+b>(b+c)+a

vhere a, b, are the heavy-ion cores and ¢ is the transferred par-
ticle. Then
DWBA
= i RA
To = g b 60 1V 0 0, 0 (2.47)
where ¥r, Xj are distorted waves, the scattering eigenfuiccions,
end ¢ are the eigenfunctions of nuclear Hamiltonians (see Fig.
1.19). The interaction V,. {or Vy.) cuuses the transition (as

usual one assumes that the core-core interaction Vg cancels the
potential in the initiel cheunel),

Figure 1.19



Using the coordinates of Fig. 1.19,

= f a3 [ y(-)‘(k sr - I W) v, (e ) v
iy T Af) f ac

R -
l* {r+r") x(+) ki; ;\ A Dk
i i

where u;,up are bound-state wave functions for ¢ in the initial
final states, and A; = mg+me/me, Ap = mptm./m,.  This int
be evalnated exactly and the correct procedure for ecalculaving
trenefer reactions is: determine the distorted waves from an
znnlysis of elastic scattering where the potential is fixed t
come prescriplion such_as that of Bection 1.3, and then e
the transfer integral.” Thig pre.;cri] tion has had wmeny succecs
tut we wish here to concentrate on fuilurcsg. Therefore, it is
inatructive to disentangle the variocus contributions t.. thé oix-
dimensional integral.

A great simplification occurs if "recnil effects” are I
ee., r'/Ar an.d r'/A], are removed from the distorted wave:., Then:

] ; {_)i (+) A].—l
o = . . a0
Ll_i /d TXf (kf,r) Xi X, 3 Aj T e

N _ Sy ¥ ' D G189
i, () —fu rtoaf(zt) v, (rert) wilrer) (1.4

and we have two 3-D integrals. If, in adiition, we muXe °
range" approximation:

6 ,{r) = ui~r) u,(0)

3 % * Ve
Ty & fd Y xr(kf,r) X (ki,r) uf.(r) . {1.97)

As an example, take an initiml state where {atc) and b are in (=0
while in final state ¢ is bound to b with orbital angula" momerntum
L. The angular momentum transfer is L. Thus up « ¢y {r) Y ‘(r)

Simplifying still further to a ring locus model (strong absorptwr\
with plane waves eik: Y, and if the z~axis is chosen perpendicular
to the annulus, O = /2 in the spherical harmenics, then



n
TI;.‘; = P;?("/?) { ad exp[i(_lgi—ﬁf)'_x;] exp(im¢)

27
n PE(H/E) d/ﬂ dd exp(iqR cos¢ + img)
0

= on Pﬁ(n/e) TylaR) {(1.51)

When the cross section is summed over all M-substates, the
Legendre function requires L+M even, and therefore even L transfer
wili nave oscillatory angular distributions characterized by:

1 19),(2kR s1n6/2)1° (1.52)
M :

with even My likewise 0dd 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
essceiatea with (M| = L. Classically this corresponds to the
irancferred particle meking the transition between orbits which
are npear.y perpegdicular to the reaction plane; furthermore, as
Fig. 1.20 shows,®0 if the initial value of m is +2 4, the final
value will be -Qf and the transfer is Jikely to ocour with a large
change in the component of L along the z-axis.

XBL 777.9532

Figure 1.20
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The period of the angular occillztions {as urual) ic
at small gles., Take for example the ::',rxr ing and rick
“naf'*1onrw0(§a{::(,]”’c) t¢ ana PO(‘ 2 (1% “"J)E % _¥hich hnve
s*udie: st 6B MeV, The date for toih rearinns™” shown in
1.7] have oscillatory angular distributinns nf pering w/
b~ L, 97 ™ and ¥ ~ B fm). For Lhe ctritoing ren~sd
{#ashed 1ine) worke perfectly, but for picv-up (wiizh
miinly 1. = 1 +rans?¥er) the oscillati~ns are
ir Tact, they Tit with ¥ = 3, rather than ¥ =

Ay derived rules, and in econlradiotion tao
L5 a2t rectification by the ususnl
an'l bound-state paramete Ty .
utes have been brought to bear on this uz.‘k'r,
4o ~redit to the imagination of *he Cheoret rm"'
procible ewplarations are hLelicity spin f17;, 77 rroum'zl
aimroach ‘T in whizh the interacticn r® “be transferred
witht toth cores is treated explinitly sduriny the eniire
(ee al:- polarization phenomena '.u“v“‘r', center of
2 ‘unr",lon., in heavy-ion tranzfer, her sush ot
are imporiant in heavy-ion rearticns deper il e the red i

tr o

‘~
R . . o P
ransit time Fermi = .
nu-clear period B/A
reaction}. An even more Tormidat .- Llarutlin T

ied channels appreach te heavy-ion reartinns.
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Coupled Channel Effects

2% kat been sugpested that in adlition tc transferrirg the
“i-.e Letween the ground states, other rﬁutes rmaY be important
or example, pre-excitation of the Oca rrics to transfer.
essec are two-step and go beyond the first-order pertur-
catment of the DWBA.) Some pnssibilif.ies are illustrated
2. TFor the stripping reaction the “Oca gs can be
Lty %q'ding an f‘—,/r particle to OCa (a transition from
i -0 in 20C to (Re+ ﬁi in 4lca) or by adding a d3/p particle to
ve pre-excited 40Ca, 37 state ((25+%) to (€4+%)). Remember, by
o wavrlier erguments the latter is disfavored; it is further
bited by the optimum @-velue (Qepy > -imve + AVc) which is not
very negative for neutron transfer, where AV, = 0. {This expres—
on fr Gope can be derived easily from equs. 1.43, 1.LL by
suring ); = 0 on the average, evaluating )\2 from equ. 1.43 and
ubstituting in equ. 1.44.) Therefore the irclusion of these routes
iceg not have much effect on the stripping remction (see Fig. 1.21).

fn

Hw‘
a
f

foth arguments are reversed for pick-up, and we see that inclu-~
sion of 37 and 57 excitations improve the agreement of the phase of
the oscillations.90 This situation is not very satisfactory, be-
cause there are many other routes that could be included, and in
fact inclusion of them all would far exceed present computational
techniques. Furthermere, the strength required for the_ inelastic
routes appear to exceed those cobserved experimentally. However,
+they are still Zoo few to produce the average couplings that we
know how to hendle via an absorptive potential.

The effects of coupled channels not only introduce additional
transition routes to the final state; through the inelastic transitions
they also modify the optical model wave functions ol relative motion.
The influence is quite subtle, as illustrated by ipelastic scattering®
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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. 1.24, In pick-up to the 2% state,
route ? is direet, and in stripping, 3 is direct. Routes 1 and L
are branches of indirect routes which can also contribute to trans-
fer via inelastic scattering in the initial and finel states. TFor
vitrational nuclei the sign of the amplitudes 2 and 3 is opposite
and leads to opposite interference patterns with the indiﬂect rovtes--
destructive in stripping and constructive in pick-up. I A pure
ther refinement is introduced by the contribution of Coulomb anc
nucleer terms to the indirect routes, which enter with opposite
signs, and interfere differently with the direct routes.

In the pick-up reaction 76Ge(160,180 7hGe, a very wesk inter-
ference dip is observed?® for the 2+ of T Ge* but ngt of 1Bo%, 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 vecuum of Ge, leaving Ge in the 2% particle-hole vibrati~n.
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 & guasi-particle pair of the 2%. The dip is then caused by

0

V8 M) Loy
"Gh G
DHTMGY Ziana A 7
G ok G5 0
0%
*Gel*0,"0 “Ge
T
' *Gel0OrO "Ge

»
~Gegs 1
o

MRRLLL
¥
1 1anm!

Ty
|

A

doidn  tmb/em)
|

AL

T-rrremy
|

)
- B, peg)
X8L 7774500

Figure 1.2k



1
IRY)
oo .
{ =X,
i A i
B A
ot f e o"\\- .
. s \ '
1 ,y AN
if/}' PO
I i N A
i0 : A \
' , A\
4 LI
! .
H :
0 ‘

+xso a3 14 \"g !
tmi't.C) m
B -

20 30 40 50 60 70

e(.m.

¥BL 785-8919

Figure 1.25

Coul omb~nuclear irter-
ference in the ine!
scattering saction.
the stripping react
on the other hand,
direct trancition t-
the 2% of 1 in 4a

and interier

cer
anr

amrlitude 2F tle indirect

o r
[ RB PR TS
bell-shapen

mvang g iomnr

groamd stave ras

are cf eccurse Pdentiow]

in the two renet (o

in the cou;siue.
success o F tros
an enece:r
that thir
unique ‘. hewvy-
fer~-cnuld become impor—
tant for unravel ting

sensitive dotel - 7 .
structure of collastive
el

stedes. -

The ¢a* N
lar pair of tren
reactions on Cemariwm
isotopes ot 100 MeV ar.
shown in Fig. 1.0°%.
the interference iz
opposite siym_tror the
isotopes.g“ The
theoretical curvers are lhe



http://tranr.it

first attempt to incorporesie the dynamie deformation method with
the CCBA formalism. This method is to be contrasted with an alter-
native attempt to expiain these data with the boson expancion
methed.  In this latter theory the nuclear deformation effects
arise as a result of complex mixing of a large number of spherical
boscrne whereas in the DDM method the nuclear deformations ere
introdiced in ihe single particle basis, and further the deforma-
+ions are treated as dynamic varigbles {in B and y). The striking
shape differences between ihe 21+ distributions are however still
not satisfactorily expvlained.

As an illustration of the scope for imagineticn ir the
neavyv-ion reactions, it is fascinating to note thet the inter
phenomena due to multistep processes can be described in & Fe
pﬁrameterization.] There occur two poles found at positic
barrier-iop resonances of the entrance and exit channels, i
mutched reaction. If the poles for the transfer are very
from these, it is a clear sign that intermediate channels
tant, indicating a multistep process. Another example comes frorm
c1ld question of whether surface transparent imaginary potential.
necessary to fit the interference oscillations in two particle srunc
fer reantions. These diffractive oscillations ere usuall;
uted te interferences between a peripheral Coulomb-dominatesd crt
on cne side of the target nucleus and a slightly penetrating orii
on the Ter side. Too strong an absorption reduces the penetrati
fluz and extinguishes the interference pattern. However, it is &l
pessitle that the Coulomb dominated orbit can be weakened by muliist
effects, and the final resolution is e very delicate balance.

There are severe technical problems both in the measurexer®
and the computation of two nucleon transfer reactions of the *yie
described above. To resolve the low lying collective states ar
identify the two neutron transfer products from elastic scatteri:
is difficult. To calculate the absolute magnitude of twe neutrc
transfer, complicated by problems such as simultaneous v. successi
transfer, is also no mean feat. We have only to look at the
quality of both the data and the theory to wonder if our tooisil
would not be of much poorer quality without the challenge cf heavy
ions.

e

However, problems are also showing up in the much simpler ..
nucleon transfer reactions. Recently it has become possible to
study heavy-ion transfer reactions over a wide engrgy range from
sub-Coulomb up to 20 MeV/A. An example is the 208pp(160,I5%120%%
reaction. Because of the varietg gf low~lying single particle
states outside the doubly-magic 0 Pb, this reaeiagn has almost
become a standard for testing reaction theories.

Techniques for evaluating the finite—range8 recoil NWBA are
available and have been applied to the 169 + 08py gata as a functiom



of energy.105 Such a study is an ideal test of the reaction
model, compared to data at e single or closely spaced energies,
where deficiencies may be masked by the extreme sensitivity to
extraneous details, e.g., the wave functions used to deseribe the
initiel and final bound states.

The celculetions used optical pearameters, V = 51, r, = .11,
W=251, r, =111, a, = 0.79, and ay = 0.74. The bound states were
genereted in Sexon-Woods wells with the depth adjusted to reproduce
the binding energy: for 208pp + p, ry = 1.28, ay = 0.76, Yspin-orvi-
= 6 MeV, rgo = 1.09, and agy = 0.60; for 5% 4 p, ry =1.20, ay =
0.€5, vgg = T MeV, rgy = 1.20 &nd ag, = 0.65. The resultent spec-
troscopic factors, normelized 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 enerriec
wher each set of data ig treated in isclation.

When we compare experiment and theory &s a function of energy
(using the theoretical spectroscopic factors with their ebsolute
velues, when S{hg/p) = 0.95) a failure of the thecry by almost a
factor of 10 is encountered from the sub-Coulomb energy of €9 MeV
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Figure 1.26



TABLE 1.2 Spectroscopic factors for 208Pb(160,15N)209Bi
data at 312.6 MeV.
Ciate e s(%%,5m s5(*c,8)  s(3he,a)  S(Theory)
1k, 0.00 1.00 1.00 100 1.t
¥, 0.90 0.85 0.9€ 0.67 UL
i, . 1.61 0.77 n.89 2.48 0.74%
SEO 2.8L 0.77 0.64 0.75 9.€9
- 3.1z 0.7 c.82 c.57 n.e
3.64 0.69 - 0.38 0.57
t. -l..f MeV (see Fig. 1.26}. Of course such disagreements

cuuld Le patched up, energy by energy, by ad hoc variations cf
Leund state paremeters and optical potentiuls, sacrificing if
necessary ‘he qualitative relationship ¢f the tound state pr Lentlals
to the nucleon-nucleon optical potential, as well as the guality of
the optical model fits to the elastic scettering. Juch strategems
miss the spirit of the model and even worse have no predictive
power. Rather we should say that ihe method has #ailed and lock

for possible causes, 2s yet unknown.

1.6 fompcund Nuclear Reactions

It may have come as & surprise that our discussicn of transfer
reartions had nothing to say ebout multinucleon transfers of mcre
than four nucleons. It was discovered that such Ecacticns usuelly
proceed by the formation of a compound nucleus,lo with subsequent
evaporation of a complex fragment. These reactions alsc have some
striking characteristics, For exemple, the differential cross
sections are symmetric about 90° with a form légin 8, characteristir
of emission from & high spin compound nucleus1 H

a6  d6 . do _ . a6 .
(dQ + %@ 1/sin 8, since 35 is constant).

Sometimes the spectra show a highly selective excitation of high

spin states (reminiscent of a direct reaction) and often they nre

eﬁtirely featureless. Compare for examgle Ehe resctions 1*N(1%N,a)
Mg and 108(12¢,3)20Ne in Fig. 1.27.107,10
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Figure 1.27

It turns out that both the formation and decay of the compound
nucleus are dominated by a few partial waves close to the grazing
value, and therefore it is plausible that only those levels located
inside or near the curve defined by Lg;:zmg and Lgru:zmg (vhich is

8 function of the Q-value and excitmetion energy of the reaction,

i.e. Ep = Egy + Q - By and LEL2%10€ ~ R/BM(E ) 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!sn possible in the nucleus for m given J. Above this
locus the level density increases exponentially. So one expects
for example, from Fig, 1.28, that the (12C_ 4) resction would be
se_-lective109 and the A%N,a) reaction not, vhich is just the
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experimentel observation.

Fsr a detailed %uantitative treatment, Hauser-Feshbach calcula-
tions ere necessary, 11 with many attendant technical and philoso-
phical difficulties. In the formation of the compound nucleus,
the summation over angular momentum mey have to be trunceted,
because the compound nucleus is unable to support large amounts
before fission. The spin cut-off and level density parameters
have to be determined. It turns out that the calculations of the
ratio of two cross sections is relatively stable against all these
multiferious uncertainties. The fits of the ratio of the stetisti-
cal theory cross sections for states at E¥ = 11.92 and 12.1k in
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‘Oﬂe to the ratio of the experimental cross sections for éifferent
choices of the level density parameter "e" {curves 1 and 2 average
"a" over shell effects (a ~ A/6); curve_ 3 takes into account the
final nucleus shell effects) are shown ¢ in Fig. 1.29, as a func-
argular momentum cut-off, J.p.jt. Clearly this quantity
t ;iced with high accuracy{1h#1) Tor this 1Ck(*c,4)20ne

L5 MeV, (We shall discuss the origins of Jorit in the
lecture.) But clearly, having determined it for states of

. 3pln, the procedure can be turned around, and new spin
cviprmentic made from the observed relative cross sections. (For

4 more detailed discussicn see my lecture notes in Ref, 3G.)

“ion

Low, we go leyond conventional cpectroscopy and we discuss the
Lierce for nuclear molecular states, which are formed by the two
«i1iling ions rotating in a dumb-bell configuration. 212 These
“ected themcelves as regonances in the excitation gunctigns
iy elastic scattering”*” and of reactions. For -7C + 127

Yo+ '60 elestic scattering the resonances are shown 1 in

. There are wild osciliations which continEe unebated o
s (the equivalent excitation energy in e Mg for the
;ster is Ecw + 13.93 MeV). At the lower energies the
<5 have been interpreted as shape resonances and ritteall”
ntertial of the form shown in Table 1.h.

The Tits obtained have the correct characters (see Fig. 1.71)
a1 at certain energies are almost pure [Pp(cos6)]€. The values of
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for several different residua’iastates in 23"5, and compared with

other outgoing &, d channels. The equivelent excitation ener-
gies of the compound “"Mg system is shown at the top. There exist
pronounced narrow resonances at 11.%, 14.3 and 19.3 MeV which are
strongly correlated in different channels. By comparing branching
ratios, spins of 87, 10% and 12% were assigned.

Another example is the lac(léo,u)ahMg 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. Possiblz correspondences in the spectra are indicated by
the dashed lines. Because of the differing non-resonant background
which can interfere with the resonant emplitude, the energy of the
resonance is not necessarily the same in all channels; however the
shift cannot be much lerger 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 h 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
l%vels appear to be grouping themselves in*o clusters of & given

o

121

A summary of all reported resonancesllh appears in FiE. 1.3k
the groups fall on a line constituting a Regge tfa,]ectoryl 2, or
guasi-molecular rotational band, where
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The resonances correspend to pockets in the potential for the
different partial waves (see Fig. 1.31). The slope of the line in
Fig. 1.34 corresponds to the h2/2£ = 100 KeV, just the value we
calculate for twc carbon nuclei in dumbell rotation at the grazing
distance (see Fig. 1.35). (For comparison, the h2/2£ of tBe ground
strate band is = 200 ¥V, i.e. a lower moment of inertia = Z MF'.
Extrapolation of the band to the 0% member on the vertical axis
shows that the band begins almost at the threshold for 12C + 12¢ in
2k Mg, as predicted in a cluster molecular model.123 Pusking the
picture still further, we obtain the velue 2.6 x 1021 sec=l for the
frequency of rotation corresponding, e.g. to the 8* resonance at
=7 MeV, and considering the envelope of all the 8  resonances

(=3 MeV) as the width of the moleculaer resonence, we obtain a life-
time of b x 10722 sec. Thus the two 12C nuclei would perform

= 1/11 of a full rotation befﬁre either coalescing a splitting into
the 17¢ + 12¢ exit channe1.l2

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 1.4) supggests 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 ther-ny to
fragment intc a number of narrow doorway state resonances. This
interaction must be weak, because a strons one would have moved the
resonances out of the window. Also the summed widths of a rcsonance
of given J 1s an appreciable fraction of theﬁgross structure width.
Several models of this fragmentation exist,}i® one of which involves
the excitation of the 1°C nucleus %o its 2% L.h3 MeV level, or the
double excitation of both nueleil. 29,126 A resonance occurs At an

E ,.‘C-"C Mev
— b
= in EpefRMeY
L Ly 11MeY
LC-0T1Mev

[N

| -

-

Ty

Figure 1.35

=
<



k1

' 5=2x?/5m2+r-m?

2
h /?.3 = 100 keV

Figure 1.36

energy such that after the excitation of the nuclei, they are in a
quasi-bound state of the approprlate angular momentum. Thus the
doorway state consists of exclteﬂ C nuclei trapped in a potential
well pocket. Another approachl2 lets the shock of the initiel
collision lead to surface vibrations in the system, similar to B,y
vibrations These split up the wide rotat1onal resonance. Applying
the first order rotation-vibration modell2? leads to a rather
satisfantory agreement with the data (Fig. 1.36).

Suppert for the flrst picture of the resonances comes from a
recent °7per1ment on the integrated cross sections for the
reartions 12¢(12¢ +12C*) 12c* yhere either of the final 12C can be
excited into the 2° level at 4.h3 MeV. Figure 1.37 shows that betk
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th~ double and single excitation functions ere dominated by brosad
resonances and underlying fine structure. The upper three resonances
fall nicely on the continuation of the molecular band, with the

same moment of inertim, and with suggested spins 1h%, 16+ 15% (gee
Fip. 1.34), The resonances also appear to line up with date on the
fusion cross sectior. A partial width decomposition for the

J% = 1n*, 12%, 14" gross structure resonence is made by assuming
that the experimental total width is given by:

r=r_ 4+ + T
o I-2"’ ovro+ ¥ rcn
and that, 1.5k
> FCT.
o = (23 + 1)n7% —‘—2-
' (r/2)

+ + o+

{with 4 = 2 , @2 and cn) relates the rescnant total cross

se~tions &; end the varicus partial widths. The compound nucleus
~Tocs SFCtlon Oup and width T, are identified with the resonent
-~ .ent o the fusion cross secticn Cne of the resultant solu-
Lirnr U *he guadratic equations is given in Table 1.5, and com~
parect with the predicted total width <7 the guasi-molecular model,

TABLE 1.°

* —;t“"‘l:h r r r T Molecular Band

T 70T ¢ ot otot len Molecular Band
Vg Ex. Tios

10t PR5 1.8 1.35  0.11  €0.01  0.13 28.6 1.1

1Y 3.0 3.0 2.81 0.22 <0.0b  0.33 32.8 2.5

17 330 2.5 294 0.27  0.13  0.16 37.8 a.L

The extracted widths are somewhat less than those of the quasi-
molecular rotationel band, indicating the intermediate structural
nature of the states. It is also true that this type of intermediate
structure, bel1eved 90°%55 to be almost unique to the 12C + 12¢ system,
is also emerglng in the 12¢ + 160 and, more excitingly, in
much heavier systems, as we now discuss.

Recall the systemlso + 2851 vwhich we discussed earlier
(Section 1.3.1) as an example of elastic scatterings over a _vige
energy range to determine the optical potential. Recently-~
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 Fresnel and Fraunhoffer diffractior
patterns. In fact a continuation to backward angles of the anpular
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Figure 1.38
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distribution: predicted by the "unique” potentials established in ser-
tion 1.3 leads to the dashed curve. The oscillations are character-
istic of lPE = 26(cosB)|?, with & = 26 close to the grezing partial
wave, and may find a natural explanation in terms of & surface
Regge pole resomance.l01,13

It is therefore perhaps no surprise to find that execitation Iunc-
tions  for 160 + 2831 ang 12C + 205i also give rise to resonance
structurel35,136 very similar to the lighter systems we have been
discussing, as the examples in Fig. 1.39 show. 35 At each of the
resonances, the dirferential cross sections have a fairly pure
|Pg(cose)|é form, end for the pesks in 160 + 2851 at Epy = 21, 26,
32 and 35 MeV, the % values are 9, 17, 22 and 24 h. The irregular
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spin sequence is very difficult to reconcile with the Regge molecular
band,137 which follows the grazing trajectory. However a c¢mlculation
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. 1.40) with
rotational bands of different principal quantum numbers. Tt would

Figure 1.h1 .



also be interesting to know whether interferences between the re-
flected waves from the inner and outer potential barrier as have
been recently discussedt 37 a) might produce the structures. A very
recent exp%g?%gion hes been given 1n terms of a parity-dependent
potential,

Since we have primarily discussed elastic scattering and trans-
fer reactions in this lecture, 1t is appropriate to end with &
synthesis of the two, vhich 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
f-waves are also strongl%ssurface peaked. The excitation functionl38
for the 21;Mg (160, 12c) ““Si reaction appears in Fig. 1.L1. (Here
the erit 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 Oca
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 thet even complicated systems at very high excitation
are reveseling a most unexpected simplicity.

Tl.ere is hope that this simplicity can be treated in a micro-
scopic model which describeﬁ the fra§gents by displaced oscillator
shell model wave functions. 0 For 100 + 160 and + 40ca the
minima of the energy expectation values for various angular momenta
ure 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 = hw Letween positive and
negative perity states, a nuclear molecule should have positive anad
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 + Oca the experimental splitting is less than 0.6 MeV.

The microscopic description also yields resonances in the 160 + hOCE
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
opticel potential must be non-local and energy dependent. This

fact may explain thg recsgt spurt of activity which "explains" the
resonances in the 1060 + “%Si system by a vari?t¥ of uhusual poten-
tials, e.g., a parity dependent potentia1,137 b) or an energy
dependent, surface transparent pot‘.en't'.ial."'51
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Only a short time ago, the resonances in the 12C + 12C 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 easil{ Eolarizable and the Charybdis of not
being polarizable et all. 14 Now we are through these straits,
and the whole oceen lies ahead to explore for ysars to come.

This exploration can be made with the lnw-energy, Tandem Accelera-
tors scattered around the world. Compared with the mighty ocean-
going Titenic of the Berkeley Bevalac, these "outboard motcr boats"
arec 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 fundemental disccveries, but that
subject must wait untii 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 ocur discussicn
of Microscopia.

L5a



2. MACROSCOPI4 (FUSION AND FISSION)

The last lecture es.ded on a hopeful note. By means of heavy-
icn 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 erergies
of over 50 MeV. The theoretical description of this state of motion
presents a challenge comparable to underétanding the rotation of
homogeneous masses as idealized representations of planets ani stars
tack in Newton's days. It is a challenge that has been met in a
remarkable ceries of experimental and theoretical developments. In
+his 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. Eventuaslly the nucleus cannot sustain the centrifugel
forces and it flies apart in fission. This behavior hes en impor-
tant bearing on the problem of synthesizing superheavy elements,
once regarded as the prime motivation for the construction of heavy-
jon accelerators.

2.1 Nuclei at High Angular Momentum

before embarking on a discussion of nuclei subjected to these
extreme stresses, we should note that the determinetion of nuclear
matter end charge distributions of nuclei near their ground states
has long bteen 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 tne nucleer metter distributions come from hadronic
scattering experiments. The availability of high energy, heavy-ion
teams has expanded the horizons for inelastic excitetion by hadrons,
because they display interesting interference effects between
Coulomb and nuclear excitation. In the DWBA, the excitation of e
collective level is described in the interaction form factor

!
Fc(r) + Fi(r), where

L
ez, hHIJBlELj 1

C - _

B = =53 s f2.1)
N\ _ N ar | . ag

Fi(r) = B (VeRy 3o+ § WpRp )

Here L is the multipolaerity of the transition and FC and FN are
Coulomb and nuclear excitation forces. The laﬁter is proportioneal
to the derivative of the optical potential. B is the potential
deformation. Since VR is usuelly asttractive, while the Coulomb
potential is repulsive, there result minima in the scattering
angular distribution of excitation functions.

46



Fror vast and beautiful literature on this subject,lagilho we
saelect an =xample from the collision of very heevy nuclei,1 1 Kr +
Th and Ar + ! {Fig. 2.1). The excitation functions for back-
seailered particles in coincidence with the de-excitation y-ray
carcgde are cshown. The souid line is the prediction of pure
Cculomb excitation (using a semi-classical approachl®@), which
agrees %;th +he low spin data, But there is a rich variety of
interferggce phenomene due to Coulomb-Nucleer interference; the
sign, strength and energy for onset are state dependent.
svlid end dashed-dot lines use proximity nuclear potentials
the Lype we discussed in Lecture 1. Since these potentials fit
o states but not others we infer that inelastic excitation
rarries informe*.icn about ihe nuclear potential keyond thet con-

ined in elus scatiering. Tt may therefure be possible to
19 ihe nucicar surface directly, and we may, learn even more
al. ut th- delicate shapes of nuclei such as 21)"U, at rresent knowr
- + quadrupole (8,) and hexadecupole (By) derurmaticn.
2. There are alsc some remarkable experiments on
mb excitetion of low lying stat in Pt with ¥e projectiles,
L suggest rigid triaxial shapesrc contradisting theories of
+ nuclear poiential surfaces. us

%
-Gl

sncther rercert development in (ke study of deformeticns des-
7] e%ﬁ}tation of collective states by & lcng runge

ginary no’ ial. ' ‘The remarkable merit of this epproach i.
. & nontriv theory with nc free parameters can be evaluared
nout & curputer, and gives specific cross-section prcdictions}h
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Figure 3.2

The discovery in 1971 of a pronounced irregularity around spin
17h (called backbending) in the otherwise very regular behavior of
the rotational sequence of even-even rare earth nuclei, has opened
up a vigorofs research field in the study of high angular momentur
in nuclei.] 9,15 An illustration of the backbending phenomenon
appears in Fipg. 2.3,
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A slight discontinuity is evident in the plot of:

he
E e« — J(J +1) (2.2)
J 2&
at J = 14, On the Variable Moment of Inertia model151 we write:
2
2
EJ="——J(J+1) +3%C —62--5% (2.3)
2 h h
and
A SO
hg-hg E(hw) . (2.4)

Therefore a plot of moment of ‘nertia versus the rotational fre-
quency squared should yield a stresight line. The Inset in Fig.

2.3 shows a marked departure from this trend, with a sudden increase

in tke moment of inertia.

Three effects have been given fgsious consideration as the

causes for backbending. These are:
152

¢ a shape change, i.e. change of deformation;153

» a collapse of the pairing correlations;

e en alignment of the angular momenﬁa of two high j nucleons
with that of the rotating core.l5

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.k
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variable moment of inertia up to the backbend). The physical pro-
cess involved in breaking the pair is the Coriolis force which
forces the angular momentum vector ) of the particle to decouple
from the deformation (symmetry) axis and align with the rotatien
axis. 1In the ilj/ﬁ crbit, for exemple, this effe' plvis n tntael
of 17h wiich canreplace an egual amount of core rotational znpular
romentum,.

On this model, at still higher angular momenta, additinnal
paire of high-j nucleons will tend to_be aligned, and just such.e
discontinuity appears to be observed—”? in the l:’}2Sn(1‘ ar in) 158y
reaction at 166 MeV, in which large amounic of angular momenta are
depesited (Fig. 2.3). Here the second discontinuity at J = 2#h
appears to make e further step towards the formatior of an oklate
nucleus in wPich ell the angular momenta is carried by aligned
particles.~”" At the first backtend, twc different rotztional bands
cross. PRelow the crossing, the levels belong to the ground state
band, and ebove they belong to 2 superband with a larger moment of
inertia. Another explanation of the s¢eond dAiscontinuity operates
from the assumption that if t?e supervand is really based on an
aligned two particle (high J)° configuration, then the_ superband
should cross the ground state band not once but twice.* In this
caze, (see Fig, 2.4) beyond the second crossing, the lowest tand
is again the pround state bend. A test of this model would be to
follow the ground state band beyond the first crossing to ses huw
the energies of these levels compare with the prediction.

The existence of two bands has been demonstrated directl: in
some cases by following the gfgynd state bend beyend the tackbendiing
region.  Ffuch is the case in Er for whichlgge y-deexcitation
spectra following Coulomb excitation with a ~~-Xe beam, and the

ol S
| ‘]h ‘I“ B, ) |
F X 'lA 0~ i1 £,y 612 Het
1gd t H 2-1

"
o
co

H o,

z y: ]

2 : i

s N “red, 84y

g N O e

S i £57 51 He¥
J] | Sum of gotes 212

|

102 %mﬁ
Figure 2.5

' - e

600
Energy (keV)

)



51

lshny(u,hn) reaction, are comparedlSB in Fig. 2.5. The spectrum
for (a,kn) demonstrates how backbending menifests itself experi-
mentally, when a gate is set on a certain (high-J) trensition and
the coincidence E2 cascade to the lower levels is observed. It is
clear that the transitions lebelled 16'-14 and 18'-16' are "out of
sequence" compared to the regular spacing of the L-2, 6-L, 8-6 etc.
transitions. Note, however, that in the upper part of the spectrum
from Coulomb excitation there are, in addition, regularly spaced
transitions 16-14, 18-16 which are the continuation of the ground
state bend beyond the J = 16 backbending region (compare Fig. 2.3).
Only recently have sufficiently heavy beams become available to
Couiomb exrite very high spin states.

The rotation-alignment model actually predicis a series of
¢imilar rotation-aligned superbands. The lowest onghdiscussed
ebcve hus only even spin members, and evolves (in 1 Er) from a
£ = 0% tand (at spin 0) to a structure at I > 16 which is mainiy
two 113/p quasineutrons coupled to J = 12, aligned with the core
rotation. The next two superbands are predicted to start out as
e single ¥ = L% 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 (i13/2) configuration at high spin, and
in the extreme limit, the rotation-alignment model predicts that
vras+ even-spin (I), the yrast odd-spin {I-1) and the yrare even-
spin (I-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 y-vibrational bands. The higher lying y-band
is an excellent probe because it intersects both the even and the
cdd-spin states of the superbands. All these bands have been
sorted out by a variety of (H-T,xn) coincidence experimentsl®® (Fig.
2.6); an excellent and truly remarksble agreement between experiment
(2) and theory (b) is observead.
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Gujdeg b{ this introduction to high spin phenomena, let us now
speculatel'o’ €1 on the possible behavior of nuclei as even large
amounts of energy end angular momentum are deposited (Fig. 2.7).
The lower, 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 sngular momentum for the nucleus. Nuclei in the rare earth
regicn have prolate shapes near the ground =iate as a result of
shell structure, and they have strong pairitg correiamtions. 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 cblate shape
until shortly before fission. The large moment of inertia of oblate
shapes minimizes the total energy. Although the(nucleus cannst
rotete about a symmetry axis, it has been shownl®® that for = vFermi
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,l60
due to the absence of smooth rotational band structure. At the very
highest spins the nucleus mey become triaxial before fission. The
increase in deformation and moment of inertia is predicted to be so
rapid thaet the rotationel frequency will decreese, 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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possible in additio:n to rctation about the axis with largest moment
of inertia, ?gg could give rise to a series of closely spaced par-
ullel bands. (Note that two aligned high-} orbits represent a
triaxial bulge in prolate nuclei.)

How do we get sn experimental handle on these new modes of
motion of the nucleus? The problem Is to learn about high spin
states above 1 = 20, as discussed above, especially those nlong the
yrast line, where the nucleus is thermally cool and doe- not have
a high density of states. The remarkable feature of the (HI,xn)
reaction is Ehatsit can locate us along different regions of the
yrast 1in 1E4-165 This works as follows: in Fig. 2.8, the compourd
nucleus 1P0vp is formed with an angular momentum distribution from
J =0 toJ =18,y at excitation energy Egu + Q = 60 MeV by the
partial cross sections:

o =1TX2(2|Z +1) 7

4 2

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

h2

E =
y 25
a given value of xz occurs in the sharply defined "bin" Yi to ¢
where:

g(e +1) (2.6)

T
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1

Ey(l’i) +10 = Ey + Q- 10x

(r.7)

hy(ﬂr) Egy + - 10x

The partisl cross section for the evaporation of x neutrons is then:

‘e

oy = w2 Z (22 +1)T, =~ 11)(2[|zf(9f +1) -0 (2 +)) (2.8

2,
i

As long as 0 < R, <2 <@ , it follows that
i f max

= axe gg

N 10, independent of x . (2.9)
h

(o

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

22 4 0 g o+ £
?:g .L__.f_l—_l_ (210)
L.+ "
3 et h
Channels corresponding to different numbers of evaporated neutrons
have different angular momentum ranges and the highest anguler
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momenta are in the channels with the fewest evaporateg neutrons.
These results have been demonstrated experimentally.1 6

A specific application is shownl65 in Fig. 2.9 for the initial
production of A ~ 160, with an Argon beam of 170 MeV. The initial
excitation is 70 MeV and the Ln channel drops down to roughly 10
MeV above the ¥yrast line, without removing much angular momentum.
There is still & 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
f1ike Fig. 2.5)., By setting gates on the lines corresponding to
the Ln zhannel one can look at the corresponding spectrum in several
Nal counters placed around the target.

The observed continuum spectrum for the 126Te(2"01?;r hn)162Yb
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
the spectre at 0° and 90°). The integral of the bump gives the
number of gamma rays.

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

e = 2(ﬁ§ +8)

55



FifFure 2,11

o 20 40 o

2 ta)

where & is the number of statistical Y-rays removing no angular
momentum. (Note however that some very recent measurements indicate
that a dipole component is present %g the yrast cascade, the precise
origin of which is not underg_tood.1 ) Our earlier theorems about
the bins and the associaied £ of the different xn reactions, now
enable the construction of Fig. 2.11. The slope is net eractlu
one half, but close at 0.43. 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:

2
E =L
Y pj

describing the transition energies in a rotor.

The results are shown165'167 in Fig. 2.12 fog 162Yb, plotted
in the backbending fashion of Fig. 2.3. Since 192Yb has not been
tracked completely through a backbend, 160Yb is also shown {open
circles). At the highest rotational frequency, the moment of inertia
approaches the rifid sphere value with A = 162, = 2/5 MR-,
2} /2 ~ 140 MeVL, The last point on the plot is aSsociated with
the (Y0Ar,kn) reaction, which as we saw eerlier, originates from
angular momentum = 35h, Since the deformed moment of inertia would
be a little lerger (by 10%) and since the measured values fall below
this line, some residusl peiring correlations may still persist even
at this high engular momentum,

(4T - 2) (2.11)

A great deal of experimental ingenuity is presently invested
in methods for unravelling the information about nuclear shapes ai
still higher rotational angular momentum. A promising techniquel©,170
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is to look a% the multiplicity (the number of y-reys) associated
with each transition in the continuum. If there is some relation-

ship, like:

112
E = — I{I+1)
Y 24

at work this will be reflected as structure in the spectrum and
imply a prolate nuclear shape. The absence of structure, on the
other hand, is an indication ¢f non cullertive motion mnd hence
spherical or oblate shapes. Au array o 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 &s in Fig. 2.10.) In coincidence the
yrast cascade yields & bump in the E, 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_ « I(I+1)).
The spectrum is well reproduced in (k) with & cascade of ¥/2 rota-
tional transitions from spin I to 0 whose energies are,

w2

E_ = — (4I-2).

Y %ﬂ
The date determine the moment of 1nert1a Bo be 95% of the rigii
sphere value. By contrast, the 100Mo + “Sca exemple leads tc¢ nuclei
in the N = B2 closed shell region, and the absence of structure in
the multiplicity spectrum remains up to high spins. The rotational
competition starts only at 50h, implying that this system is still
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oblate up to this spin, and then becomes prolate. These trends are
artually in agreement with detailed calculations of potential energy
surfaces over the full (B,y) plane, which use cranked modified-
oscillator potentials with a Strutinsky-type normalisation te the
liquid drop!lTl Clearly we are on the way to finding out sbout

the dynamics of nuclear rotation at very high spins indeed.

For a nucleus with oblate s:i 2se and with the engular momentun
oriented in the direction of the . _.metry axes, we encounter a form
of rotational motion which is radically different from the usual
prolate rotaticn. 1In the oblate case, the average density and
potential remain static. (See Tig. 2.14.)

w

A’—\/

Figure 2.1



Each single particle orbit contributes a quantized t¢ugular momentum
in the direction of the rotation axis. The transitions from one
state to the next along the yrast line involve succeseive rearrange-
ments in the filling of single particle orbits, and th2 energies
along the yrast line exhibit irregularity, although on the aeverage
the yrest states 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. fThe deviations
from the mean, enhanced by shell effects, may cause large irregu-
larities in the yragt sequence, and the nucleus may become trapped
in isomeric statesl O yith lifetimes orders of magnitade longer
than rotational transitions. A systemastic 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 high-spin isomeric states centered around neutron number 8k 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 fascineting to note that
several theoretical calculations!1:173,17 point to this region

of isotopes as especiaelly favorable frr the occurrence of yrest
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:d the compound nucleus has to decay by particle emission, from
which important properties of the compound system become accessible,
such as the temperatuve, distribution of angular momenta, moments
of inertia, and degree of equilibration. Analysis of the deta
requires a comparison with the predictions of a statistical evapor-
ation code. Remarkable progress has been made in refining the

<o f-stability
-~ Tyy==10mn
Rotatiora it

CRECTEFIDET

Figure 2.15 XBL 786-9019
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calculation81175’176 and experimental techniques. Experimental
data and evaporation residues (the remnant of the compound nucleus
after particle decay) can be obtained for individual A,Z by an
eppar atus which measures AE, E (to determine Z) and time-of-flight
(to determine A = EtZ). A "state of the art" example is shown in
Fig. 2.16 for “Oar + 8ca at E = 236 MeV. In this particular
experiment177 evaporetion residues were not being measured, but
the figure demonstrates that it is possible to resclve individual
Z up to 30 (in fact, up to 65 has been achieved) and individual A
up to 60.
s N : - 19 27

The messured evaporation residues in the reaction F <+ Al
at T6 MeV are compared with statistical calculations in the
botiom part of Fig. 2.17. The upper sections decompose the

CAOSS SECTION [mol

Figure 2.17
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calculation into contributions from different angular momenta in
the compound nucleus. It is clear that increased a-particle
emission is associated with higher angular momentum and therefore
these residues probe the region of the energy-anguler 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. 2.1B. (It 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 impcrtant input to the statistical calculations is the
level density in the nucleus at (in this example) excitations up
to 70 MeV, and engular momenta up to 40h. 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 dengity and pairing
energy venishes. Based on _theoretical predictionsl7 one assumes
in those calculationslT > that above a given excitation energy, U
(1iquid drop model) = 15 MeV, the shell effects disappear. An
appropriate allowance for the deformability under rotation is made
by using:

;= AN 61 (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 nucleon and a-particle emission {see
the left-hand sﬁctions of the Eigure). The quentitative analysis
yielded 2 x 107 < § < 5 x 107", which is to be compared wi&%ltH%Z
prediction of 2.5 X 107" for the detailed shape calculation *

(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 I'. These can be eveluated in terms of the number of open



ONNL - WG T7-ar2i
T T

200 -

T (xev)

100 |- -

0 1 il ) t L L 1
2r 28 29 3 W 32 33 34 38
£, av) N 2T

Fi gure 2. 19 ¥BL 785-5012

channels {Hauser-Feshbach denominated) at a given compound nucleus
3 and of the level density in the compound system of (Ex,J) at
excitation Ex., The slope of T versus Ex is primarily a function

of thejeffective moment of inertia, via the ?Egn cut-off parameter
02 = #T/M2, with T the nuclear temperature. "> For the
12¢(151,0)27A8 systemlBY¥ a comparison of T v Ex in 27AL is shown

in Fig. 2.19 for different statistical model predictions labelled by
éfh?. The moment of inertia(!/ﬁ of 5.3 MeV™" greatly exceeds165
that extracted by fitting the low lying member of the ground state
rotational band (= 3 MeV-1l), It will certainly be exciting to
learn more sbout the predicted exotic shapes that nuclei, under the
influence of heavy-ion collisions, will assume from experiments
such as those de.cribed 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 & question at the forefront of much modern
research with heavy ions. It is well known that if a
deformable gluid mass is set spinning it will flatten and eventually
fly apart.l 2 To discuss the equilibrium shapes of a rotating
nucleus We set up an effective potential energy and look for
configurations that ere stationary:

= + + E .
P.E ECoul Enuc Lrot 2.13

where
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E - n2e(pa)
rot 2[ (a2u3ah)

It is convenient to introduce two dimensionless numbex‘s8 specifying
the relative sizes of the three energy components.laz’l 6,187
Choose ithe surface energy of a spherical drop as a unit:

2.14

(0) _ 2 _ 2/3
ES = 4Ry = C2A 2.15
with C, = 17.9 MeV. Then specify the amount of charge on the
nucleus by

1. o

=2-C o 1L Z 2.16
=0 50 A
“s

For the angular momentum, specify

o 1,22
v = Erot ~ 2. ne N N 2s8® 2.17
Y 2 2/3 T/3 :
ES 5 MR C2A A

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) — laebeled 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 stebility and becomes triaxial, resembling a

y+0.09
xocrz0-4130

Bk <>

(e}

Figure 2,20
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flattened cylinder with rounded edges, beginning to mersge with the
saddle shape. At slightly higher anpular momenta the stable ané
unstable Tamilies merge and the fission barrier vanishes.

This behavior can be translated into an angular momentum plot
versus mess (Fig. 2.21). TFor vanishing of the fission barrier the
resultant curve is 2 _. No nucleus cen support more than 100h, and
neither light nor heavy nuclei can support very many units. The
dashed curve shows the ¢ngular 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 Thin® where for impact parameter b,

b 2 v

rmin = -z 2.18
which, for given r . , is a hyperbola for b2 versus E. If Tmin is

chosen as the strong interaction radius (R1+Rg), 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 mbe gives the reaction
cross section. Because of diffuseness, this region is given some
width in Fig. 2.22. The curves are constructed for Ry+Ro+d. The
plane can be further subdivided by curves corresponding to the locus
of fixed angular momentum £:
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The value of ¥ (or £) at which the fission barrier vanishes can be
inserted to construct the additional curves on Fig. 2.22 (bothk Jor
zero fission barrier and where it has become equal to the binding
energy ¢f & nucleon, which marks where the de-excitation mode
changes to nucleon emission and the compound nucleus would be

detectable).

To the left of ¥ _=0, a compound nucleus could form, and to the
left of Bye=11 it would definitely survive. We shall see later
however that the prediction of the formation cf & compcund nucleus
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is u dynamical questicn, beyond the scope of these considerationt.
Only if this critical curve lies totally above ABC, can the rurve

ABC represent the cross section for formation and survival of the
compound nucleus. The figures are constructed for 90Ne+107¢g. How
we compare with actual datel®® for a much heavier system, ‘OAr+109Aq.

The fusion products are experimentally identified by detecting
evaporatioﬁgresidues after evaporation of nucleons and alpha
particles1 and are shown in Fig. 2.2%; the trend follows that of
Fig, 2.22. The line Ey =0 is marked and also more precise calcula-
Lions using the computer code ALICE, which deals more properly with
particle evaporation, and in perticular with the angular momentum
they carry off (represented by AJ = 10 etec). Detailed discussion:
of the Tusion of heavy systems are given in the reviews cf Fefs.
167 and 191,

In many cases we find that the fusion eross section is much
less than the reaction cross section, although the fiscion tarrier
hurn still not disappeared. It appears that the ions have to reach
a critical digtance of overlap of nurclear matter before Tusisn
zets in.197519% 95 take into account the effects of a critical
gistance we writel9) for the fusion and the total reaction
crnss sections:

(PR+1) P, s}

(P0+1) Lo

where I', are the probabilities that fusion takes place after the

barrier is passed. For YQ we assume:

p,oo=1 1<
c

¢ r

0 L>R [
cr

Then the summation in Eq. 2.20 leads to

)2 ~ nxg ° ~.0R

.2
Or(E) = nx (Rcr+1

The turning point for the partial wave £ = Ecr is deduced from the
expression:



2
E=v(F )+ crg £r L
2UR
cr

Sutstiteting for Rc” in Eq. 2.23, gives
ViR )
cor

> - *
bt L

cn is Just equivalent to the usual formulz for the reas-
ction {see for example Eq. 2.18) with Fc

ion harrier radius FB.

V(R

1 -

e
R B
.. . 7= 1/= s 4 -
1t turns out that B, = 1.00 (Al + A ) for a wide range
ions. This interpenetration distance corresponds to the overlar
o7 the half lensity radii of the nuclear metter distributions.i?
Tre radius is markedl96 on Fig. 2.24 for <90 + 48ca. Up to e
certain critical energy, for all partial waves that surmount the
wuter barrier, the two ions succeed in interpenetrating to the
critical distance (assuming there is not too much radial friction
near the barrier top - (dashed line) and fuse. Above +his critical
energyv, hcwever, the increasing centrifugal barrier does not allcw
the ions to penetrate for all partial waves, and the fusion cross
section becomes smaller than Og- (This scheme is valid when the
dynamical path for fusion lies inside the saddlepcint, a situation
which is not usualiy fulfiiled for heavy systems — see Lhe
discussion in Ref. 30).

33

o1 1
-

,__‘cf_.ﬁﬁg_

Fipure 2.2k



w dz}\h"/

LOMSET OF DIRECT RLALTIOGHS
! i 2
; &, :
< \\\\\\
1

-1
(EMERGY)

Characieristic Energy Regians for Fusion,

XBL 777 9660

Figure 2.25

¥rom these eguations we
»f fusion and total reaction
Fig. 2.2%. Tn region 2, the
fusion cross section changes

generete the schematic representa
cross sections as a function of 1/
critical energy is passed and the

slope — it mey increase, stay consiart

or decrease, depending on the velue of V(Rcr) at this peint. 1In

region 3,
system is surpassed.

in 14y+12¢ system shown in Fig. 2.26.
in terms of the critical angular momentum, as in Eq. 2.272,
value 2..(%cr+1) = T34h2 does indeed correspond to the 1i
26,.6h expected from Fig. 2.21 for A = P6.

the limit of maximum angular momentum in the compound1q:
Just these features appear to be observed-

If the data are represente’

The predicted shape is

that of a very deformed, triaxial nucleus with Rpyy, = 2R and

Rmip = 0.bR, with R the radius of the spherical ground sta‘e. In

view of these extreme shapes, it is perhaps more realis*ir to
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considerl99 a critical deformation, or moment of inertia, which
determines whether fusion occurs or not; in a more formal
derivationl® R . is introduced via the equation ey = WREy. The
study of much heavier systems, beyond the liquid drop fission limit,
shuuld soon be possible with the higher energies becoming
available.-*

U"ince the slope and intercept bevond the critical energy
zeternmine V. and R,. = l.O(A}/3 + ALl/?) | these measurements cen be
used 1o determine the potential at mich smaller distences than is
tle from elastic scatterings? (we call Rl/h end Bg in
.ecture 1), and indeed were used to consiruet some of the poinis in
1.14. 4 thorough analysis of potentials, synthesiting
infermatisan Trom the total reaction cross secticn, the Tusion cross
se~ticn elastic and transfer reactions is given in Rel. 3%, such
arprosch rmay help to remove the ambiguities we discussed for
"Si in Lecture 1. However if there is significant radial
: {and the next lecture will show thal there is) then our
equetions should contain (1 - “*2F) rather than (1-Y),
where R is the energy loss due to friction on that™ portion
of the trazlentory leading up to the barrier. Foughly we can see
thet neglect of friction produces an underestimate of the
potential.®” At the critical distance where frictional dissipation
is very strone the whole method of analysis presented here becomes
questionable. Nevertheless a variant of this analyvsis, using a
proximity potential has been used to extract potential depths down
to values of s (in Fig. 1.1k) which are negative, i.e., very strong
overlap of the nuclear matter. A questionable assumption in many
of these treastments is the sudden approximation, i.e., a potential
which conserves the structure of each nucleus.20l At the opposite
extreme is the adiabatic approach, which allows a continuous change
of potential.202 yltimately a full dynamical calculaticn is
reguired, in which the fusion cross section depends not only on the
static shages But also on coupling to internal degrees of
freedom, 20320 In the classical limit thig _approach leads to an
equetion of motion with frictional forces. Then it becomes
possible to deseribe in ecomplete fusion events, or deeply-inelastic
scattering; in the next lecture we shall see that these processes
consume the missing cross section208 of region 2 in Fig. 2.25.

T Cln

2.3 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 we have ignored
any effects of individual nucleons, the fundamental constituents
of nuclei. In Fig, 2.27 is a plot of the 0Ca+"0Ca fusion
cross section,?09 plotted in our familiar framework. In the
notation of Egs. 2.25, 2.26, the solid line uses the parameters,
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The eritieal potential is positive, which classifies the syster

no "heave" {compare Fip, 2,26 where it is nepative). Cince this
system comprises two closed-shell nuclei, the tightness associated
h shell efferis could manifest itself by a decrease of the

jus parameter, compared with neighboring svstems; such a

> :rison could give some information on the role of individual
nu~leons in the fusion process. The dashed curve in fact corre-
sponds to a calculation with a smaller critical distance determined
from Hartrew-Fock densities for 40Ca. One physical interpretation
of the cri.ical radius comes from the tvo-center shell mcdel.21”
This is illustrated in Fig. 2.78 for 160+100; at distances less
than 3.4 fm the lowest configuration becomes the ground state of
“’C and at large distances it is the 1604160 ground state. At the
lzvel crossing, strong enerpgy losses should occur. It would aprear
from Fip, 2.27 that there is no evidence for this closed-shell
efPesy,  However, another doubly mapic system 18ca+0BFb does

Connguraton energy (Mev)

Figure 2.28
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Come examples are shown in Fip. 2.730., The story becomes
subtle with the cbhservation that ithese oscillations are
with the reconancesn quearinn in the excitation functimnz

o s Ve w Pe(oty 4 120(2%) | which, a5 we discussed in <he

(e Fip. .97} (For a detailed discussion, see Pef. 211,
the noaocintinn with olosed chell systeme, and/or eyen partis
waven, atpensrs dubioun with the regent, oyservation’l” trat the
curillal are 2700 present in 00+ 100, LC,

f L0 . .
Tr retarn to the Ta ¥ Ca syctem, which did nnt «xhibi

chell effe it is ectured that fast, collertive excit
roald proy the first step in overcoming the shell gap befor«
ndiabatie ¢ffects (suech un level ecrossings) become impartant.
this medel, the two nuclel move on Ltrajestories crnstrained Lo
*y votential, and at the turning reoint of the radial
pate crergy into vibrational and intrinsi I v
S prelominant. - clnne to the oriiting anpular momenta, ani
sfactory deseription of the data in Fig., 227 is obtained.

moticn,

The cmaller impact parameters tend to make the inns bLrunee of7

one another, a feature whicn is alseo present in the time dependern:
Hartreo-Foek Model?17—?19 So far we have been largely concerned
with the "macrophysics” of nuclear matter. ©f course this is rne-

a new subjrct, since figsion has been with us for a long time.
there have not been many studies of the dynam‘cg of fission. It
has mrstly been an attempt to understand the energetics and other
properties of the fission barrier. Is it possible to get some
understanding of all these processes in some microscopie frameworik?
A convenient starting point is the mean field or Hariree-Fook
spproximation, which has enjoved great success in the static ~ase.’
This works because the density is hiph, the eflfective forces are
strong, and the Pauli principle inhibits collisions. In a time-
dependent generalization the rate of chanpe «f the mean fiel

~

be small enough sn that it does not produce large excitatinns of
the independent 1 .ticles in & short time. The kinetic energy (-7
micleon should not be too large compared to the Fermi energr

(=30 MeV). The last lecture will carrvy us beyond this repime.

The TDHF equations for the single particle wave functions

E

are given by n
e e {r,t) = H{t)w (r,t)
9t n =’ n =
a (~.om)
H(t) =—%n- v+ V(1)

end V(t) is an integral over the two-body interaction calculated
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seif-nonsic*ently with the single particle wave functions. At each
instan- iime cne has to calculate a mean field produced by the
inflnence ¢f all other particles. As the solutions are stepred in
time, the self-consistent field is simplv the Hartree-Fock potential
et the rrevious step. The initial systems are represcnted by a
produet of single particle wave functions calculated in a moving
poterntial; after the rollision, one needs a mixture of both sets of
wave Tunctiions.

A COWDJter dlSDl?V of the density distributions of these cal-
culations for Pa + Ca at 8 MeV/nucleon in a hegd-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% nucleons/fm' We see that taking these calculations at face
value (which is premature regarding the state of the art) the
nuclei do not fuse, but separate after 0.65 x 107 sec oscillating
in @ predominantly octupole mode. 1In earlier stages of the diagram
all the aspects of fission évnamics, including the neck formation
and scission, are in evidence. In Fig. 2.31(b), a "trajectory
diagram” is constructed showing the final energv and scattering
angle for different partial waves. The small waves "bounce"” back-
wards up 1o 4 = 30. Some waves fuse and others go into partial
orbiting with deflection to nepative 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-
letion using TDHF Force III gives a reasonable descrlptlon"~1 of
the Ca + Ca fusion data.

The possibility 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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ilea that han been arnund in the literature frr some <
A deta d study was ma%gao{' evepcoration recidues ¢
of the compcuni system _““Er by comparing th? res;
gormutinn experiments 100 + 1475a, 40ar 4+ 118
cu + 9(’73‘ {the last giving a slightly different eormround m

The exritation functions for a partiecular evapora<icn rchanrel
are shown in ¥ig. 2.33%. We recall from the "bin Ziapram”™ cf Fig

oo

2.8 that thic channel should be associated with *he so

energy repion of the compound nucleus, repardless of how i1 wur

formed, bul the evidence in Fig. 2.33 clearly indicater a shif
’

the onset oT this decay channel for the heavier projectiles.
thresholds are indeed found to be identice? for different 13
projectiles, 7, O, and Ne.) Figure 2.8 alsc reminds us that *¥r
lover energyv part of the curve must be associatel with the low
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€ that the earth
let....2nd he would neover meke it to Indla.  Chell:
scouragedt  He would enriainly hzve mlissed some

. turned up on the way! Without the elusive gr
ements, »erhaps we woula have missed ccme of the

zcoribed in this lecture--and the next.

Leent it intensive searches in major laboratories in the U
. Germany and France, no evidence for superheavy elem
:ntions have been Tound (for & recent review see
. (nrief successes®™ in Monazite inclusions were

“) Upper limits for the cross sections are shown on
the left side of Fig., 2.3h. Most of the limits are obtained o
faiiing + any spontaneous fission activity; one event
wruln correspond to the guoted cross sections, &nd it is questien-
r

abl the methods would make us believe one event. Some
other experimental techniques, and their attainable limits, nre
illustrates cr. the ripht. It seems clear that one must turn to
methods capable of exploring shorter 1ifetimes and (prefersbly)
vielaing Ligher cross sections perticulaerly since the most
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srerired in Lhe Tirst twg lectures (see Fipr. 3.1)

iz an aprrorriate terminolopry | L
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7}

*ire reale iooin units of T = 1077 sec. 1t shows hew the composi+s
cyotenm may oproceed towards compound nuclear farmation, vreceded an i
curnaeaded Ly particle emission, anid possibly ending in symmetri-~
ficsian., Fut there is alse a new path, where the corposite syster
nzver fusesn completely; rather, it separates on a relatively short
ime scale into two fragments, reminiscent of the initial ions
which wert into partial orbit. (Is there & connection with the
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. . . 2kE e s
nf a prazine anrle, Couloml domineted deflection. Ak critical
rarareter 15 the reduced Commerfeld oerameter,

2

R TI

ve ' {5 the velocity of the tws inns et the interaction barrjer,.
The gusntity is rourhly the ratioc of the Zoulomt force Z,Z.e /F{
=n4 the frictional force (resmonsible for dissipating the Initia?
kinetir enerrv) which is vroportional io the veloeity and the
yroiuet 2 the nuclear densities « ]/PP. Systems with n' € 15%-2°.C
~lve rise Ln orhiting whereas those with n' 2 250-300 do not. et
fnnther ivnortant narameter defining the charecteristic tehavinr

in the ratio /B of the center of mass cnerpy to the Coulomt
tarrier. "” (Some of the many extensive reviews on the cubject nf
aeerly-inclastic scattering are siven in Refs., 2L0-25L.)

fore nroceeding further with the logical anelytical
preqdictiens of the rotatine, dinuclear model, we must describe

e eyxperirents relating to direct experimente” evidence for its
iity. An important aspect is that these reactions are basically
tinary processes, and this has been established by ccincidence
reasurements of the projectile and target-like frasments {see

e, Fef. 0500,

nther consequence of Fig. 3.4 is that the direction of
ratation of the quasi-elastic (positive angle) and deevly-inelastic
‘nerative unple) frepments should be opposite. Further, in a
~luscienl picture of a perivheral collision, we expect the anfular
momentur. tr be oriented perpendicular to the reaction nlane. For
the quaci-elastie transfer, the semi-classical model discussed in
lerture 1 rives come predictions T of the polarization.
Fyaluatinge )P from the Egq, 1.L3 and substituting Fq. 1.4k gives:

A hy kR A
: ~ L hy o .. 1 s 1
e R1 = 3 Rl hv - v 3.2

"ince the incident nucleus is left in a hole state of the transferred
narticles, the sipgn of its polarization should just be opoosite te

11. Vanishing volarization is predicted at the “optimum Q-value"
bést satisfyinpg the semi~classical matching conditions:
2 f.f i, 2
= - o, - 2
opt v+ (20 leg)e /R 3.2

If G >Q , the polarization is iiegative and if Q < Q , it is
- : s . N . t

positive.” (For a more detailed investigation using N

DWEA theory see ref. 256),
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searching fo. a Tast dissipative mode, we are led naturally
t~ think of riant multipole excitations. The dipole resonance has
riztic time of 107¢< sec, and is one of the fastest

:xr wir in npuclear physics. There are two characteristic
hrx\«—1on colllalons. The first is the time during which
o in contact, .e.
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et

—
vy

the tarrier trirc time is of the
se~). The second ore measurer tne
cess, which is concerned with the
£ fartcr chanpes by & factor of tuws
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sec The quantum trans 1tloro, tha~
i are therefrre 11A
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# via rultister exoi.5u1vn.
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“ia experimental point of
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*r. rale ~f these modes by lockines for
stic soutinuum. So far this has apoeared as a feature-
r2re refined date for the Ca + Ca and Cu + Cu at
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.+ Cu; the total excitation eneriies are also ipdicated),
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Even more pragmatically, we might look for the direct excita-
tion of giant multivoles in inelastic heavy-ion scattering. The
probability that either fragment will emerge in a single giant
resonance depends, however, on the system.| For heavy systems, the
large energy loss implies a dominance of multiple excitaticn, but
for lighter systems, the shorter collis1on}t1mes and the higpher
excitation, lead t stronger s1nglg ezcitatlon :he E2 mode has
been observed in “V0 + Al 210 o + 20 211,212 g 12¢ c, 1oy
+ 2r, Pb.2T3 For the 160 + 27A1 system, Fpg. 3.11{a) shows the
excitation probability for different reglons of 8, together with
the ratio (shaded) for exc1t%t on of the giant quadrupole resonance
compared to everything else. Even for %hls light system the
probability is urexpectedly small, and it remains to be seen if
the quantitative modeis20Y geccount for the| strenmth. In (b) is
shown a "Wilczynski Plot" for the inelastic scattering {compare
Fig. 3.k) which also shows the ridge, between -7 and -20 MeV,

characteristic of deeply-inelastic scatter1ng and negative angle
scattering.
s frot s .16 208,

Finally an example of E2 excitation for ~ 70 + Pb at 315
MeV is shown27 in Fig. 3.12. Both at 140 MeV and at 315 MeV, the
obseryed strensth apparantly exhausts the energy weighted sum
rule;“'* itherefore the multirle step excitation of the deeplv-
inelastic continuum (a cross section of 400 mb at 135 ¢t V275 does
not reduce the single excitation, possibly reising en element of
doubt over the role of these resonances for the damping. Further
comparisons at different energies are required. An interestines
feature of Fig. 3.12 is the appearance of higher lying Vstructgges.
The frequency of oscilletion of multipole modes can be derived

9m the liquid drop model to depend on the multipolarity as
for quadrupole oscillations u?'h ~ 0.8 Mev. An evaluation
of w as a function of € and A, tells us that the associated
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velocities, v = w*R, will call for collision speeds in excess of

20 MeV/L for the excitation of higher lying multipoles, which rax
therefore be appearing in Fig. 3.12. (The giant quairurcle rescnance
corresronds tc the bump at 10.8 MeV.)

Now let us turn to the alternative energy dissiration re-hanise
viz cinrle particle motion. 1In this picture, as the two nucle!
rotate in close contact, an exchange of nucleons takes vlace thre
the window that ovens up in the neck between them. {crnrider the
nueclei as containers in which the nuclei have a random roticr
£ rucleon in nucleus 1 can escabde throurh the neck and Tte abgorteld
Wy nucleus 2, and vice versa. Tet the area of the interface o7
the composite system be A{t), and the window intesral in the rear-
tion,

r

AL = jorbit Alt) at
The probability per second that a nucleon crosses the interface frov
1 tz 2 is nypA eand similarly from 2 to 1 is npjA. These rates
depend on dynamics and are functions of time. This derendence will
be weak if the number of transferred nucleons is much less than the
total. 0o =say n,, is constant. Then the variance of the nurber
transferred is: ik

99
-t

§n = [(n

12 * ngy) [ ALY dt]%

3g
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while the flow of mass from 1 to 2 is

= - .63
(n) (n12 HZI)I A{t) dt 2.0

and the norralized distribution of the number transferred mirht Le
expected to be a Gaussian,

2
?(n) = N S exp - .("_—S%L D)
V21 6n 26n

~ ~ 1 P
NS, Szov (%%,

where is the nuclear matter densitv, 0.17 nucleons/ir , and v =

2 %10 is the tyvical speed of a npucleon inside the nu-~leus.

Witk an interface agsa of A = 10 Mm“ and a tyni al dire t reactien
time of + ~ 5 ¥ 107°% sec for the collision of %OAr on 971 at 2%
eV, 177 ye ret én = 5, The Z and A distribution of frarments in
thls reaction are illustrated in Fig. .13 (which were obteined tu
cortinine the Z and A information of Fig. 2.16) and we see that the
spread in A values is indeed the order of 6n. (It is difficult tc
see the fGaussian profiles in the 2-D riot, but such indeei are the
cbserved shaves.)

Z[ 70
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B -236MeV
6.-26"

GS1+P1-77-0004-4
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3.3 More Formal Theory

The theory presentzd here will be only slightly more formal,
with an emohasis on the extraction of physical guantities from the
data. WRiforous approaches are described in other Lectures of this
Scheoel. The generalization of the discussion in the previous
section te diffusion processes in the rotatin% diguclear system
leads to the Focker-Planck equation251’253’27 210 ror the pcpula-
tion distribution cf a macroscopic variable x as a function of
time, P{x,t):

5 2

AT (x,t) 3P (z,t) 3°P(x,t) S
3 = -v Ew + D R ) (4-,1

X

the soliation of which is:

’ 2

Pira) = —1exp | - -x_-hgti)__ 3.0
YLt

value of the distribution z moves with time at constant

~eity, and the variance 0 = {x - {(x))¢ = 2Dt increases linearlv

with time (see Fir. 3.14)}, The transport coefficients v and D are

kr~wn ac the drift end diffusion coefficients, The FWH of the

curve iz given from ' = 16 €n 2(Dt). Amonsst the macrosconic

iatl which have been measured are kinetic energy, the N /T
> ¢ freedom and the mass asymmetrv defree ol freednrm

+ AE'

o an example of how th.se methods work,zTQ’zso consider the
charre distribution as a Tunction of angle. This can be derived

P(x,0)

Figure 3.1L4



from an analysis of distributions of cross sections such as Fig.
*.3 for each Z. They would be expected to have fGaussian distribu-
tions,

2
(z-zo-vzt)

™z,t) =-—-l-—exp - T r301t
Vlszt z

where z - 2o stands for the number of »rotons transferrei duriag
the intersction time t. The quantities v, and D, represent averare
proten drift and diffusion coefficients. In order to relate argls
information to time informetion we write,

(6 -9) r3.12)
Er

El|

T -
int
where Tint is the interaction time for the rotating dinuclear
svster, rotating with mean rotational frequency @. (The rotation
is measured from the grazing angle.} liow,
— _he (

& —

§

where f is the moment of inertia of the system, and

Lt
v
o

«
g3 _ g3
—(7__2_ a4 crit ca ey
T3 42 2 s
~ " Terit

where we attribute deeply-inelastic coilisicns to the tand n? rartisl

r% T 1 T T LI T LI

100+ 388 Mev _J

oA /) |
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waves from £ .;4 {(inside of which fusion takes place) to ¢, (see
Fig. 3.1).201

For the reaction Ar + Th depicted in Fig. 3.3 at 388 Mﬁv, L
and €..i¢ have been determined as 222 and [} respectively.2 3" For
we can assume rigid body rotation of the dinuclear comnlex:

c2url s 2yR2
8% =3 MR+ 5 MR, + URS . (3.15)

The plot of T2 versus € in Fig. 3.15 can then be regarded as a
plct of T2 versus Tint = t, and the slope T2/t « Dy, 1In fact, the
same value of D, is derived for the different reactions studied at
different energies (on the figures, the t-scale is different for

tle ditferent reactions, since this is transformed by 1/2). The

de: ived value was D, = 1092 (charge units)Z/sec. Other quanggtigﬁﬁ
can bte determined by similar analysis. One finds typically: 1,219
3

¥

Energy drift coefficient v Nl 102 MeV/sec

Energy diffusion coefficient D ~ L x 102" (1ev)?/sec

Charge drift coefficient v, = 1021 (charee units)/sec

“harge diffusion coefficient D, = 1022 (charge units)zlsec

These values are not expected to be very accurate due to the crude
method of _estimating the interaction time. In a more refined
approach“~“ a better relation between impact parameter (=€) and
scattering anzle is derived by constructing a proper deflection
tunction. Energy and angular momentum dissipation are taken into
account. Inte. -~tion times calculated in this wayv can vary bty a
factar of 3 frowm the simple estimate.

A characteristic of the deeply-inelastic collision is the
large energy damping. This energy loss also appears to take rlace
repidly while the two icns are in contact. On a microscoric
picture the energy loss could be mediated by particle-hole excita-
tion and slso by transfer of nucleons between the colliding ions.
Such a nucleon, with mass m, deposits a momentum Ap = m|F|, where
I is determined from the energy of the system prior to the ‘ansfer,
and the resultant energy loss is therefore proportional to 1e
enegrgy available (8E = (Ap)¢). This argument justifies the intrc

duction af a frictional damping force proportional to the veloc-
ity279’2 3-285

Fp = =kv (3.16)

Then we can write for the rate of energy loss:



dE dv 2 k
— = —— 2 . - = P == ( -
wv g = vF . kv 2 —E (3.17)

Interrating the expression,

E
on |l 2 )2 o Kb @
ﬂvn<E>—2 m (3.18)

Nlew we have Jjust shown that a time scale is established ty the rela-
tien t = T5/2D,, ana therefore we expect that there should be a
linear relation between Un(E,/E) and T'Z: the gradient yields 8

value for k/uD,. As Fig. 3.16(a) dramatically demonstrates 20
there certainly is a clear correlation between the width of the

re distribution and kinetic energv loss, which is shown on this
ure for successive 50 MeV wide bins in the reaction of Bi + Ze.

n Fig. 3.16{(h}, the values of o§ from Fig. 3.15(a) are plottecd
s o function of the interaction time T(¢) in units of 107¢° cec,

.1 arpear to increase linearly, i.e., O%(Q) = 2D,(¢) T(¢). The
ime scale on the figure was derived from the deflecticn function.
is 2eflection function was constructed by assuming a charr cat-

3

I

ey mo’ie]é where the cross section up to £ ic giver by O
7F9(¢ 4119, Then using the experimental results on the ntoss
section as a f‘xggtion of kinetic energy 1loss, the angular moment
to the energy loss by:

2
can te related”
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]
Figure 3.16(c)
3
Ao, )%
¢, = [(9.+1)2 - (3.19)
i J HXZ
L
where 0054 = O3-0; is the cross section in an energy window between

E; and Ej. The average scattering angle for a particular energy
less is also B3 experimental quantity (see Fig. 3.4), so the curve
of & versus ® can be deduced as in Fig. 3.16{c). The angular momen-
tum dggenggnt interaction time is then calculated from the expres-
sion2%7,2

r(@) = ﬂ(“{g—éﬂ (3.20)

where A8 is the difference between the Coulomb deflection angle
(dashed) and the sctual reaction amngle. From these results we
extract the values of Tg (the FWHM of the faussian functions in

Fig. 3.16(2)) as a function of E and construct the plot shown in
Fig. 3.17, which is indeed remarkaebly linear. Since we previously
deduced a value of D, we can now use these results to calculate the
coefficient of friction k = 0.6 X 10721 Mev seec ™2, (A much more
sophisticated treatment involving deformation is fiven in Ref. 289.)

It %s instructive to see how the large value of k can be under-
stood,27 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 equal to vy. The rate of nucleon "hits"
from 2 to 1 through the window is:

-1 .
3t = 5 OV A cosb plv) (3.21}

where 8 is the inclination of the nucleon speed v, of distribution
p(v). Each nucleon of mass m deposits the excess momentum -mvy, and
therefore the average force acting in the tengential direction is:
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mn/e
1 an
= - = . N - (2 =
Ft > moAvtj[; v p{v) cos8 oy OV 3.22)

1
-7 mpAvt v

By identifying this expression with the fruction force -kv, we
derive that

Assume, as in Equ. 3.5, a window area of A = 10 fmz, an? the averare
nucleon sveed ¥ = 3/h vp = 3/16 ¢ and the nucleon density of muclear
metter, 0.17 fm~3.  Then:

k =~ 200 MeV/fm-c (=.2L)

i.e., 0.7 % 10”21 MeV sec fm_2, ir good agreement with the value ex-
tracted from experiment! 1In f‘airnegsd however, we must ncte that
comparable agreement cen be reached'9 using the relation,

QB _E . dn_ 2
Gt “an @ - (LR W (3.25)

vwhere (AE} is the averare loss per collision, taken as a typical
giant resonance excitation and W is the imaginary optical potential,

deduced from direct reactions (Lecture 1).

A more careful examination suggests that the arreement with

96



the one body dissipaticn mechanism may be less than perfect.291’292
Remember that tﬁe basic tenet of this.model is expressed via the
relation: 3,29

(3.26)

(2]
of
n
© |3
1

where 6E is the loss of kinetic energy ver 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
write dE/dt = 8E dn/dt where dn/dt is the nuclear flux, and by the
analysis leading to equ. 3.22 this is just 2k/m; hence the above
result for 8E. The validity of the equation relies on weak coupling
of intrinsic and col%sgtive degrees of freedom, an assumption that
has been challenged. ) Now 6E must be deduced from the experi-
rertzl data (Fig. 3.17) which essentially gives energy loss as a
Tunction of 07. Regarding the nucleon exchange vrocess as &

réniom walk process, the number of protons exchanged is just N, =
05. The experimental observation of the fast equilibravion of the
mass to charge asymmetry degree of freedom indigates that neutron
and prcton exchange rates must be very similar® zranq therefore the
total number of nucleons exchanged is N = (A/Z) 05. Differentia-
tion of the curve of E v cg with respect to (A/2) 0F le:ds to 6T =
dE/dl, which is plotted versus ZE in Fig. 3.1B. The dashed line
represents the one body dissipation of Equ. 3.26 and it apvears

that this mechanism accounts for only 30% of the energy loss.

Tefore attributing the additional loss to other mechenisms such as
the fast collective dissipation, discussed in section 3.1, the vhole
velidity of the analysis must be examined. It has bezn pointed out,
for examnle, that the relation between angular momentun and erersy
implied by egn. 3.19 is oversimplified, and a uore riforous
treatment may remove the discrepancy with the one body dissivaticn
model,
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The simple approaches have ncnetheless given great encourace-
ment to the researchers on su~erheavy elements, as we mentioned
triefly at the end of Lecture 2. It has been found that the curve
of energy loss V. 022 (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 makins
suverheavy nlements, where the problem is to keev the excitaticn
energy -ow enough for survival against fission. Consider?30 as an
example © (23gU Yb*) 295sH 14*. For a relative fission widtk
r /(r +Fn, of 50% the evcitation energy of the superheavy must te
agout 30MeV. Assuming vpartition of the energy accordins to the
mass (as we justified in Section 3.1) the Yb nucleus then carries
18 l'eV and the total excitation energy is 48 MeV. The G-value ‘or
the reaction is -55 MeV, so we can tolerate a total enersv loss
of 103 MeV and still have reasonable survival probability. Frorm
Fig. 3.19, the associated charge variance is 05=14. The cress
section can then be calculated from {114) = 05(92) exp(- (az)2 /2c, o
for a total kinetic energy window of #10 MeV, O (92) is b mt and
with Az = 22, we obtain o{114) = 10-3% cm?.

The hope of reaching the Holy Crail 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 llquids.297 More generally,
a fricaagn force of the type we have been discussing can be repre-
sented as:



92

F= x[ar P10, [Tl | 3.27
where p1 and p, are the density d1s€r1butxons of the two nuclei
and the integr&l is taken over the dverlav region. The rate of
dissipaticn has also been calculated using a oreximity formalism
(rather similar to our discussion of proximity potentials in
Lecture 1), with the resu1t29%,299,300

E gy o e
dt n RT + RP

bX(EO)E 3.:8

where ng = 2.5 % 10-23 MeV-sec'fm_h‘is the transfer {flux demnsity,
R and b are the nuclear half-dencity radius snl diffuseness, and
¥{E } is a universal flux function. An arplication of this
forfalism to the above reactions for Xr ind Xe on heavy tereets
vields

21 gec~l 3.

"

a

1 4E 21
1 = -

T &t 10 x(EO) 0.7 - 2.1 » 10
which is actually in very good mgreement with the value =2 2k/p =
2 % 10¢* sec which follows from Fig 3.17.

3.k Dynamical 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 surgests the idea c?
an intermediate comolex consisting of two well defined frasments
in ccntact, undergoing equilibration, 2nd the time constants of
these relaxation processes have been determined. MNow we -onsider
the transfer of orbital angular momentum into the rotation of ile
two fragments constituting the complex. The anjrular nomentur
transfer irduced by the frictional forres passes throurh several
stages.298 Initinily, a sliding friction term makes the two
bodies start to roil on each other, and then a rolliing frictiorn
term causes the two bodies to ret stuck in ririd rotaticn.

At the onset of slidins the moment of inertiz characterisins
the system js simply

- 2 3C
}NS = uR 3. 3(C

where U 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



‘3"' B urﬂ‘?"jjl"f? AN

where C* ,, are the moments of inertia of the
21,7 :

The maririm value AL of arbtital angular nmomen

ints intrincic ruin can then be calculated fr

(é‘s;‘é

which
raniel we ?

i’
the wacs A"VKE(LFF, as shown below

Ir the case £ p.IlTng Criction, however, thecg
Independent ~F ‘he masses of the two nusled.?

Frr ecertain -cases, it is possible to shew that the
have reached the sticking confifuration fror ar analyrcis
of the final channel kinetic enerrier. The total kiretic
of a rotatin« system at seission is riven by:

:
Lf,(L“l)h .

2uP?

= vV (F H
£, Jc(.) + Vm(n) +

In classical friction models it is usual to rewrite the last ter-
as £° Li(Li+1)h2/ 2UR<, where f is a numerical factor dependinr -:.
the relevant type of friction. }-gr sticking T = 31F2l(u!?2+§ +°€:‘,
and the value of f often leada to the exverimental E,p values,
using a value of R * R .  as discussed in lLecture 2.
crit

A better test is to measure AR from the y-ray multirvlicity
associated with different frarments arising from the decay of the
complex.30"30b As discussed in Lecture 2 it is reasonsble to
assume that the intrinsic angular momentum is just twice the

0%
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‘assurins that the anrular momentur is ¢
EZ yrast cascane). An example is .he ©
eV for whieh energy spectra are shown in ¥
fferent anrles. We see that in proceedins t-
Fle: the quasi-elastic component disapvears zn
inelastic dominates, Jjust as in Fig. 2.%. The mult
furetion of the Z of the detected fragmenls are showrn in
Tor the deerlv-inelastic comnonent. For comvariscn the

T “ri values for the cases of rolling and sticking are draw:.
S~r twe velueg of entrance chaennel anguler momenta (50h ani ~oh ',
Tre vzlue 0h is expected from the sum of the known evzpcratic:n
izue cross section ¢f 9CD {corresponding to fopiy = ©7h

~te deeply-inelastic cross section of 400 mb, usine cur
formilae.  (The line for 50h correspends to the 1irit
czmpaund nuclear forrmation.) Then the rollins limit

Z y, = zoh £ 2 3.34

Ly =

A

+ 90°, where the rotatinr dinuclear complex has remainei in
or z lors time, the stickins limit appears to bLe reacheld, witl
rhetween 50 and 70h. At more forward anglies the frarments arren
to be still rollinr on each other. These data furnish strong
evidence that the intermediate complex approaches rirsid rotat
a time comparable to the rotation period.

vy

-

I similar experiment has been conducte6307 on the ruch her
systers v+l SHO and ¢ Er+l Au. See Fir. 3.21). On the le-t
haré side (quasi-elastic transfer) the multiplicities reflect
simpie transfer reactions where the angular momentum is trarnsTerred
by particles without the formation of the dinuclear complex.
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Tn that case we expect Af = AN where 1" i5 the tra-slerres -
ani ig the incident mass. This forrula leads to th
istic V-shape in the figure. In contrast Lo our ebove
the deep-inelastic components seem to bLe closer in the
‘calculated as 2/7 {2}, with (2) taken tn te 2/3 faipy,
trianrular f-4istribution). This rerult is paradcyira
enerry is completely relaxed. The rl!uusitle escare tr-r
iz tc assume that the low 7 frarments are preferentiall:
tv Jow f-waves., This explanation is ruoported b, insre~ti
curves of pctential enerry versus the 7 of the frarment ©
similar sysiem in Fig. 3.22. At the 7 of entrance channel
the potential is scaled to Le zerc), the potential sl~res *-war:-

syrretry for small angular momentum, vecomine prorrescivelv chesrar
Cor hirher %. Therefore onlv the lowest f-waver coniritute +- *i.

cavy M
eione wecom o €,
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Yo
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ion ol fragments much lighter than the rrclectil

'ractionation of the angular momertum distrituti

XBL 786-906.

‘e, a 50—
"

Clearly a better test of the theories will come fror neasuri

Ligrer mwder qhant1éées in tff experiments. For exarp.e

exrerirent with ©®O%r on Sm at 490 MeV, in adiitic
the rear multiplicity (M} of Y-razys in coincidence with
deerly-inelastic scattering, also memsured the distrib
piieity ty using an array of Y-detectors (as we descri
21, ”heﬂ quantities such as the standgrd deviation v

uti
Le:

)()‘ ana the skewness ¢ (M - (1) ) Y/v> are accessible, e:-:-':lec o

3

which ere piotted in Fig. 3.23. The Jleft part shows (1) and v us

a Tunction of reacticn R-value. The right part shows
For G-values close to zero, the skewness is positive
preponderance of low ¥ everts, with the reverse in the
elastiz region. On & sticking model is it not possibl
correct values of {¥),v ard the skewness simultaneousl
piece of experimental fine tuning cores from measurere
1o discrete final states. These deie:mine the degree

th: skew
indicat
deepl
e to <k
V. Another
nt o y-ra
of alignm

e

s
1

of the final f‘ragments3 which can be cowmared with the predicticns

cf the sticking model.

Another classic experiment has capitalized ~n the

decay mode {rather than Y-decay) which is dominant in heavy systers.

The experimental arrangement310 in which 209Bi was btom

610 MeV Kr ions is shown in Fir. 3.2L(a). The anpular correlatio

fission

tarded with

of one of the fission frapgments, in coincidence with a rrojectile-

like frapment, was measured both in-plane and out-of-p
Tlassical arpuments tell us that the fission frarments
most intense in the plane, if the tarpet-like frarment
angular momentum perpendicular to the reaction plane.
plane correlation for the fission frarments depends on
number K, the projection of the total anpular momentum
symmetry axis of the fissioning nucleus. Then,

lane.
should be
has a larr
The cut-o

e

-

the quantur

on the

T
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The distributi ans P(K), P{"), and FLTY represent the rrobat?
finding the system with these gquantur numberz. P{¥) rarn he
determined from indepenient fission exneriments. A
estimate we can also assume complete alirnment, =n
with M=J. To determine P(J}, the orobability that a
frarment has angular momentum J, is the poal of the ex
Assuming that the amount of anpular mom:ntum transferred, .,
provortional to the initial orbital momentum 2,

P(3) « (23+1)

(because the partial deeply-inelastic cross secticn Dn(ﬁ"; o [ope
The distribution haes an upver limit Jma.x to be determined.

The resul*s are shown in Fir. 3.24(b) and indicate that

Imax = 56h, from & simultaneous fit to the in-plane and cut-of-vlane
correlations. (Note that a recent study of sequential fission in

a cimilar reaction attributes the out-of-plane distribution to the
deeply-inelastic process itself by the excitation of collective
bending oscillations.311) For the 86y 1-+209p5 system, the fractiow
of the initiel c<¢.vital anpular momentum transferred is 0.29 1]- for
sticking. The value of %3 in this reaction is 235h and therefore
the measured value of J = 56h is close to the stickine limit of &68h.
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This experiment is a refinement on the previously described y-ray
experiment, because in principle it could determine the angular
romentwrs assocfated with ove of the fragments. How the anpular
entur ic divided between the fragments as follows:29

Jl Ml 5/3
F-or stickine: e o -.37
2 Mo
7. M 1/3
vy potline: | =} = [ .2 I3
r rolling: 7 =\ Y, e
2 “

8 the asymmetry becomes larrer, this becomes a hizhly censitive
~ethod for distirfuishing between rolling and sticking.

T“he separation of y-ray multiplicities betw=en lirht and heawy
ts is possible in orinciple by measuring the energy as
< the multiplicity. Then we can write:

WAEDY = (M XNE)
YL TRL v Py

A4 1 = (M
{ W)H (,.Y)L Ly)

k¢ 9
e extract (!-IY)H and (MY>L' The results for 237 MeV OP.r + E’Y
~ive a ratic of (“Y)L/<Mﬁ’n in the region of 12 for fragments far
removed from the initial channel. By the above equation this
7t implies an approach to the sticking limit.

racy

Ultimetely it will be necessary to make a Tull solutior of
the dynamical equations of motion with conser ative and dissipative
foreces for comparison with the experiments.<”©» For the
Yr + B, case discussed above these eguations have been solved using
a tanrential fr:‘c!:ﬁon compenent which was weak compared to the
radial component31 and resulted in a total angular momentum
transfer to both fragments of only 38h, considerably below the
experimental value.

3.5 The Limits of Space and Time

¥e 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 thermodynemical equilibrium,
has been peneralized to include pre-equilibrium behavior. Since
enerpy dissipation includes not only viscosity but also heat



ronductivit%16i§1$ay be possible to make a link hetween the twe
approaches., " =%~ A new peneration of experiments is aimed at

st nr the formation of "hot-spots”" in nuclear mattgiF This nan-
cept. iz very old. To quote from an historical paper,”” "If =2
nuclear particle of energy E, comparatle with the nuclear intar-
action enerry, strikes a nuecleus, it will lose practirally all it:-
anerpry in the 'surface layer' of tine nuecleus. This pro vi
caus~ intense lacal heating of the part of ihe nucleus
The 'hezt! gié] then fradually spread over the whole nuri
"n’ﬂula4i0n7] of the heat condurtivity, specific heat ete, o
rarclear matter from a Fermi ras model was already rompleted irn
HERER

?ir:tjsnnsiier some typical time scaler nf deernlv-
venrtinng.”” Tnr the rotational motion, we have an anr:
v« ard an anfle of rotation 8 throurh which the frammernts

ir. r7rtart,  Therefore:

.. x 8l TN
Vaiurc nl 1 , ¢ oanid f ran be estimated, 50 we can use

ret
2%
i'nt o W = he ‘

YT he B é} -
te ctia2in w. For example, a reasonatle estimate of ¥ i~ 477 Qi‘
correctending 4o ro]linﬂqgrarments, ant E;ot = Ermz ~ Brogr * 5
For the reaction “Oar + ©32yn at 379 MeV [Fif. 3.3) Fres = 157 M,

s . ~ 1 b A
¢ =~ 150 /see_discussion of Equ. 3.15) so w=3 x 102} gec-! and
g, 9
T = 5 ® 107°C ger for a tyrical rotation anrle of 1 ralian.

We can alsc estimate the time it takes an equilitratei e
nucleus to emit a particle. An empirical fit to the meucurel -

~f corround nuclei for A = 20-100 yields:

Ti%eV) = 1k exp(-L.69/AJEY ) {
Felating the temperature T to the excitation enerry by F = aT
where a = A/8, we have

g = 0. 3
1particle g e)’p(l}/‘T) ¢
where T is in MeV and T in units of 10722 sec. An excitation
energy of 3.25 MeV/A yields a temperature of 5 MeV and a lifetime
of 7 x 10722 sec. If local temperatures of this marnitude should
he produced in heavy-ion collisions, then the lifetime for particle
emicsion is so short that the rotating dinuclear complex will emit
particles before it scissions. We say local temperatures because
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total center of mass energies in deeply-.nelastic experiments are

< 10 MeV per projectile nucleon, and therefore the achievement of,
say, 3 MeV/nucleon ig some region requires a concentration of energy
into a "hrt—spot."31 -315

Delving slightly deeper we can write the rglaxation time for
iisciyating the initial energy deposition as: 3!

f il K (3.43)
& - . RS

Kere vy is the Fermi velocity, A is the mean free path for nucleon-
ruclecn scattering, ¥ is the thermal conductivity, p is the density
ar: cp the specific heat of nuclear matter._  Expressions fcr K and
<y can be derived from the Fermi gas model. 19,220 Thur,

3/2

€ 2,
v 1 £ . =1/2'"T (3.L5)
v LA S ’

where ip is the Fermi energy, T is the temperature and ¢ is the
e’festive nucleon-nucleon cross section. (= 27 mb). For a tem-
perature of = 1 MeV, Ty is & X 10722 gec. From the above equations,
Ty varies us 72 (essentially because the mean free path decreases

as more nucleons are excited above the Fermi level), and, at high
encurh temperatures, becomes longer than the time for particle
emissinn. zg$se itrends are illustrated in Fig. 2.25 from _an old
calculation <+ (left hand side) and a recent caleulaticn.? T
toty czlculations as the incident energy (temperature) increases ‘e
reach s point where the compound nuclear lifetime is less than the

T T T T 7 |
&t .
Lifetime for particle emission
. Tt exn[C/T)
5’— >
=
8 2
o q '~$
N Reiaxation time =
1 R v A
@ -— A ]
£ \ B !
-2 EQUIL IBRATEN | . " §
CECAY | 'HOT-SPUT "
; { &
! ) |
ol 1 [ é Js; . 40 BD 120 160 200
3 7 [
Temperature (MeV} ENERGY (MeV)

Figure 3.25(a} Figure 3.25(h) .
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relaxation time, just the condition for the formation of = t .
{Alsc shown on the right are the pessing times for two & = %9 nuc
the nucleor-nucleon collisjon time.) The critical temperature
appears to be around 8 MeV323, (Ve shall return to this temperszt.re
in Le~ture h.)

Py S

Ceveral coincidence experiments have recently teen
with the reneral philosophy directed at observins hrt-cop
these experiments have studied the anguler correlst lor
rarticles (e.g., alphas) in coincidence with the prr
heavy frarment em1tted in quasi-~ or deeply-ine
a lixed anrle. téglcal examp1e32) is shown in rir.

reactions of 1 Pb a*t 1L0 MeV and %15 MeV. For

rourhly in the direction of the fragment (marked with an

tetweer, this direction and the beam axis. Iote that tre ch
attainable by pure projectile frarmentation 112¢ + nl
reak, az expected, but the other channels e r. 150 + o
cimilar overall distributions. The fact that all thes
are reminiscent of the decay of an excited projectile-li
is also confirmed by a kinematie contour pAOt. This i=
Fir., 2.27 for a similar reaction, 326 1 no+ 9 at 2}
to 1 i ar.i o fracments. The two islarndic are conzistent
of a preframment 1in# at an excitation of = 1 MeV [dercten
otted kinematic constraint) traveling with a kinetic enery
55 leV {dashed lines).
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Figure 3.27

A possible interpretation of similar correlations of G-particles

observed in resctions of 3¢S + Au at 12 MeV/nucleon is given
in Fig. 3.28. The 325 moves 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

o, 28y and 'Au nuclei in the Coulomb fTield is calculated numeri-
cally, generating two peeks in the correlation. Only the left hand
peak appears in the data, which is associated with the region of
the projectile between the pro%egtile and target (i.e. a localized
region). The first experiment 2 to reveal such a phenomenon
(actuslly emitted from a "hot-spot" on the target) was the reaction
160 + 5843 at 92 MeV, The confusing effects of projectile break-
ups wege eliminated by searching for a-particles in_coincidence

with 160 scattering. The rather detailed analysis of this
@ s o L,

Aud

B

Si-rucleus

LoLd % te
e 60,

e

Figure 3.28 DN R N VOGN

L 786-5028

109



(]

!

2
z
£
2
2
g
z

) : o E E
~=— N(Egllarb untts) =By H(E,larb units) -

XBL 786-9070
Figure 3.29

experiment assumes that a hot-spot is created on the surface ¢f

the tarret, the G-emission from which has a high temperature com-
ponent emitted outwards from the pole, mnd a low temperature cor-
ponent from the diffusion of the a-particles through the nuclear
metter in the opposite direction. The final solution is coamplicate:
by Coulomb and nuclear deflections and by angular momentum, which
makes the hot spot rotate. Nevertheless, some idea of the result
is conveyed in Fig. 3.29. The top part shows the a-cerrelation
measured from an origin in the direction of the projectile. Xcth
tle fast and the slow modes lead to the narrow anguler correlationrc,
characteristic of all the experiments we have been discussinr. The
bottom middle section displays contour plots of the cross section

in an Eo-8a diagram, the projections of which onto the Ea axes

(left and right) show the expected a-particle spectra. The hirk
temperature component (¥ 7 MeV) is close to the temperatures
required for the observation of a hot-spot (see Fig. 3.25) whereas
the low temper@}gres are characteristic of greater equilitration.
The experiment“/ yielded temperatures of 3-I MeV in the forwarad
direction. Using the expressions Ex = aT“ and the value c¢f Ex =
28 MeV extracied 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 ngc%ear matter, and are an alternative to preequ.librium
theories, 510,317
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Th?r? are seYeral oth§r1expsgémggéfags_%j5 produ?tion of fa;t
non-equilibrium light particles, ’ witk interpretations
ranging cver emission from the neck between the colliding nuclei-~
(l1ike terrary fission and maybe even like a hog-spot) to backward
splashes ¢f @ particles accompanying fusion.®2® The fun is Just
becinning. The thegretical possibilities are also liverse. A
possible mechanism®3 for the production of fast, nen-equilibrium
t-particles is the strong radial fricticn demping fcrce, which
ejects a particle o the opposite side nf the nucleus fror where

the projectile snd target first make contact (see Fig. -.3u.. This
leads to a correliation with the o and the heavy frasgment ~n the

same side of the nucleus which would not be consistent with many of
the above experimen%g. Another possibility is illustrated ir part
(b) of the f‘igure,3 which by similar arguments would attribute

the a-production to strong tangential friction, certairly essential
as we have seen to account for the results of Y-ray multirlicity and
the fission fragment experiments. This picture can explain how In
Fig, 3.26 alpha particles are observed in coincidence with heavy
fragments that could not arise from simple projectile fragmentaticn,
but which nevertheless bore close resemblances. This picture has
also been said to represent a "sparkings process,”~>" and is consis-
tent with our discussion of "hot-spots" irn this section, i.e., &
zone of slightly higher complexity and concentration than occurs in
simple projectile excitation. We 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



dominent. This simplification sets our path towards Asymptotia,
the subject of the last lecture.
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h. ASYMPTOTIA

In this lecture we leave behind thé familiar territory of
Mieroscopia, end even the still recognizeble landmarks of Macro-
seop la, to venture into the New World of Asymptotiaq, Before settins
out It is just as well to have a navigation chart, which appears
ir. Fie. L.1. The abscissa is the projeetile energy 17 eV’nuc1e0n
and the ordinate is the projectile mass plotted as al . The
shaded bands define regions of fundamental parameters such that

when we cross a band, we can be confident that the underlying phyrsicc

will change. The three characteristic certer of mass energies of
20 MeV, 1L0O MeV and 930 MeV are estimates of where the subsonic,
mesonic and relat1v1st17 domains merge. Macroscopic phenorenz core
into prominence when A1/3» 1, The band at Z =% (170) is a re-
rinier of the changes that may occur when (2Zx fine structure con-
stant] becomes large compared to unity. Most of this space is
unexrlcreid apart from the two axes, the left-hand side with the <%
energy heavy-ion machines  and the horizontal axes with high energy,
hairon accelerators. Althoryn some possibility for exploring the
reraining space {where most of the crossing bends 115%6h;s existed
with llzture's own accelerators, the Cosmic radiation; v iz
the development of high energy, heavy-ion accelerators, such as the
Lerkeley Bevalac, that has sharpened and focussed these stuiies.
Cembined with parallel developments on inc=easing the energy of
existing Cyclotrons {at Berkeley and Texas A and I} ur to 35 MeV/
rnucleon, it is now possible to trace the evolution of heavy-icn
reacticl rechanisms across some of the critical bounderies of Fi
L1 ‘“e verin with a discussion of this evolution in perivheral
collisiuns, then deel with the more dramatic (possitly) central
ccllirions and end with a few words on exotic phenorena.

e e
Z=I/2-(l70)////////\/ & ,////
N o

N N N
o \ \ \ |
. 3
e L]

~2-(140 MeV)
Figure h.1
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4.1 Evolution of Peripheral Collisions

Tn order to make a conceptual link with the last lecture, let
us conséggr how deeply-inelastic scattering might evolve with
3

eneryy. Tmarine two nuclei with radii R collidines with relative
veloeity u.  The collective kinetic energy is
i 3 2
= { = u® 4 3
F (SHF pju W1

{We are dropping factors of order unity.)} If the nuclei are in
conmunication through a window of area Ta® {as ciscusced in lLecture
%, equ. 3.21, ete.), we have

a5

=~ Lpy (W32) u2 L2y

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

. L 2
t = R” u?/f 7 e~ (E) (—E) ‘L,
stop a v

w

Ve compare this time with the collision time, tcoll = F/u te give:
tstog ~ (R g u 2 R 2 Energy/nucleon (L)
t oo a 3 a Fermi Energy trer

Therefore if "a" is not too small, as the incident energy enproaches
the Fermi energy, complete damping plays less of =z role. Ve rnust
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. 39
Below 10 MeV/nucleon, the collision time is longer than the transit
time of a nucleon at the Fermi level; consequently the whole nucleus
can respond coherently to the collisioEb and the dominant phenonmena
are characteristic of the mean field.3 At relativistic energies
of GeV/nucleon, on the other hand, the reaction prOQESSE§ are domi-
nated by independent collisions of individual nucleons.3 1 ghe
transition region might be set by requiring the complete disjuncticn
of the two colliding nuclei in momentum space, i.e., at a gew tens
of MeV/nucleon. This transition, which could be labelled3<3 “from
nuclei to nucleons,” has been observed in peripheral collisions.

The approach is to measure the production crfgs sections and
energy spectra of projectile-like fragments from 0 induced
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ww_on tarcets such at Fb, Au as a Iunetion cg incident

. "es %2 come typical spectra Tor outroirn, 12¢ priupcts at
nt energies of 1k0, 218, 050 and 315 MeV are shown’*" in
~.7. The spectra all have & characteristic Gaussian form,
peskeu ut an energy (labelled Ep) corresponding to the Tragment
travelling with a velocity close to that of the incident beam. At
low enersies, if two-body deeply-inelastic scattering is the relevant
rechanisrn, this tehavior implies a hiph excitation of the residual
fragm-nts (compare the energy, labelled r.s. in Fig. L.2, associ-
atea with the production of the nuclei in the fround states). The
continuur could a%ﬁg gggrespcnd to transfer reactions to a hiph -
density of states * in the continuum, with an optimum (-value.>"i

The continuum is also characteristic of multibody fragmentation
at high gﬁgrgies. An examp.e of similar spectra at 2.1 GeV/nucleon
is shown~” in Fig. #.3. Here the spectrum is plotted in the pro-
Jectile rest frame, so that a fragment emerging with beam velocity
wou.d correspond to Pll = 0, where Pjy is the longitudinal momentum
in the projectiite frame. In fact, Jjust as n Fig, L.2, the Gaussian
shaped distributions are shifted sliphtly below this point. Both
at 2.1 Ge/A and 20 MeV/A this shift (AFy;) is well accounted for
by the separation energy of the projectile into the obsegﬁgdaggar~
ment together with residual nucleons end alpra particles” '7*77% (e.gq.
the arrow labelled Ep in the top part of Fir. L.2). 1In Fig. k.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 reactégns of the type reported here,
have an exponential dependence, o « exp(Qee/T), where Qgg
is the two-body, transfer ground igate -value. A good exgmple is
shown in Fig, bU.4 for the system 32pp (similar to 100 + Au,
Pb), in vhich the cross sections were obtained by integrating spectra
similaer to Fig. U.2. The exponential dependence on Qgg over five
orders of magnitude would not be expected from a simple direct
reaction model, 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 explesnation in terms of a

. s R =Y -20 - T30 ED S0
Figure 4.k o ” n.,a(uev)

XL 177 9008
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rotating dinuclearriystsm undergoing partial statistical egulibrium
at temperature T.>” 230 In a statisticael reaction, the cross
section is given by:352

B
n¥) = L,

0« ff( ) = exp T (L.5)
propeorticnal to the level density of states at excitation E*, which
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,

g * exp Qgg%élg (.6}

where we have included only the Coulomb term in @, since some of
the nthers are not strongly coupled to the degrees of freedom par-
ticipating in the equilibration.

The temperatures derived from this approach for a variety of
gzta ’;ncluging those of Fi%. 4.2, and of the extensive anazlysis of
16, 10y 4+ ©32Ty reactions3”l) are shown in Fig. 4.5 by the filled
circles, plotted as a function of the incident energy above the
tarrier (top scale). The variation initially follows the trend of
the Fermi pas equation of state, E* = (Ec-V) = aT<, where E, is the
center of mass energy, V the Coulomb barrier in the incident channel,
ard "a" is the level density parameter, equal 5% +o A/B, with A tre
mass_number of the intermediate complex. Hence T is proportional
to VEp-V, the variable used on the bottom scale.

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

(E¢m.-V)/nucieon
025 0S5 ( 2 51020 500 S00 2000
T

(I r T f 7
vg Ve f
8 s Tr -
z /
= /
e ® /
£ /
° /
5 4 -
1
€
L
'_z'— %F i
-
//{
ob——1 1 v 1l oy tarn] [
1 Q 1 1 100 500

Figure L. R
teure 5.3 (Eqm-V)? (MeVZ)

6L 785 - 948



o
s
a

the "emitter" is the projectile rathcor than the dinuclear
comj lex., 342,355-357 Then 0 « exp(Qp/T), with Qp equal to the
frarmentation G-value, and T is the projectile temperature. This
apy “oach has been applied %o the data in Fig. L.5 at 315 MeV
{"?O He‘v//A)yl3 and at 2. ] GeV/A; 348 the values of T are also
iisplayed in Fie. 4.5, ollowing the initial trend of the Fermi
rac equation, a rapid rise sets in between 10 and 20 MeV/L, after
which the temperature appears to saturate at approximately & MeV.
ftove 15 MeV/A, where the curve departs from the prediction of the
Fermi gas for heating the entire complex, nnly a part of the total
svster. can be heated (compare our discussiorn of hot-spots zt the
ers of the last Lecture). The saturation at £ MeV could be
interyreted by assuming that A' (<<A) nucleons participate and
ry less than BA' of excitation energy, where B is the tinding
ersy of a nucleon (=8 MeV), for the system tc survive to emit
corplex fragment. If this subsyster is excited like a Fermi
, the regult T = 8 MeV follows immediately from the equaticn
' = A'/BT¢, Since higher temperatures would result in a
disinterration of tle fragment,339 it is natural to refer to this
termperature as the "boiling point of nuclear metter" ‘It is
interesting to make an analogy with Fig. 1.4, where a limiting
temperature is also observed for hadronic matter; this has alsco
teen referred to as a boiling point of hadronic matter. 356

Although temperature is a useful conce;t for organizing the
data, and for understating the limiting behavior in the high enercgy
rerion an alternat1ve interpretation comes from the abrasion
rrr)':le’"'5 36 in which the primary fragments emerge by the sudden
shearins of the projectile without prior excitation. The dependence
ae {Qp/T) can also be derived anslytically with this model.3 361
The basic idea of this model is illustrated in Fir. .6 {top part)’

) e

ABRASION "DIRTY CUT" ABLASION

ifure 4.6
Figur XBL 7779683



The incident projectile in the region of overlap with the target hes
a part sliced out.362 The cross _section for this process can be
calculated using Glauber theory303 or from geometrical comnsidera-
ticns. The cut is not clean but creetes a hot region which causes
tke remaining fragments to be highly excited, so that they proceed
to evaporate additional particles (ablation). In the Glauber
ncdel at high energies the nucleus-nucleus cross section for an
evert in which n projectile nucleons are scattered out of the
rrojectile A is:

o = (A)fdzb (1-P(p))" p(p)*" b7
n n -

where

»p) = fdz de_s_ DA(s—bz) exP[_ATONN_/;Zl pT(s,z')] L.8

Yere (1-P{b)) is the probability of finling a projectile nuclecn in
the cverlep zone when b is the impact perameter. Equation 4.7 is
then the cross section for n projectile nucleons to be in the over-
lar and (A-n) outside. It turns out that O_ changes very little
velween 20 MeV/A and 2 GeV/A in spite of a large change in oyp.
However, at high energies the momentum transfer is sufficient to
krocx nucleons oput, but at low energies they appear to stay in the
rrefragment and deposit their energy. The subsequent fate of the
projectile frazecment (the ablation stege) is rather different in the
two cases. This model3 appears to account both for the isotope
iifferences and the element similarities observed in 01® induced

rcactions at 20 MeV/A and 2.1 GeV/A.

For the primary distribution of fragments, eq. 4.7, L.8 lead
to a distribution in mass and mass and isospin, we use the
forrulation of the abrasion model in Ref. 365 :

[ta-a)? (egty)?
o 330
C <« exp - > ~ 2
l 20 20 Lo
a t
3
where a = W+Z, the number of nucleons abraded, %._ = (N-Z)}/2 and

Oys Oy, 8re the dispersions around the mean valués ags tag.
Transfdrming to the v.riables N,Z yields the distribution of iso-
topes about the mean:

(n-x )
g « exp —(I‘l-.-‘_.))i?(—‘l—2 + l—;\,] = exp [———0— . k1o

20, 80t3 }J ¢

119



Values of 0,,0¢. are derived from a model with correlations built
into the nuc‘.eax3 ground state, viz. °t3 = 0,24 Al/3, Og = 4.9 Oy
(see later). 3

In the production of a series of isotopes the changes in Q‘F
are determined primarily by the N-dependent terms in the ligquid
Arop mass formula. For a fragment of mass AF this term can te

writt s

2 2
a {A_- -21.
a (AF 2N) ass(AF 1)

B i b
. F

where ag and B4g are the symmetry and surface symmetry coefficients
recrectively. It is then simple to derive a quadratic dependence
Gpoon (R-N,)E, viz.

e o= (o2 B (un)? - pnn )2 b1z
A Ala/3 At F o )

From Egs. 4.10 and k.12 we get,

G < exp (2%—) k.13

which is equivalent to the result of the_thermal model, with T
reclaced by af. By insertigg the values of Oys Oy and ¢. the
mass formula coeffic1ents,3 we deduce that T = 9MeV3(0r 5 MV
with velues of O neglecting305 correlations). This derivation

of isotope distributions ignores tﬁe subsequent redistribution by
nucleon cpatire and evaporation,36 but the value of 9 MeV is close
tc the requiied saturation velue of 8 MeV in Fig. 4.5. This
parameter in the exponential dependence of 0 on Qp is, hovwever,
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 sbrasion
model also acecounts consistently for the momentum distribution
of fragments in the projectile rest frame,

2
3 (p-p,)
a9 exp [— 2 "o

202
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vhere p, is the momentum corresponding to the peak of the dictribu-
tion, of width:

¢ _ 2 Fla-F) .
T % T s

¥, i are the masses of the observed frapgment and the projectile
respectively. This value of 02 is just related to the mean sguare
romentum of F nucleons in the projectile suddenly going off as a
single ragment. Not surprisingly, therefore, it is als» closely
related Lo the Ferni momentum hy pp = 0ov5 which has been

267 a5 235 MeV/c for 10). The analysis of the heavy-ion
ields o, = 86 MeV/c or pp = 192 MeV/c. The Gaussian

tien shown in Fig. L.3 is’ calculated with the atave
;atjens. For the enersy distributions in the labtoratory frate
nrle &, transformation of Eq. L.1l yields:343

meesuy

z JA
o« ./EAFE exp |- 0—; (E—ZaEl/? cos@ + a2) L6

- 2 . 4 p
where a“ = 1/2 HTV , v, is the velocity corresponding tc the
of the energy disiribution. This formula is used to generate

theoretical curve in Fig. L.2 for the top set of data at 27
zirain using Oy = 86 MeV/c in the expression for oc.

(N

The energy distribution in Eq. h.16 is also expected fram =
i a2l moael of frapgment emission. 3 Ther.fore, the formul
car. equa w211 be applied to the lower energy spectra in Fi:
where we already shown thet equiiibration processes &t

erature T are relevent. Zy conservation of energy and momernctunr,

cta

T

where n is the nucleon mass in MeV. (For 05 = B6 MeV/c. T = & eV,
consistent with the two interpretations of the isotope distributicns
in the high energy region). The values of T required to it the
data at all energies are shown in Fig. k.2 by the open circles.
Also included are data for oxygen on nickel at 315 MeV and on
tantalum3 at 96 MeV. Although only results for 12¢ frasments are
rresented, similar trends were observed in the enerry spectra of
other particles.3%3 At low enerpies (<10 MeV/nucleon) the
temperatures extrected from the momentum and isotope distributions
are in agreement, supportins the temperature model. At hirh
enersies (>20 MeV/nucleon) the saturation of the widths of the
momentum and isotope distributions at 8 MeV is consistent with a

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

1r we adopt the abrasion model for the description of the
high energy data, then the sudden transition from equilitration
to fragmentation must contein information on characteristic
properties of nuclear matter, such as the relaxation time f°§16 517
spreading the localized deposition of energy, or "hot-spot”, i
ovar 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 hend, if
the initial excitation 1s carried by coherent, collective compres-
sional modes, then this time is related to the freguency of these
modes , g%ich in turn depends on the speed of sound in nuclear
matter.309 Recent experiments,270 determining the freguency of
the monopole mode, lead3Tl to a value of the compressibility
coefficient K = 300 MeV, and an implied velocity of sound
Vg = /¥/9m of 0.19¢ (m is the nucleon rest mass). This velocity
and the Fermi velocity in nuclear matter (equivalent to 36 MeV/
rnucleon) are marked in Fig. 4.2, 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.

fi formal approach to the break-up of nuclear matter was given

recently, by writing for the stress, S:
aE 2 3(E/A) .

o= p o= S SiL/Al L.

f=P=-i=0p 0 (4.17)
with

2
E_h 2 2
a =57 k" + Ap + Bp (L.18)

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

k 2 2

P_2,2°F p 3
Sz Ep — [ B
0 =5 2n \ o, + Ap + 3bp (%.19)

Tfrom which information on the tensile strength of nuclear matter iy
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

et a few MeV/A. This approach, if extended to the type of peripheral
collisions we have discussed in above, could be a fruitful way of
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studying continuum properties of nuclear matter,

The equivalence of two extreme models for the 160—induced
reactions is an intriguins problem. One model assumes thermal
equilitration whereas the other is a fast abrasion process from the
nuclear cround state. The dereneracy might be removed by using
heavier projectiles such as Ar, with which the deeply~inelastic
scattering processes at low energies are better develoned (as we
discussed in Lecture 3). A new series of experiments to study the
isctope production cress sections as a function of enercgy has teen
initizted, An example of tne first experiment with 213 NeV/4
Arcon con Thorium and Carbon is shown in Fig. L.7. 'The identifica-
tion of isotopes was achieved by multiple AE-E identification in &
4 elerent detector telescope, and imposing gTK ~criterion that the
ilertifization be similar in all detectors.- All isotwpes up to
on were resolved althourh this 1s difficult to see in the ililus-

1

)

The womentum spectra for léo and 75 are shown in Fir. L.B.
Tnese are representative of all the isotopes are chosen as examples
ciose tc and far removed from the projectile. The theoretical
curves come from Equ. 4.1k and 4,16, with values of On = 90 MeV/c
‘see Egu. +.15). {The asscciated temperature is 8.9 MeV.) Zn the
Trarewcrk of Fig. L.5 this result Fits into the pattern ¢ -7, ana
ve take 1t as confirmatory evidence for the fast abrasion secharism.

— pPL o ZMin-1/2

XBL786-2548

2000 4000 6000 8000
—Total energy (MeV)

Figure 4.7
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‘n the thermal equilibrium model we might conjecgure that <he
teryperature would have come out lower than for C

as the initial
.ocalized deposition is cooled mogg"rapidly by the larger thernal
capacity of the heavy projectile.”?! The crucial test wi.l cone
from the equivalent study of the Zsotope distributions, since the
parameter af in Equ. L.13 ©s A-dependent, whereas the Fermi moren-
tum paremeter O, which characterizes the momentum distriruti

the abrasion nndel is not.

Althourh the analytical comparison fer the iryon reactions has
not been completed, the preliminary results do indeel indicate that
the "T" or "uB" parameter is quite different from 0 altrourn it
appearsyS to 1nerease to approximately 12 MeV, rather than decrease
as predicted by the {oversimplified) analyses of Equ. ! -L.13, 4
value of 1k MeV in the expression o « exg(QF/T) has been deduced in
a similar experiment376 with 250 MeV/A 1 C on Ce in which the tar:
fragmentation yields were measured by y-ray counting (this is
effectively the inverse experiment). The predicted curve, usins
only the leading &y value of Qpip is shown in Fir. %.9{a). The
likely success of the_sbrasion-ablation aprroach is alsc encoura
from the predictions®'! for the marnesium isotope distribution?'?
(hatched curve) in Fir. ..9{b) compared to the data (solid pcints’;
the celculation reproduces the width of the distritution fairly well,
although the peak is shifted from the experimental maximum.

The widths of the isotope distributions in the abrasion mede!l
is of considerable interest in view of recent attempts to account
for them by building correlations into the nuclear ground state, Y073
In the absence of correlations the abrasion model just calculates the
dispersions {(e.g., 0, and oy, in Equ. k.Q) in the number of protons
end neutrons removed as equiéalent to the relative number of ways

of distributing neutrons and protons in an assembly of "a" nucleon.
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CROSS SECTION

Fig. 4.10 shows sorg
rroduct change distributions for

adata were acguired by the radiochem1ca] method,
£n zlternative model for the dispersions assumes that
in the nusber of swept-out protons (see Fig. L.6) arise
voint vivrations of the giant dipole resg
vhase vibration of protons and neutrons. >
‘ALE} rive a narrower width in better arreement with the ex
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dats. The uncorrelated calculation (hyperreometric) givas toe

large a width, essentially because it aliows for unphysical possi-
bilities such as removing all "a" nucleons as neutrons and rrotons
alone. (The shift of the theory from the data is due to the neglect
of the ablation stage.) Very similar considerations enterecd intec
the evaluation of the correlated widths d,, Ot in Equ. 4.3, 4.10.

The subsequent ablation stage, in drifting the primary distribu-
tior back to the valley ot stability, tends to erase the memory of
the primary. The effect is illustrated in Fig. 4.11; the top sec-
tions display the primery ebrasion distributions for (e) rcorrelated,
(b) uncorrelated and (c) unrealistic pround state motion. After the
atlation stage {bottom) the distributiogg begin to look similar, but
some influence of the primary persists. > Returning to experimertal
data in Fig. 4.9{b), it is clear that verv careful measurements will
be called for, sﬁgce the completely different decgly—inelastic
resction “OAr + “°ca at 6 MeV/ALTT and the P + 23% reacticn at 800
MeV 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 L,9 (see
3.7), 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 Pig. 4,12 which shows that the W/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 {reedom, 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

Opr + 232’1‘}1, or better ““Ca + 232’I‘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,365’373 where the detection problems are simplified by
the high emerging velocity of the fragments.

More detailed measurements as & function of energy for many
systems must be made before a clear picture will emerge. Already
departures from the skelegal fr ework of Fig. 4.5 may be %ﬁgpping
up in recent studies of Au reactions at 90 MeV/A. One
piece of evidence appears in Fig. 4.13, where the momentum widths
of the fragments are compered with the parabolic deperdence inherent
in Equ. 4.15, evaluated with G, = 86 MeV/c typical of the other data
in Fig. 4.5. The systematics are obviously grossly violated. The
date at 20 MeV/A may not therefore reside in Asymptotia es suprzested
by our earlier discussion, and implied by some other features. Cne
characteristic of asymptotic behavior is factorization of the .ross
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sections into a projectile and target term. For the reaction
A+ T+ F + Anything:

F _ F
Opp = 0y Yo (k.20)

This behavior is a logicel consequence of the dependence C &
exp{Qp/T) but not of the deeply-inelastic deperidence

exp Qgg;AVc

of Equ. L.6, since the substantial differences of Q-value for gdif-
ferent targets would lead typically to an order of magnitude change
between Pb and Au targets. The factorization g eared to hold at
both 20 MeV/A and 2.1 GeV/A but not at 8 MeV/A. A direct reac-
tion model of §§r1pheral fragmentation also leads to the observed
factorization. The phenoma on is also reminiscent of the Bohr
independence hypothe51s. A dramatic illustration of the
factorization and lim%géng fragmentation hypothesls (i.e., yields
independent of energy ) is given in Fig. k.14, which compaIﬁs the
yields of target fragments produced by protons at 3.9 GeV/A ~"N ions
(upper curve) and 3.9 GeV protons {lower curve). (The date are
displaced by a factor of 10 for display.) Other experiments also
indicate that the distributions become similar for protons, of
equivelent total energy as the heavy-ion, rather then of similar
velocity.3 9

Figure 4.1k
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L.i entral Collirions
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stic eneryies mark a chanre in the ability of a nuclecn
. rh the nurleus. Above 1 GeV the longitudinal romen® i

~th appeq st fFrow to over L4 fm and terins to approxi
Eue ccllidinge nuciei could then pass

™

€ The conseguences of the collision
whp*he” the collision is De"‘pherc"| or central
i (b illugtrates examples f the two types. In a) the

zollision ¥l or 870 v/r “C results in a small nurber
-11\,ea, continuing in the pro]entl]e cwrectlon. For the cen-
2liision in {b), there is a ster|explosion 92 of Ar + Pt et
»he toteal mult1011c1ty of ¢ a*geu particles ranges up
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(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 in
the two regimes, it appears that the onset of these more catas-
trophie processesjtakes place at Toughly the same overlap of ruclear
matter densities.‘g To see thisa'z’ 50 we write Lhe reucticn craos
secticn as the swr of peripheral and central cross section:s:

o, =0, +0 {..22)

and cormpare values of 0, deduced ‘rom this equation by subiractins
the summed peripheral cross sections of all reactlon products in
‘62 + “Y9py, at 20 MeV/A and 2.1 GeV/E {last section) from the
reaction cross section, which has been measured directly &t 2.1
5eV/A ani was deduced from the optical model analysis of elastic
scatterine at 20 MeV/A.

Total
Frersy Reaction Peripheral reaction Cen?ral
o (mb) o {(mb) o (zx)
T
20 vev/ii ‘60+208Pb 1295 3460 21€7
P ) 160+208Pb 930 3100 2260

. . 16
The reaction cross section has also been determined from T reac-
tions in emulsions in the energy range T5~150 MeV/A and eppears to

rive cimilar values. Such an energy independence would nct be
expected Trem the known (large) varietion %ghthe nucleon-nucleon

cross secticn over the same energy region.>”

In the central collisions of the type in Fig. 4.15(b}, the
rost exctic features of high-energy heavy-ion collisions will te
hidden--one says hidden because they must be separated fren the
large background of (possibly) trivial effects which are the out-
come of the superposition of all the free nucleon-nucleon cross
sections, properly folaed with the particle distributions of pesitin
and momentum. The basic layout of a system designed to make quanti-
tative studies of central collisions is shown in Fif. L.16, which
co.bines a particle identification telescope to identify a partie
particle, with an array of plastic scintillators to determine the
multiplicity of charged particles associated with each event. "
larpe multiplicity is used as a sipnature of a central collision.

Prcton energy spectra from Ne and He bombardments of U are
shown in Fig. 4.16 for angles of 30°, 60°, 90°, 120° and 150°
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{(exeert for lle). The spectra have Maxwel)ian shapes correspcndin
ts high temperature, ghese Zpectra have been elerantly expl=zin
with a fireball model,>?2139¢ jllustrated schematically in Fig.
L.6(b). Thne model is an extension of the sbrasion-ablation picture
used previously for peripheral reactions. In the more central
ccllision, nucleons swept out from the target and prejectiie form

a gquasi-equilibrated fireball at high temperature, equal tc the
availabtle energy per nucleon. The velocity of the firektzll
assured to be that of the center of mass syster of the nucliecn
swept cut. The fireball expands isotropically in its center of
masc system with a Maxwellian distribution in enersy.

IR

Assuming spherical nuclei and straight-lire trajectories, the
participating volume of each nucleus is easily calculated as 2
function of impact parameter. The number of participatines proton
as well as the division between projectile and target are shown i
Fip., L.1T7 for Ne on U. At the bottom is the effective weirht,
Mol potons Biven to each impact parameter. The velocity o the

centér of mass of the fireball is then given by,

"

1
)
+2m
0 - Plab _ N [ti(tj 2m)) s
= = _IL_—.W________ N
em By (Np+Nt m+Npt:.l
where Plab is the lab momentum, Elah the total energy, ti the
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projectile incident energy/nucleon, ané m the nvclear mass. The
total energy in the center of mass of the fireball is

_[.2 2 1% .
E,. = [Elab - Plal] (b.23)

1f 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:

= 3/27 (L.29)

where € is the available kinetic energy per nucleon in the center
of mass, i.e. m/Ng + Ny ). The guantities B and € (calculated
relat1v1st1cally3 are g1ven in Fig. 4.18 as a function of impact
parameter. The momentum distribution of the fireball nucleons in
the center of mass is then:

2
2 -p“/2nT
S (omm)32 e (4.25)

pedde

where p is the momentum of a nucleon in the center of mass. Using
the earlier expressions this distribution can be transformed to an
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energy distribution in the laboratory, which must then be interrated
over impact parameter weirhted appropriately (Fig. 4.17). The
resultant distributions are shown in Fig. 4.16 (typical values of
R and T can be derived from Fig. 4.18 at the point of maximum
weight (B = 0.25 and T = 50 MeV)). Fairly satisfactory agreement
with the data is obtained. (Note: the data shown in Fig. L.1€
have an error of absolute normalization, and the authors of Rerf.
395 should be consulted for rorrections.) Recently more ed.anced
versions of the model such 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 1s possible to advance further and explain the distribu-

tions og"other frzcrents heavier than the proton with a coalescerce

2 % If any number of protons and nucleons corresponding to a
=ind nucleus are emitted in the reaction with momenta differing by
ess than a "coalescence radius" p, {a parameter ito be adjusted
which comes out at 130 MeV/c typical of Fermi momenta), they ere
essured to coalesce. The cross sections for these heavier nuclei
are then trivially related to those for the proton. However, there
are also thermodynamic models whic{gogxtend the fireball concept to
the erission of complex fragments.

4

N

Fragments from central collisions may originate from several
qualitatively different subsystems, such as the fireball, the
tarret spectators, or even an explosion of the fused target
. T rT_r_ T T
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projectile system. The detailed distrioution »f the longitudiral
and transverse momenta of all the frasments give information cn
these subsystems. For this purpose it is convenient to characterize
the distribution of longitudinal romentum by the rapidity »ariable:

(£ +py)
=0 1 wvh,
v R S5 p")
where E and py are the total energy and longitudinal morertun 57
th~ particle. (This variable is convenient in relativistic cystens

vecauze it transforms in Galilean 1 ien in changine frar
‘ontour plots of iInveriant cross sectiong, which are measures
function of angle, are transformed to Lhese vapriables in Fi..
fer inclusive proton spectra for the reactions 01 ggo 1ev/!
Th = p + x. These data were taken with a target centered rotatings
rurnetic spectrometer to obtain data at high p; for productisn
anrles 15° < 8, < 145° and proton momenta in the intervai

0.4 € p € 2.bh GeV/e. The half rapidity line that correspenis to

the velocity of the nucleon-nucleon center of mass frame is markea,
The mountain top of the cross section is found for p; I 207 MeV/e,

v =8 2 0.1. Most of the protons have small transverse momentur

and core from a source that moves slowly in the laboratory (targst
spectator decays). Towards hirh p, the contour lines move up ir »
but alvays bend round at a y smaller than {yp + yp)/z. The appavrert
proton source moves slower than the nucleon-nucleon center of mass,
Over a wide ranpe of p; the apparent source rapidity coincides wiin
the firebtall, which by equ. k.22, is arcund 0.4 for this syster.
Similar studies for He + NaF (i.e., an almost equal mass tarre
and projectile} which should have y = {yr + yp)/2, do not ex
support the elemental concept of the fireball but, ai *he !
call for refinements that allow a contiauum of source-veice

LT T 1T T I T T 1T T T T T 12
800 MeV/N Ne + Pb— p+X |

2t ( Y,,*Y;)IZ —]

Pr/mge

Fipure 4.19
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Nata obtained with the very different technigues of stacked
Lexan foil detertors give evidence for emission of complex f{sgﬁents
from a scurce moving with low velocity and high temperature,
which rannot e accommodated in the framework of a fireball. Theze
fraiments appear to originate from non-equilibrium emission from =
scerm 1ike the entire target, where the internal energy deer nos
:ch uhe value of 2 T per nucleon. The radial eric

in the source framé is strongly correlated with the v .r-z
independent of the mass of the fragment obsFrved.
is uncharacteristic of & thermalized source,'"? V
ive, nou-thermal processes can be imagined, amongs*t
ressiona! wave phenomena or the release of preeristins
These ideeas will te the topir of the last secticn, h. -,

repbail model was introduced in relativistin
collisions anag led to freat early insight into
that take place when heavy icnz collide. 1The

i¥s unqualificd success in its own territory, Lut v i:

to shed light on reactions at much lewer eneriv.

-5 the nuclear physies community) do not mind pickine up the
that fall Trom the rich man's table high enersy physier).
. venrider the lepical limit of the fTiretall appr

nt erercy is decreased. It works at 250 MeV/A and it rniftt
100 MeV/A. At still lower enercies there cannot be &
separated from the intersecting nuclei, but can
z;ine that the process derenerates intc a loca! heated recicnt
“ne poszibility of the process depends on the reaction ti compared
~r the time Por transporting the local excitaticn outwards intc the
As we have seen (Fig. 3.25) this time
at high enerrpies. Presurmably this concept of the
merges with the "hot-spot" discussed in Section 3.5 cf
. Some justificaticn for the validity o this approach at
st acwn to 20 MeV/A comes from the successful applicat
uber mudel to describe complex [ragment yields at 315
Eg. 4.7, L.B). To estavlish another link tetween the asynpictic
ani low energy regimes, let us lock again at the fireball data of
ks «.16 compared with a cascade calculation Wk 5p Fig. L.2C.
imultaneous evolution cf all projectile and target cascads

rarti~les is followed. Fion production and absorption are included
i I+ NA, and experimental cross sections are used to deterrmine
the cutcome of two-body collisions, Diffuse nuclear surfaces,
Fermi motion, the exclusion principle and tinding energy effects
are also included. The inner workines of these very expensive and
ccmplicated computer cmlculations are beyend the comprehension of
non-technicians, but they clearly do a pood job in descriving 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 larfer impacts
parameters).
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Compare now the proton energy speetral‘o5 from the collision of
¢ with *%Fe at a total energy of 192 MeV (i.z. only 16 HeV/A!)
in Fig, %.21{a). 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, requires
a temperature far in excess of the compound nucleus. (The center
af mass energy of 130 MeV above the barrier gives rise to 7 = 3.9

fror. the expression E*¥ = A T , and a resultant decrease of 105 in
k)
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in cross section between 10 to 60 MeV compz red to the observed
factor of 102). These data are also fitted by a cascade
calzulaticn00 gpen circles). An analysis of the output suggests
that the protons are evaporated by the projectile, which is excited
ir the collision and sequentially decays.?07 The high energy

ure produced by the vector addition of the low velacity

the prejectile frame and the high projectile velocity.

St

"loser investigation suggests that this exglanation nay have
Lew.  The datah08 in Fip. X.21(b) for 160 + 288py ar 315 Mev
@ wider range of angles from 20° to 80°. Over thicz rerion
‘Le srec~tra do not fall off sufficiently rapidly ta_be attribuler
tile decay. On the other hand they fall off too quickly
rate from the compound nucleus. Rather the data call for
>rriediate number of nucleons moving with an intermediate
v, Just as in the fireball. The solid lines are in fact
"t the high energy parts cf the spectra using egs. L.22-1.25
*ing the ideal mas (Eq. L.2L) by the equivalent expression
derenerate Fermi gas. The fits result in & temperature of
¥V {compared to the strict fireball prediction of 5.9 MeV)
- @ scurce of approximately 30 nuclecns moving with half the
tile velocity. The temperature of 6.9 MeV is almost the
the value deduced for the erission of complex fragments st
.~ incident energy (see the discussion of Fig. L.5).

Topreje

ar descriptions of proton spectra have been reported in
.induced reactions at energies of 25 MeV/AY09 ang

e The formation of a localized hot spot has also beer.
the analysis of a preequilibrium component in neutror
o €Ote + 150Ka, leading to a temperature of 6 MeV ang
rt*icipating nucleons.“ll Yet another approachll? is to dGescrite
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Figure k.23

the energy spectra with an angle dependent temperature in reactions
with 144 on 209Bi. Local heating takes place at the contact point,
due to strong frictional forces, and alpha particles are emitted
fror the rotating surface (compare our discussion of hot-spots in
Cfection 3.5}, Ve have already seen that the rotation angle is
intimately related to reaction time, in deeply-inelastic phenomena.
As the sysiem rotates the temperature drops according to the
conductivity and specific heat of nuclear matter. Figure L.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 lines, which are approached
after 3/l of a revolution.

There are other explanations in vogue for the explanation of
enerretic light particles emission in heavy-ion reactions. For
exemple, Fig. 4.23 shows339 a heavy-ion reaction at relative speez
V of nucleus 1 at the ion-ion barrier. A nucleon v moving from 1
to 2 has on arrival a velocity ¥, = vy + V where v is its velocity
in nucleus 1, with a maximum of vp + %. The maximum kinetic
energy is:

E(max) = Ep +E 4 ¢+ 2/EFEre1 L 27

For a 20 MeV/nucleon with Ep= 35 MeV, E reaches 108 MeV. 4n
extension cf the model to "Fermi-Jets" has recently been developedh13
and studied experimentally.hl The emission of fast light particles
is also encountered in time-dependent-Hartree-Fock calculations1s
and in hydrodyneamic calculations.b16 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 T/k, from the surface. The

two types of calculations are compared in Fig, 4.24 for a collision
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vfA = 100 MeV/nucleon. The numhers at the right give the
cxpressed in units of  fr/e in the hydrodynamical calculations,
unite of 1021 gec for the TDHF. In both calculations a
1ir2e of nuclear matter is ejected with hisher than Yteam

erner of

w energy light-ion reactions there are well developed

3 riur ther ies for fast particle emission (see refs. 315-322
#.17. A critical question in these thecries is the correct initial
ezeiton number tc use. For o-particle induced reactiors there is
evidence that the correct number is four, for two protons and two
neutrons, 217 In heavy-icn reactions one might assume that the
hewry ion, eg. 120, breaks up into 6p + ér, and the nunver of
exnitons would be 12. Calculations“!7 based on this hypothesis far
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by
the ‘Jir(l?c,n) r-action are shown in Fir. L.25(a)., The dashed

line for 100 Mc¢V representc essentially compound nuclear evamnrsticr
(dashed line) with a small preequilibrium component. HNow note the
dramatic change at 200 MeV, where the huge increase of the
preequilibrium emission leads to a cross section extending out to
very hirh energies, just as in the 12C and 016 induced reszctions

of Fig, L.21. The preequilitrium emission tecomes important wher
the excitation energy of the compound system becomes compar:
with the particle binding energy/exciton. A method of 2
the number of excitons is to plot‘l the log of the diffe:reantial
cross gection versus the log of the residual excitetion and the
slope fives the {number of excitons-2). An example for u-inda
reaction is piven in Fir. L.25{b) on a variety of tarsetz; the
~pes, marked on the left hand side, are typically about > (a
- vlot for the 716 induced reactions of Fig. L. 211y} vields

very close to the number of particles in the firevall celculetion!

A.l the atove len thy discussions, (which are a considerable
cnion from our deseription of central, relativistic neavy-ior
sions) are meant to ermphasize that the questions of
zlization, hot spots, hirh temperatures and the like are not
anigque to the province of Asymptotia. These phenomena are fir
ted throughout the whole physics of light and heavy-inr
colliisicns and their interpretation will call for all the 170l
of nuclear dynamics, whether microscopic or macroscoric, a
or low energies, We have to understand how the central co
at low energies evolve from fucion, fission and deeply-ine

Do e

rrocesses to the more catastirophic event of Fig. L.; . Th
already intimations on how to treat these provlems.<19,-70

- - . 1
/s a final 111ustrut1on3 7 look at the two spectra

cn compares p+p collisions at 100 GeV/e with 99 (p,n:
B ———
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nergies of 30 MeV. “oth spectra have a "low tempe:ature”

in the p+p case T =~ my the 11m1t1n, temperature d ussed
10

d

ntrodu-ti-n Lo Lect ure 1) and a "preequilibrium tail
te vcnsidﬁ"ni as lﬂcaA, 1nstantareou= Aﬂu*l)br;un in a hot sr-t.>
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It hes been surgested that a2 compressed zone of high energy
density ray be Tormed in a central collision, which propagates
as & shock wave and could lead to the emission of energetic
frarments upon impinging at the nuclear surface.’30-L31 sgyen a
propagatior of high compression (p > po) and with velocities
vs > 0.2c¢ has been called a "shock wave." The progress of this
wave is illustrated in Fig. 4.27. In the initial phase a “splashinc
tidel wave" is expected at a backward angle sing, = Vt/vi’ wherse
vy is the expansion velocity of the shock compression zone. In
the second stage 2 strong compression shock is created accompanles
by a Mach cone traveling outwards in the direction o, cospp = vs/vr
where vg is the shock expansion velocity. In the final stage,
matter is emitted in the directions ¢1{splashing) and 9o (¥ach).

In reality the projectile would slow down considerably and the
simple lMach 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 fluid. 3% 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 isk3

v, = (P(/Qmo)]'2 L. 28

and the projectile energy/nucleon above the Coulomb barrier requirea
to reach such & velocity is:

E/A = K/18 Y.29

1Lz
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F.  typical values of K between 150 and 300 MeV, vg is derived to
te 0.13 and 0.19c, "or EfA of 8 and 17 MeV. Apparently compressi-
bility will be important at the relativistic energies we have been
discussing. TFor a hydrodynamic description to be valid, the mean
free path of the microscopis particles should be small compared to
the macrcscopic dimensions. From the known nucleon-nucleon cross
53 tion ¢f <0 mb at 2 GeV, we can estimate the mean free path
M=~ 1/pg =~ 2 fm. So the criterion is only maﬂginally fulfilled.
"me iy drodynamical egquations have been solved s83h oy collisions
of 2%Le on U (the reaction used for the fireball discussion) at
50 MeV/A., Figure 1.3 showed the time development of the density
a5 represerited by the distributions of particles, feor different
imract perameters. For the nearly central collision (labeled 0.1)
the reor penetrates inte the uranium nucleus and sets off a strong
st.. .k wave {clearly visivle at 5.1 » 10~ sec). Subsequently
noct of the energy of the projectile is thermealized and the

i expands. The other two sections illustrate an irntermediate
:meter (whizh should come close to the fireball
', and a perirheral collision in which we see a part of

uler distributions for central collisions are computed
tributicn of nucleons in the final state they lead Lo
=xtureless exponential forms, with nc sharp shock wave

inotrher way oi treating the density problem is by intrcducing
statisti‘al microscopic celculations.53 These make Monte Carlc
simuiations of colliding samples of almost free point nucleors.
-nucleon scattering follows the known cross sections,
icn of energy, momenturm, and angular momentum. The
and vejocity of each nucleon is known (in principle) at
ime. These calculations indicate that the transparancy
are too large to give high enough cempression to produce
7

neless, they have been searched for,hj] and the first
made extensive studies of high multiplicity events in
ctors using 4gCl crystals and emulsions. The distribu-
tionz of dJ,/d8 were measured for events with more than 15 pronges,
ani w typical example’37 appears in Fig. #.28(a). The sharp

veak seemed to shift its position in a way characteristic of Mach
shacks with a propapation veloeity,

v, T oY cosB{peak) 4,7
and the peak moves backuards with increasing energy. These rpeaks
hzve not been found in other emulsion experiments, nor are they
present in the diffirgntial cross sections obtained with the live
counter techniques. 3 It seems that the peaks are due to



.
e

I B | T T T
o e dNdo 55 -.87 GeV/A
16g ON A x:|_' d (a.u) >
12 g @ A 5.
£ 0.87GeV! NUCLEON R K "\
z g / *
E 8 x I/ {a)
& d
g !
< ¥ o®
‘ ° (b)
5 » He °
E component @ . .
T T L A 1 L
oo' 80° s 120° 180° & L 60 20 180°
8 —»
g

Figure L.28

cortinatiens of different particle types, such as preions und zlthas
which werc selected by the experimental technique at 4iffzrent
~ies.%39 (Fig. L.28(b) shows both conponents ani the s
experimental searches for shock waves have not yieli
roo .itive results (see Ref. 337, p. 38 for a sumrary! and
be concluded that there is no proof of their existence.
iourh it is not clear these experiments were capatle o7

'1

'!

D o+
Noa oo
D o+

abliching the existence of such effects, in that they were
predoninantly single particle inclusive measurements, lackires
¢ssentizl information on multiplicities. This critericn can
be levelled at a recent study of the 0ar + 982 reacticn at

L& 6eV/A. 50 4 test was made of the possible correlatirns bel
particiier n-u1t1p11c1tv M and the inclusive cross sec g
the ratio r = \-.’,( 7,4 Y/w(e L L) as a function of the lat-ratcry
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angle 6 and the repidity YL. This ratio is shown for p, t, d in
Fig. 4.,29. The multiplicity requirement was that at least seven
fragments are detected by an Array of Cerenkov detectors. Accerding
to a shock wave model,” 1 the fragments from a shock wave in the
preojectile would peak at rapidities indicated by the shaded region.
The evidence is nerative.

wnly the first reneraticen of experiments have been completed,
vhich have primarily lcoked at single particle inclusive spectra.
There are many refinements in progress to search for collective
effects of nuclear metter at extreme density and pressure —
ccnditione which are alsc probably realized in the interior of
neutron stars. As an indication of socme of the exciting
tilities ahead, Fig. L.30 shows the anticipated equation cof

This eguation, 2t densities above twice normal, can be
collective phase transiticns to Lee-Wick abrorral
dgpii}yaisomers or higher order transitions to & ricn con-
Lt thELExperimental signatures of which have re-
teen discussed. In the abSence of .hese effects the enersy
imyly increase monotoniceally with density. Cince pressure
yneric models is proportional to 4E/dp, a change to
slope sbeve twice normal density would imply negative
«.ir. condensation to abnormal matter. The most favore

cns}
ined to individual nucleons but instes move
the nucleus. 45 A possible signal for these new

. tter would be some unusual thermodynamic property cof

r 2t Lirh baryon density. One proposal (discussed by

ir. this Ztudy) extends the speculations about haidron

to the heavy-ion domain, raisinr the p2ssibility that
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dense natter might exhibit a2 limiting temperature T™m_ =~ 1L0 M=V,
as we discussed! at the berinning of Lecture 1, and u‘n;Eh many have
been obserwed in hadron collisions. It has been said"“" tpat "uy+y
collisions in the repion of U GeV/A mirht produce important new
rhenomena, perhaps even practical applications. It should te
nrted that unlike hadron collisions thece effects are not
durlicnted in accessible astronomical procecces. They would be
niike.y to occur except in gravitalinnally coilapcing obecte,

oy in the irgrerse process to the Big Bang. The lack of

tronomical 4nformation means that we must depend on theoretical
imates to deduce the consequences of the stability of matter

th supernormal density. Evidently thic could be & potential
nerey source, since it conld swallow up nucleons and dicsgnrge

but equally evident is the possibility that the cwallowine
would be hard to control."

z
z
=
2
H ,//
H
g
8 pletoonen N Froer GANIL
E [\ DuBNA uSSR \<: i
20| UNILAC, Germany N

2= 92

A
- /\\\\nuam ussa |
20"y saosem T on 1y
25 MY totam
2 4

Coutond barrier for
Proguctile mass = Targes mass

R O

wo 0 200 250
Projectile mass number

KBL 755-2096

Figure 4.31



Whatever the theoretical speculations, the ultimate test
will come from the experiments conducted on the present heavy-ioen
accelerators (see Fig. L.31) although some of these studies call
for yet arnother generation of accelerators, reaching energies of
101 %eV/nucleon, beyond even the range of the upgraded
~ith the last statement, T must surely have covere:i at
~gorsitle Things and T shall stop!

4

.5 Envoi

r lectures I have attemptet to rFiven an overvi
vities in the dirferent areas ol nuclear reactior.
irns, My selection of material was guided to scre
attempt to show that the sutjects of Microscoria,
and Asymtotis are not separate ang distinct. The
1leration and development on all three continents ir
rxatle, ana dispenses with the criticiszms of many

ses” in the early days of heavy-icrn research, whe
the procrsses Wwould be sco complicated as to dely
tative understaniing. Nor shculd we be deterred hv
vhe insist that all the same phenomerna can te studied
in hadr~n reactions. The fact is that they were neot
nrtil stimulated by heavy-ion resezrch, and this is

" 1ncating high spin states in nuclei or of itcrming

reballs. We have only to look at the quality of heavy-

% ani the sophistication of our present microscopic theories
f 1istep prccesses in defermed rare-earth nuclei, to wender
whether o:r tools would be of poorer guality withcut the advent

of heavy ioms.

lectures must seer a little like z helicopter tour cver
the ”ﬂn::nﬂnta- Junieles. We have not fiown very high {this is
the tusk of other lecturers) but neither was your pilot skiliful
«r kncwiedeable enough of the terrain te set down in the dense
uniceryrowtk. The metaphor of the Jungle is apt, because that is
what erperimentzl physics is like. €ESince this School is mﬁin W
& Theoretical Study we do well to recall Max Bern's words™™' on

the relationship of Experimental Theory in Physics. "1 believe
there is 5o philosophical high road in Science, with epistemolosical
signposts. No, we are in a Jjungle and find our way by trial and

by error, bullding 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 oppesite directions: two theories

each claiming to be built on "e priori” principles, but widely
differant and contradictory.”

1L
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AL the moment it is not clear where the many paths will lean
ir. heavy-ion physies, but wherever, we ran be assured that we have
extarked on one of the voyages of the Century. The analory is
~ften made “hat research in heavy-ions is like lnokins for
fnwers armong the weeds, and if any sipn of flowers are ev
i tree wee s of these lectures, then it is only beczus
v 'mamie noa bunch nf other men's fJ,mnrs and pre
7 ownh but the string to bind thex"!HE TYEN
- to the many people whose research I have used, wit
Troer innerrretation or acknowledrement, let me end wi<rn

. Wiy .
Aion 7 of how the Jungle will look one Aday, an
i lawns and flower beids.

"

.furh gardens are not made,
sinfing: 'Ok, how beautifull' and
sitting in the shade,

“hi.e better men than we go out and
start their working lives,

5t prubbing weeds from gravel paths
with broken kitchen knives.

“h, Adam wes a gardener and God
who made him sees

That halfl a proper gardner's work is spent
upen his knees,

" when your work is finished you can
wash your hands and pray

For the Glory of the Garden, that it may
not pass away!

4nd the Glory of the Garden it shall never

pass away!




ACKNOWLEDGMENTE

I wish to thank the many workers in the field of heavy-ion
rhysics who have written excellent reviews which helped me to
prepare these lectures, and the many individuals mentioned in the
%t who sent me preprints on recent developments. Also, I owe
an enurmous dett to my immediate colleagues in Berkeley, M.
Fuenerd, M. Bini, P. Doll, C.X. Gelbke, D.L. Hendrie, J.L. Laville,
/. Mahoney, G. Mantzouranis, A. Menchaca-Rocha, M.C. Mermax, C.

r, 7.7.M, Symons, Y.P. Viyogi, K. Van Bibber, H. Wieman, P.J.
ns, K. Furaggi, B.G. Harvey, F. Beiser, H. Crawford, D.E.
fireirer, H.H. Heckman, P. Lindstrom, G.D. Westfall C. McParland,
CLAL Cnecoin, J.V, Geagae, J.Y. Gressiard end L.S. Schroder. 1In
additior 1 have ebsorbed many ideas from the wider milieux of
recearch and research workers at Berkeley. Finaelly it is a pleasure
tc¢ thank: Shirley Ashley, Antoinette Czerwinski, Zlaine Thayer,
anj Mike Maublitz of the Word Processing Dept; John Flambard and
the staf? of the 11lustration Dewt.; Marty Casazza, George rarawa,
hrm oty "jtke, Alme redersen, Steve Yarborcugh, Rorveri
Crurehl lee: and (teve Adams of the Photographic Iept.

g superhuman efforts cheerfully to get these lecturec

Thiz work was supported by the Department of Energy.


http://rv.fr

References

The list of references is not scholarly either ia its complete~

ness, or in its attention to historical development. 'The references
are illustrative, and were readily &ccessible or well known tc the
autror at the time of writing the Lectures. A careful resding nof
ihem will nevertheless provide an excellent introduction t- heavv-
ion experiments!

1.

1

jon)

10.

11.

12.

13.

1h.

Hulton Arp, Atlas of Peculiar Galaxies, published by falifornia
Institute of Technologv, 1966.

f. Toomre and J. Toomre, Astrophys. Journal 17P, €2+ (1972}

J.1. Vary, Second High Energy Heavy-Ion Summer St
1974}, Lawrence Berkeley Laboratory Report LBL-2

£.A. Amsden, F.H. Harlow and J.R. Nix, Phys. Rev. C15, 2059
(1971).

I3

F. fleidl and A. Cameron, Astrophys. and Space Sei. 1%, Lk
(1972). -

VW. Scheid, J. Hofman and W. Greiner, Ref. 3, p. 1.

I.¥. Glendenning and Y. Karant, Phys. Rev. lLett. Lo, =7k
(21978).

A.T. Laasanen, C. Ezell, L.J. Gutery, N.W. Schreiner, .
Schubelin, L. von Linden and F. Turkot, Phys. Rev. let:.
1 (1977).

3. Weinberg, The First Thrce Minutes, A Modern View ¢T the
Origin of the Universe (Basic Books, N.Y. 1G77).

Proceedings of the International Conference on Nuclear Reac-
tions Induced by Heavy Ions, editors R. Bock and W.R. Hering
{North-Holland, Amsterdam, 1970).

Proceedings of the International Conference on Heavy-lon
Physies (Dubna, 1971}, JINR Report DT-5769.

Symposium on Heavy-Ion Reactions and Many-Particle Excitations
(Saclay, 1971), Colloque du Journal de Physique 32, c€ (1971).

Proceedings of the Symposium on Heavy-Ton Scattering (Argonne,
1971), Argonne Report ANL~T83T.

European Conference on Nuclear Physics (Aix-en-Provence, 1972),
Collogue du Journal de Physique 33, CS (1972).

150



1s.

1.

27.

Proceedings of Heavy~Ion Summer Study (0ak Ridge, 1972), editor
S.T. Thornton, USAEC Report CONF-720669.

Prcreedings of the Heavy-Ion Transfer Reaction Symposium
(Argonne, 1973), Argonne Report PHY-1973B.

roccedines of the International Conference on Nuclear Thy
editors J. de Boer and J.H. Mang (lorth-Hollend, Amsterdar,
197R).

Proceedings of the International Conference on Reactions
between Complex Nuclei, editors R.L. FRobinson, F.K. MeGowan,
Bell and J.H. Hamilton (North-Hollznd, Amsterdam, J97L}.

“econd High Energy Heavy-Ton Summer Study (Rerkeley, 197.L),
Lawrence Berkeley Lazboratory Repert LBL-2675.

Proceedings of the Symposium on Classical aznd Quantum Mechari-
1 Aspects of Heavy-~Ion Collisions, editors H.L. Harney, T.

Fraun-Munzinger and C.K. Gelbke, Lecture Notes in Physics *3
!+uringer, Berlin/Heidelberg/New York, 1975).

Froceedings of the INS-IPCR Symposium on Clusier Etructure cf
u~lei and Transfer Reactions Induced by Heavy Tons (eds. .
¥amitsubo, I. Kohno and T. Marumori) Tokyoc, 1975, IPCP
Progress Report Supplement k.

Proceedings of the Symposium on Macroscopic Features of Heavy-
Ion Collisions {Argonne, 1976), Argonne Report ALL/PHY-76-2.

Third Summer Study of High Energy Heavy JTons (Berkeley, 197¢1,
Luwrence RBerkeley Laboratory Report.

turopean Conference on Nuclear Physics with Heavy Ions /Caen,
197}, Collogue du Journal de Physique 37, C5 {197€).

Theoretical Aspects of Heavyv-Ion Collisions (Falls Creek,
Tennessee, 1977), ORNL Report 770602,

Proceedings of the International Symposjum on Nuclear Colli-
sions and Their Microscopic Description (Bled 1977), Finika
9, Supplement 3 and L (1977},

Proceedings of the TPCR Symposium on Macroscopic Features of
Heavy-Ton Collisions and Pre-Equilibrium Processes (Hakone,
1977), eds. H. Kemitsubo and M. Ishihera, TPCR Progress Report,
Supplemnent 6.



28,

09

troceedings of *he International Conference on Nuci
ture, ed. T. Marumeri (Tokyo, 1977). Supprlement~f, 1.
Une. Japan Eﬁ.(lng)'

Heavy-Ton Collisions, ed. P. kock (lorth Holland), tr bLe
1ubiished 1978,

. lcott, Eeavy lon Ezxperimernts, Lectures yrecenie:
the Geottish Universities Jummer Zehool in Phys
fnarews, 1977) and the Latin American Oummer Cchool
‘Mexico City, 1977), Lawrence kerkeley laboratory Trerrint
1 (19777 and to be pulliched.

L.4. Fromley, Ref. 17, v. 27,
,..0. Goldhaber, Fef. 19, p. A7,

... Goldbery, Cymposium on Heavy-lon Klastic Ceatterine
!Prehester, M.Y., 1977).

woCe Varn, JUM. Alexzander and E.H. Auerbach; I
s nder, to be published in Phys. Rev. O,

oo 1Ry 13

T. ¥oeling and P.A. Malfliet, Phys. Penorts

V. ¥nell and R, Dchreffer, Ann. of Phyo. 97, 307 (19773,
.M. brink, Lectures on Heavy-lon Feaus'inns 'Orsay, Mar-h,
1970

AR

K. ¥rahn, Ref. 20, n. 107 end refs. therecin; sec air -l
eries of papers T, TI and TIT on the Generali
¥ iel for Heavy-Ton Geattering by W.E. Frahn, o

W
‘

7.0, Blair, Phys. Rev. 95, 1218 (105h).

[
95

J.H, Ball, C.B. Fulmer, E.E. Grogcs, M.L. Halbert,
C.A. PRudemann, M.J. Saltmarsh and G.R. Satchler, I
2, POB (197%).

G.K. Catchler, Ref. 18, p, 171.

¥.E. Christensen and A. Winther, Phyvs. Lett. (5K, 10 (107
C. Clmer, M. Mermaz, M., RBuenerd, C.K. Gelbke, I".T.. ¥

J. Mghoney, D.K. Scott, M.H. MacTarlane and 8.C. Ticper,
Lawrence Eerkeley Laboratory Preprint LBL-6553, to be
published in Phys. Rev, C.

w


http://Kxperir.pr.tr
http://Knr.ll

o

‘.A. Goldber, and S.M. Smith, Phys. Rev. Lett, 29, S0C /1%75),

Crawer, R.¥. DeVries, D.A. Goldberg, M.S. Zisman and
©.F. ¥apuire, Phys. Rev. Clk, 2158 (1976).

Jackson end R.C. Johnson, Phys. Lett. LU9B, 2Lg (197L),

F.M. Devries, D.A. Goldberg, J.W. Watson, M., Eisman
J.G. Cramer, Phys. Rev. Lett 39, L50 (1977).

Al “'1C"vrs¥1 and Y. 3iwek-Wilczynska, Phys Let 55k,
f=nvs. I, Wilezynski, .ucl. Phys. 2L {1972).
tyers, ducl. Phys. A20L, LG5 (19773},
Pandrup, W.J. Swiatecki and C.F. Tsarg,

, W27 (1977).
.M. brink, Ref. 2k, p. C-UT7.
“irzelund and J.R. Huizenga, Phys. Rev. €17, 12¢ (1977},

5, Phys. Pev. Lett. 29, 265 (1977).

7.7, Vary end C.2. Dover, Phys. Rev. Lett. 21, 151C [1977).

.F. Umechler, Fef. 1P, p. 171,

V.G, love, Phys. Lett. 728, L (1977).

¥. keck, K-i. Miller and H.C. ¥onler, Phys. Rev. Lett. L0, °-
11979} and refs. therein.

L.¥. Brink and Fi. Staencu, Oxford University Preprint, £./77,

¥.C. Lemaire, Phys. Revorts 7C, 280 (1973},
W.F. Phillips, Rep. Prog. in Fhys. Lo, 35 (1977).

£.J. Baltz and S. Kahana, Adv. Phys. 9, 1 (1977).

1.C. Lemaire, Prcc. of Int, Coni. on Clustering Asvects of
Ruclear Structure and Nuclear Reactions (Winnipeg. Manitoba,
1978).

H.T. Fortune, Ref. 28, p. 99,

.M. Wilkinson, The Investigation of Nuclear Structure Problems
at High Energy. DProceedings of the International School of
luclear Physies (Erice,197h), ed. H. Schopper (North Holland,
1975), p.



9.

80,

™
n

f. Mechaca-Tochn, D. Phil, Thesis, Oxford Univerzity (19745,
M. Brink, Phys. Lett. hon, 37 (1972).

Y. fnyas-We:ss, J.C. Cornell, P.0. Fisher, P.U. Hulnon, 4.

Mechara-Rocha, D.J. Millener, A.L. Panzglotou, L.K. Uecss,

Ctrottman, DUML Brink, E. Buck, P.J. Ellic ari 7. knpel

Prys. Pepors 120, o010 (1970).

.l Artemov, V.Z. Gnldberp, I.7. Tewrov, V.P. Pudakow,
ikov and V.A. Timcfeev, Sov. J. Nuel. Pnys. 2L, 1 (197

denentea-Pocha, M. Buenerd, A, Da~al, L.L.

frtiz oane LUK, Ceott,

Hamm and K. Begatwni, Phys. Bev. 017, SP4 (1975 ar
. theyein.

¥uck wnd A.h, Pilt, Nuel. Phys. APGS, 1 (1978 g
wherein,

Feroher

.M. leVries, D. Shapire, W.G. Davies, G.
url W. Melatchie, Phys. Rev. Lett. 25, 83

\_..
ot
85
N

w.5. Davies, R.M, DeVries, G.C. Ball, J.S. Forster, W. Mclatehle,
l.. Shapira, J. Toke and R.E. Warner, Hucl. Phyo. L0076, L7T
fra7e).

T.M. leVries, J.5. Lilley and M.A. Franey, Phvs. Pev. Lett. .
1 (19763,

T.%., Jnckson and M. Rhoades-Brown, Nucl. Phys. A2Y, o4 {1477,

%.¥. DeVries, D. Shapira, M.R. Clover, E. Gove, 1.1, Oarrer:

and G. Corensen, Phys. Lett. 67B, 19 {1977).

H.h. Frorlia and P.F. Bortignon, Phys. Lett. £5B, 771 (1979},

I..K. Scott, B.G. Harvey, D.L. Hendrie, L. Kraus, C.¥
J. Mahoney, Y. Terrien and K. Yagi, Phys. Rev. lLett
(1974).

G.T. Hickey, D.C. Weisser, J. Cerny, G.M. Crawley, A.¥. leller,
T.R. Ophel and D.F. Hebbard, Phys. Rev. Lett. 27, 130 (197€).

G.C. Ball, W.G. Davies, J.S. Forster and H.R. Andrews, Phys.
lett. 60B, 265 (1976).



g

155

I. FPaschopoulos, E. Miller, H.J. Kdrner, I.C. Gebrich, ¥.E.
Eehr. end J. Scheerer, Munich Preprint (1978), to be published
in ¥bys. Rev. C.

¥. Campi, H. Flocard, A.K. Kerman and S. Koonin, Nucl. Fhye.
71, 197 (1975).

r..F. Greider, Ref. 10, p. 217. -

‘ne of the most recent techniques for evaluating this integrnl
¢ given by D.H. Glockner, M.H. MacFarlane and S.C, Pieper,
-onne liational Laboratory Peport ANL-T6-11 (197C).

f.l. Pond, C. Chasman, J.D. Garrett, C.K. Geltke, Q. Hansen,
¥.7. Levine, A.Z. Schwartzchild and C.E. Thorn, Phys. Fev.
Tete. 3€, 300 (1976).

¥.c. Fuller, Ehys. Lett. 69B, 267 (1977).

E.4. Seglie end R.J. Asciutto, Phys. Rev. Lett. 39, €%€ (1977).

lelic, ¥. Pruess, L.A. Charleton end K.K. Clendenning,
. Rev. Lett, 698, 20 (1977).

¥or a recent summary, see. K.S5. Low, Ref. 2L, pC&5-1%.

-

¥.'. Low, T. Tam.~a end T. Udagawa, Phys. Lett. €78, 5O (1677},

Bond, M.J. Levine and C.E. Th.rn, Phvs Lett. €%3, =27
)

.G. Kovar, 1o be
978).

¥.E. Rehm, W. Henring, J.R. Erskine and D
tlished in Phys. Rev. Lett. 40, I.72 (1

U.X. Glendenning, Rev. Mod. Phys. &7, 659 (1975).
.E. Scott, B.G. Harvev, D.L. Hendrie, U. Jahnke, L.
.F. Meguire, J. Mghoney, Y. Terrien, K. Yagi and I
lendenning, Phys. Rev. Letz. 2l, 895 (1975).

us

D
o}
G

[EH

F.D. Bond, H.J. Korner, MK.C. Lemeire, D.J. Pisanc and C.
Thorn, Phys. Rev. Cl6, 177 (1977).

J.C. Peng, M.C. Mermaz, A. Creiner, N. Lisbona and X.Z. Low,
Phys. Rev. C15 1331 (1977).

M.C. Lemaire and K.S5. Low, Phvs. Rev. C1€, 182 (1977).


file:///raus

98,

0
D

100.

101.

102,

10%.

10k,

106.

107.

108.

109.

110.

111.

112,

K.A. Erb, D.L. Hanson, R.J. Ascuitto, B. Sorensen, J.S. Vaagen
and J.J. Kolata, Phys. Rev. Lett. 33, 1102 (197k).

C.F. Mzguire, D.L. Hendrie, U. Jehnke, J. Mahoney, D.K. Scott,
J.S. Vamgen, R.J. Ascuitto and X. Kumar, Phys. Rev. Lett. L0,
5R (1978).

E. Sorensen, Phys. Lett. 66B, 119 (1977).

K.W. McVoy, Proceedings of the Oaxtepec Symposium on luclear
Physies (Mexico 1978); B.V. Carlson and K.W. McVoy, Huecl.
Thys. A297, 310 (1977).

h.J. Baltz and 5. Kahana, Phys. Rev. C17, 555 (1978).
T. Tamura, Phys. Reports 1LC, 61 (197k).

For e review of experimental techniques, see P. Armbruster,
Ref. 2k, p. 161; the forthcoming issue of Nuc. Inst. end Meth.
on Spectrometer Detection Systems, ed. by D.A. EBromley; and

B. Engeland, Lectures at Scottish Universities Summer School
irn Physies (St. Andrews, 1978).

C. Olmer, M.C.Mermaz, M. Buenerd, C.K. Gelbke, D.L. Hendrie,
J. Mahoney, A. Menchaca-Rocha, D.K. Scott, M.H. Macfarlene
and 5.C. Pieper, Phys. Rev. Lett. 38, 476 (1977) and refs.
therein.

T.A. Belote, N. Anyas-Weiss, J.A. Becker, J.C. Cornell, P.S.
Fisher, P.N. Hud.on, A. Menchaca-Rocaa, A.D. Panagiotou and
D.E. Scott, Phys. Rev. lett. 30, k50 (1973).

H.V. Klapdor, H. Reiss and G. Rosner, Eighth Swu.mer School on
Nuclear Physics (Mikolajki, Poland, 1975), Nukleonika 21,
763 (1976).

H.V. Klapdor, G. Rosner and 't, Willmes, International Workshop V

on Gross Propeiiies of n.~l2i and Nuclear Excitations
(Hirschegg, Austria, 19/ ..

N. Marquardt, J. L'Ecuyer, C. Cardinal, R. Volders, and M.W.
Greene, Ref. 17, Vol. 1, p. 476,

H.V. Klapdor, H. Reiss, G. Rosner and M. Schrader, Phys. Lett.
k9B, k31 (197h).

M. Bohning, Ref. 10, p. 633; R.G. Stokstad, Ref. 18, p. 327.

H.V. Klepdor, H. Reiss and G. Rosner, Phys. Lett. 58B, 279
(1975).



113. D.A. Bromley, Second International Conference on Clustering

b

115.

116,

117.

Phenomens in Nuclei {Maryland, 1975); International Conference
on the Resonances in Heavy Ion Reactions (Hvar, Yugoslavia,
1977).

H. Feshbach, Ref. 2k p. C5-177; Europhysics Conference on
Medium Mass Nuclei (September, 1977).

R.H. Siemssen, Ref. ", p. 233.

M.L. Halbert, C.B. Fulmer, S. Raman, M.J. Seltmarsh, A.H.
"nell and P.H. Stelson, Phys. Lett 51E, 2L1 (107L).

A. Gobbi, R. Wieland, L. Chua, D. Shapirsz and D.A. Bromler,
Phys. Rev. C7, 30 {1973).

ot

Z. Vandenbosch, M.P. Webb and M.F. Zismen, Phys. PRev. Le-t.
8L2 (1974).

]

¥.S. Low and T. Temura, Phys. Lett. LOB, 32 (1972).
Cosman, T.M. Cormier, K. van Bibber, A. Sperduto,

. Toung, J. Erskine, L.R. Greenwood and O. Hansen, Fhys.
. Lett. 35, 265 (1975).

c

. A.J. Lazzarini, E.R. Cosman, A. Sperduto, S.G. Steadmen,

¥. Thoms and G.R. Young, to be published in Phys. Rev. Letz.
(1978} A.H. Lumpkin, G.R. Morgan, J.D. Fox end K.W. Hemper,
Phys. Fev. Lett. 40, 10k (1978).

. A. Arima, G. Scharff-Goldhaber and ¥.¥, McVov, Phys. Tett. 7%,

7 (1972).

7. Tkeda, Ref. 21, p. 23.

1

. li. Cindro, F. Cogqu, J. Uzureau, Z. Basrak, M., Cates, J.}M. Fieni,

E. Eolub, Y. Patin and S. Plattard, Phys. Rev. Lett. 23, 1135

(1977).

. B. Imanishi, Bucl. Phys. A125, 33 (1969).

. H.J. Fink, W. Scheid and W. Greiner, Nucl. Phys. A1B8, 256 (1a72).

J. Eisenberg and W. Greiner, Nuclear Theory {North-Holland,
1975) Vol. 1, p. 1h9.

. T.M. Cormier, J. Applegate, G.M. Berkowitz, P. Braun~-Munzinger,

P. Cormier, J.W. Harris, C.M. Jachcinski, L.lL. Lee, J. Barrettie
and H.E. Wegner, Phys. Rev. Lett. 38, 9h0 (1977).



129.

130.

137(b). D. Dennard, V. Schkolnik and M-A Franey, Phys. Few,

1ko.

141,

T.M. Cormier, C.M. Jachcinski, 1.M. Eerkowitz,
P. Braun-Munzinger, P.M. Cormier, M. Gai, J.W. Harris,
J. Barrette and H.E. Wegner, Phys. Rev. Lett. 10, 92k (1972}.

C.M. Jacheinski, T.M. Cormier, P, Braun-Munzinger, G.M.
Berkowitz, P.M. Cormier, M. fai and J.W. Harris, Phys. Rev.
€17, 1267 (197R).

. I. Shapira, R.M. IeVries, M.R. Clover, R.N. Boyd and P.l.

Cherry, Phys. Rev. Lett. Lo, 271 (1978).

s, M. 50lin, Phys. Lett. 7hB, 23 (197R).

. Braun-Munzinger, G.M. Berkowitz, T.M. Cormier, C.M.
Jachecinski, J.W. Hurris, J. Barrette and V.J. Levine, Phvs. Rev.
Lett, 38,0kk (1977).

¥..W. MceVoy, Ref. 23, ©». 127; Phys. Pev. E},llQh (1971).

. Barrette, M.J. Levine, P. Eroun-Munzirger, %
K. sni, J.VW. Harris and C.M. Jachcinski, Phys. Pev. lett. L5,

LLe o (1977).

F. M.F. Clover, F.M, [eVries, R. Ost, H.J.A, Rust, F.N. Ther

snd H.E. Gove, Phys. Rev. Lett. 4O, 1008 (1977).

. ¥. McVoy, Proceedings of the Symposium on Heavy Jon ¥lasti-

Scattering {Rochester, 1977).

37(a). D.M. Erink and N. Takigawa, Nuel. Phys. A279, 156 '1977'; .
5.Y. Lee, H. Takigawa and C. Marty, IPNO/TH 77-19 Freprint ':977}),

-ett

ko, 1549 (1978).

. M. Paul, S5.J. Sanders, J. Cseh, D.F. Geesaman, W. Henninfr,

D.G. Kovar, C. Olmer and J.P. Schiffer, Phys. Rev. lett. (.,

1310 (1978).

. For some recent discussions of this field, see J.L.C. Ford,

First Oaxtepec Symposium on Nuclear Physies {Mexico, 197f).

o

D.L. Hillis, E.E. Gross, D.C. Hensley, C.R. Bingham, F.T.
Baker and A. Scott, Phys. Rev. C16, 1k67 (1977).

M.W. Guidry, P.A. Butler, R. Donangelo, E. Grosse, Y. El Masri,
I.”. Lee, F.S5. Stephei.., R.M. Diamond, L.L. Riedinger,

C.R. Bingham, A.C. Kahler, J.A. Vrba, E.L. Robinson and N.R.
Johnscn, Phys. Rev. Lett. L0, 1016 (1978).

\n

m



b

. R. Donangelo, L.F. Oliveira, J.O. Rasmussen and M.W. Guidry,

Lawrence Rerkeley Laboratory Freprint, LBL-TT720 (1978):
M.w. Guidry et. al, Nucl. Phys. A295, 482 (1978).

I.¥. Birkelund, J.R. Huizenga, H., Freiesleben, K.L. Wolf,

Unik and V.E. Viola, Phys. Rev. €13, 1%3 (197¢).

Lee, D. Cline, P.A. Butler, R.M. Diamond, J.0. Hewton,
Simon, and F.S. Stephens, Phys. Rev. Lett. 39, 6L (1977).

{. ¥umar and M. Baranger, Nucl. Phys. A122, 273 [1067P).

J. leve, T, Yeresawa and G.R. Satchler, Nucl. Phys. AZ91,
2 1677); A.J. Baltz, S.K. Kaufmann, I.K. Glendenning and
¥, Pruecs, Phys. Rev. Lett. L0, 70 (1078).

.31, ¥, Bini, L.L. Hendrie, 3.%. Kauffmann, J. Mahone:
2ca-Rocha, D.¥. Scott, T. .M. Symons, ¥. Van Pibter,
ivogi, E. Wieman and A.J. Baltz, Lawrence Lerkeleyr

~ratery Preprint LBL-T195 (197FR).

rnson, 4. Pvde and J. Cotarkio:, Fhvs. Lett. 3LR, 77¢

. For a recent review, see A. Faessler, Ref., 1B, 1. L37; I'. Wari,

PSP S Radk

F.8. Cterhens, Comments or Nuclei and Particies VI, 173 (167F),
International School of Pryeics {Varenna, Italy, 19761,

Y.Ah.J. Mariscotti, G. Scharff-Goldhaber and 5. Buck, Phys. Rev.
2,1PFL (1969).

¥.F. Mottelson and J.G. Valatin, Phys. Rev. Lett. 5, 511 (1060,
T. Thieberger, Phvs. Lett. LSE, k17 (1973).
F.2. Stephens, Rev. Moa. Phys. 47, 43 (1975).

I.Y. Lee, M.M. Aleonard, M.A. Deleplanque, Y. EIl Masri,

J.0G, Newton, R.5. Simon, R.M, Diamond and F.S. Stephens,
Phys. Rev. Lett. 38, 1hsh (1977).

S.M. Harris and P.J. Evans, Phys. Rev. Lett. 39, 118 (1977).
L.¥. Pekey and J.H. Hemilton, Phys. Rev. Lett. 4o, Tkl (1978).
I.Y., Lee, D. Cline, R.S. Simon, P.A. Butler, P. Colombani,

M.W. Guidry, F.S5. Stepehns, R.M. Diamond, N.R. Johnson ani
E. Eichler, Phys. Rev. Letv. 37, 420 (1976).



159.

160.
1€1.

162.

107,

e
PRI

1€5.

167,

170.

172,

173.

N.R. Johnson, D. Cline, S5.W. Yates, F.S. Stephens, L.L.
Riedinger and R.M. Konningen, Phys. Pev. Lett. kg, 151

(1978).
A. Bohr and B.R. Mottelson, Phys. Scripta 10A, 13 (197h).
R.M. Diamond, Australiasn J. of Phys., tn be published.

A.Bohr and E.R. Mottelson, Nuc. Structure (Benjamin il.Y.).
Vol. II.

K.R. Mottelson, Proceedings of the Nuszlear Structure Symucsium
of the Thousand lLakes (Joutsa, Finlapd, 1970), Vel. II, .
1h8.

F.8. Stephens, Conference on Highly Fxcited States of Lucleil
(J0lich, Germany 1975).

R.S8. Simon, M.V. EBanaschik, R.M. Diemond, J.0. Hewton and
F.S. Stephens, Nuel. Phys. 4297, 253 (1977).

P.7. Tidm, F.S. Stephens, R.M. Diamond, J. de Baer and W.E.
Meverhof, Phys. Rev. Lett. 32, 593 {197L).

R.%. Cimon, M.V. Baneschik, P. Ceolombani, D.P. Soroka,
F.S. Stephens and R.M. Diamond, Phys. Rev. Lett. 33, 59
(197h).

J.0. Newton, S.H. Cie and G.D. Draconulis, Phys. Rev. Lett.
ho, 625 (1974).

M.A. Deleplanque, I.Y. Lee, F.S. Stephens, EK.N. Diamond and
¥.M. Aleonard, Phys. Rev. Lett. k0, 629 (197R).

P.0. Tjgm, 1. Espe, G.B. Hagemann, B. Herskind and D.i.
Hillis, Phys. Lett. 72B, 439 (1978).

G. Anderson, S.E. larsson, G. Leander, P. Mdller, S.G.
Nilsson, I. Ragnarsson, S. Aberg, R. Bengtson, J. Dudek,

B. Herlo-Pomarske, K. Pomorski end Z. Szymanski, Hucl. Phys.
A26E, 205 (1976).

J. Pedersen, B.B. Back, F.M. Bernthal, S. Bidrnholm. J.
Borggreen, O. Christensen, F. Folkmann, B. Herskind, T.L.
Khoo, M. Neiman, F. Pilhlhoffer and G. Sletten, Phys. Rev.
Lett. 39, 990 (1977).

T. Dgssing, K. Neergasrd, K. Matsuvanagi and Hsi-Chen Chang,
Phys. Rev. Lett. 39, 1395 (1977).



174

178.

179,

190.

191.

A Faessler and M. Ploszjecsk, Phys. Rev. Cl6, 2032 [1977).
M, Hillman and Y. Eyal, Ref. 24, p. 109.

F. Puhlhofer, Nuel. Phys. A280, 267 (1977).

J. Barrette, P. Braun-Munzinger, C.K. Gelbke, H.L. Harnrey,
H.E. Wegner, B. Zeidman, X.D. Hildenbrandé, and U. Lynen,
to be published in Nuel. Phys. A {197R).

V.S. Rememurthy, 5.5. Kapoor and S.K. Kataria, Phys. Rev.
Lett. 25, 386 (1970).

F. Pihlhofer, W.F.W. Schneider, F. Busch, J. Barrette, F.
Braun~Munzinger, C.K. Gelbke and H.E. Wegner, Fhvs. Rev.
€16, 1010 (1977).

5

T.¥. Cormier, E.R. Cosnan, A.J. Lazzarini, ¥.E. wWegner, J.L.

Garrett and F. Pihlhofer, FPhys. Rev. C15, 65L (1977}.

G. Sauer, H. Chandra and U. Mosel, Nucl. Phys. A26L, 221

(1976).

S. (ohen, F. Plasil and W.J. S atecki, Ann. of Thys. 72,
557 (197h).

J. Gomez del Campo, M.E. Ortiz, A. Dacal, J.L.C. Ford, R.L.
Pobinson, P.H. Stelson and S.T. Thornton, Lucl. Phys. A2¢2,
125 (197€).

J. Gomez del Campo, J.L.C. Ford, R.L. Robinson, M.E., Orti:z,
k. Dacal and E. Andrade, Nucl. Phys. A297, 125 (1978).

U. Mosel and D. Glas, to be published.

W.J. Bwiatecki, Ref. 1h, p. Ck-U5.

W.J. Swiatecki and S. B)Srnholm, Phys. Reports LC, 2325 (1077

F. Plasil, Phys. Rev. CI7, 623 (1978).

F. Plasil, R.L. Ferguson, H.C. Britt, B.H. Erkkila, I'.D.
Goldstone, R.H. Stokes and H.H. Gutbrod, Oak Ridge " reprint
(1978).

M. Lefort, Ref. 20, p. 2Th; Rep.rts on Prog. in Phys. 39,
129 (3976).

M. Lefort, Ref., 2h, p. C5-57.



1,

300,

v
1M,

Lan,

Ton,

L,

207.

210,

M. Lefort, J. Phys. A7, 107 (197k).

J. fialin, D. Guerreau, M. Lefort and ¥. Tarrago, Phys. Rev,
g, 1718 (197h).

Ii. fGlas and U. Mosel, Nuel. Phys. A237, kP9 (1975).

. Myers, Huel. Phys. A 20k, k65 (197%); Ref. 18, 1. 1.
O, Vigdor, Ref. 22, p. 95.
13N “kstad, Ref. 29.

¥.%5. Ctckstad, R.A. Davras, J. Gomez del Campo, F.H. Stelsorn,
. 9lmer and M.S5. Zisman, Phys. Leti. T0E, 289 (1977).

“ohlmeyer, W, Pfeffer and F. Plihlhoffer, liucl. Phvn. A292,
CEe(1977).

J. Nstowitz, Ref. 25.

I. Deglie, D, Sperber and A. Sherman, Phys. Fev. Cl., 1227
f1a79).

F. Buss, Phys. Lett. h78, 179 (1973); Hucl. Phvs. A231, LS
(1970,

P. Beck and D.K.E. Gross, Phys. Lett. 473, 142 (1973).
D.H.E. Gross and H. Kalinowski, Phys. Lett. L8R, 300 (197L),

J.F. Bondorf, M.I. Sobel and D. Sperber, Phys. Reporis (15,
8y (1974).

K. Siwek-Wilczynska and J. Wilczynski, Nuel. Phvs. A2€L, 110
(1976); Nukleonika 21, 517 (1976).

J.R. Birkelund, J.R. ilu J.N. De and D. Sperter, Phys,
Rev. Lett. Lo, 1123 (1978).

E.B. Back, K.R. Betts, C. Gaarde, J.3. Larsen, E. Michelsen
and Tai Kuang-Hsi, Nucl. Phys. A285, 317 (1977).

H. Doubre, A. Gamp, J.C. Jacmart, N. Poffé, J.C. Rovnette and
J. Wilezynski, Phys. Lett. T73B, 135 (1978).

D. Glas and U. Mosel, Phys. Lett., 49B, 301 (1974); Nucl. Phys.

ARG, P68 (1976).



D.J. Morrissey, W. Loveland, R.J. Otto and G.T. Seaborg,
Phys. Lett. TLB, 35 (1978).

D. Kover, Ref, 27, p. 18.

. Harar, Colloque Franco-Japonais de Spectroscopie Nucléaire,

Togashima, Japan (Univ. of Tokvo, 1977). p. 191,

®?, Sperr, T.H. Braid, Y. Eisen, D.G. Kovar, F.W. Prosser,
. Schiffer, S.L. Tabor and 5. Vigdor, Phys. Rev. Lett.

o7, 321 (1976).

k.¥. Freeman and F. Hass, Phys. Rev. Lett. 40, 007 {1978).

Broglia, C.H. Desso, G. Pollarclo and A. Winther, Phys.
Lett. ho, 707 (1978).

t.4.M. Dirac, Proc. Cemb. Phil. Soc. 26, 37& (1930).

Koonin, K.T.R. Davies, V. Maruhn-Rezwani, H. Feldmeier,
. Krieger and J.W. Negele, Phys. Rev. Cl5, 2359 {(1977}.

Cen alsc detailed reviews by A.X. Kerman, Proceedings of the
Errico Fermi Summer School (Varenna, Italy, 1977) and Ref.
z7, ©. Tll; P. Bonche, Ref. 2, p. C5-213; J.W. Negele,

kef, 25, and this school.

G.¥. Bertsch and 5.F. Tsei, Phys. Reports 12C (1979).

Fonche, B, Grammaticos and S. Koonir, Saclay Prevprint
\—T/DOC/T7/128, to be published in Phys. Rev. C (197%)

#. Gauvin, R.L. Hahn, Y. Le Beyec and M. Lefart, Phys. Rev.
Tin, 722 (197k).

. Cabot, H. Gauvin, Y. Le Beyec and M. Lefert. J. de. Phye.
L, 289 (1976).

<. Della-Negra, H. Gauvin, H. Jungclas, Y. Le Reyec end ¥,
Lefort, 2. Fhys. A282, €5 (1977).

E.C. Britt, B.H. Erkkila, P.D. Goldstone, R.H. Stokes, E.R.
Back, F. Folkmann, Q. Christensen, B. Ferrandez, J.D. Garrett,
5.E. Hagemann, B. Herskind, D.L. Hillis, F. Plasil, R.L.
Ferpuson, M. Blann and H.H. Gutbrod, Phys. Rev. Lett. 39,

158 (1977).

I.. Kowalski, J.M. Alexander, D, Logan, M. Rajagopalan, M,
Keplen, M.S. Zisman and T.W. Debiak, Stony Brook Preprint,
1978,



~
i

N

e

738,

v
o

T. Inamura, M. Ishihara, T. Fukuda, T. Chimoda and H#. Huri-a,
Phys. Lett. 68B, 51 (1977).

b. Horn, H.A. Enge, A. Sperduto and A. Grane, Phys. Fev.
€17, 118 (1978).

J.F. Sehiffer, Ref. 17, p. €17,

7T.M. Nitschke, Symposium on Superheavy Elements (Lutbork,
Texas, 1977}, Lawrence Berkeley Leboratory Preprint LElL-
7705 (1978).

W. Keisdorf and P. Armbruster, International Meeting on
kractions of Heavy Ions with Nuclei (Dubnz, 1977). GZI
I'reprint-Bericht-M-2-78.

¥.¥. Gentry, T.A. Cahill, N.R. Fletcher, H.C. Kaufmann,
IL..k. Medsker, J.W. Nelcon and B. Flocchini, Piys. Rev.
Lett. 38, W79 (1977).

C.r. Sparks, 5. Reman, E. Ricci, R.¥. Gentry and M.C. Yrause,
Phys. Rev. Lett. 40, 507 (1978).

W.J. Swiatecki and C.F. Tsang, Lawrence Berkeley Latb Preprin®
IBL-666 (1971); R. Kalpakchieva, Yu. Ts. Oganessian, Yu.
P'enionzhkevich, H. 3Sodan and B.A. Gvozdev, Phys. Lett. ég_
~P7 (1977}

AeAas

>

¥.K. Hulet, R.W. Lougheed, J.F. Wild, J.H. Landrum, P.G.
Ctevenson, A. Ghiorso, J.M. Nitschke, R.J. Otto, D..J.
Mor:issey, P.A. Baisden, B.F. Gavin, D. Lee, R.J. Silva,

12.M. Fowler, and G.T. Seaborg, Phvs. kev. Lett. 39, 1%
(1977).

Yu. Ts. Oganessiaen, H. Bruchertseifer, G.V. Buklanov, V.I.
Chepigin, Choi Val Sak, B. Eichler, K.A. Gavrilov, .
Greggeler, Yu. S. Korotin, 0.A. Orlova, T. Reetz, W. leidl,
G.M. Ter-Akopian, S.P. Tretyakova, and I. Zvara, Nucl. Phys.
A29k, 213 (1978).

H. Sann, A. Olni, Y. Cirelekoglu, D. Pelte, U. Lvnen, E.
Stelzer, A. Gobbi, Y. Eyal, W. Kohl, R. Renfordt, I. Rode,
G. Rudlof, D, Schwalm and R. Bock, Ref. 25, p. 281; K.D.
Hildenbrand, H. Freiesleben, F. Piihlhofer, W.F.W. Schneider,
R. Bock, D.V. Harrach and H.J. Specht, Phys. Rev. Lett. 39,
1065 (1977).

G. Wolschin and W. Ndrenberg, 7. Phys. A28k, 2090 (1978).



239. V.F. Weisskopf, Thys. Todey 1h, 18 (196C,.
74, M, Feshbach, Rev. Mod. Phy. 46, 1 (1974) and refs. therein.

w1, One of the earliest experiments related to this phenomenon is
that of K. Kaufman and W. Wolfgang, Phys. Rev. 121, 192 (19€1).
~ther early works include: G.F. Gridnev, V.V. Volkov ani 7.
Wilczynski, Nucl. Phys. AlL2, 385 (1970); J. Galin, L.
Guerreau, M. Lefort, J. Péter and X. Tarrago, Hucl. Phys.
A159, 461 (1970).

74", For a recent review, see W.U. Schroder and ..k, Huizenca,
Ann. Rev. Nucl. Sci. 27, 465 (1977).

A.5. Artukh, G.F. Gridnev, V.L. Mikheev, V.V. Volkov ard J.
wilezynski, Nucl. Fhys. A211, 299 {1973); A215, 91 (1973).

“wb, . Wilczynski, Phys. Lett. BLT, 484 (1973).

N

H.H. Deubler and K. Dietrich, Phys. Lett. 56E, 2Lkl (1975).

(w6, . Lerlanger, T. Grangé, H. Hofmann, C. lpo and J. Richert,
Phys. Rev. M27, 1495 {1978).

oLf. 7. nalin, Ref. 2k, p. ©5-83.

2L, N3, Mathews, G..J. Vozniak, R.T. Schmitt and L.G. Moretto,

7. Fhys. A283, 27 (1977).

2La Y. Volkov, Ref. 18, p. 362 and V.V. Volkov, Sov. J. Nucl.
Thyvs. 6, 420 (1976).
25G. V.U. Volkov, Ref., 20, p. 253.

251, L.0G. Moretto and R. Schmitt, Ref. 2L, p. C5-109.

25¢. J. %alin, Ref. 2L, p. C5-83.

253. W. Horenberg; Ref. 24, p, ©5-1h1,

254, H.A. Weidenmuller, Ref. 25.

255. R. Babinet, E. Cauvin, J. Girard, H, Nifenecker, B. Gatty,
D. Guerreau, M. Lefort and X. Tarrago, Nucl. Phys. AESE. 160

1978).

256. F.L. Hond, Phys. Rev. Lett. k10, 501 (1978).



-~

v
o
AN

. Curimoteo, Y. Takaheshi, A. Mizobuchi, Y. Hojiri, 7
Minanisono, M. Ishihara, Y. Tanaka and H. Famitsubn, ¥
Fev. lLett. 3%, 323 (1977).

0y

ihara, ¥. Tanaske, T. Kammuri, ¥. Matcuoka and M. lan.,
Lett. 738, 281 (1978).

Trmotnann. J, o de Boer, Y. Linnwever, G, Graw, PO oForrn,
uterbach, H. Puchte and U, Tynen, Phys. Fev. lett, 39,
D 19TT).

. P1noil, RUL. Fersucon, H.7. kritt, PLH. Ttrokes, BUE.
Friviia, T.D. Goldstone, M. Plann ard E.E. Guttrod, Pryo.
Fe. Lett. W0, 1166 (1978).

‘entbach, First Naxtepec Cymposzium on Huclear Physioo
wtepee, Mezicg, 1978).

1. reshbach, "Otatistical Multistep Reactinsns,” Troc. »f
“er®, en Liue. React. Mechanisme (Varenra, Ttaly, 1977,.

o Cerenley, LV Toffln, T. Enpelstein, £, Sallmann, K.
ieoan b Wasner, Phye. Lett. T1B, 63 (1977).

irnoand 7. Udarava, Phys. Lett., 1B, 27% [1977).

T. Teaioand G.F. bertseh, Thye. Tett. T3B, oler (1978Y,
Cdarawa, nef, PR, p. 667,

G, bertsch and C.F. Tsai, Phys. Pevorts 18C, 124 19753,
“.h. Froglie, C.H. Dasso and A. Winther, Phys. Leit. €18,
11y 11976); R.A. Broglia, 0. Civitarese, C.H. Dasso ani A.

{inther, Phys. Lett. 73B, 405 (1978). N. Takigawa, University
wonster Preprint, 1978.

¥.F, Liu and G.E. Brown, Nucl. Phys. A265, 385 (1976).

K.h. Hetts, S.B. DiCenzo, M.H. Mortensen and R.L. White,
Phys. Rev. Lett. 39, 1183 (1977).

D. Ashery, M.S. Zisman, R.B. Weisenmiller, A. Guterman, D.K.
Neott and €. Maguire, lLawrence Berkeley Laboratory Annual
keport (1975), p. 97; A. Guterman, D. Ashery, J. Alster,
D.¥. Scott, M.S, Zisman, C.K. Gelbke, H.H. Wieman and D.L.
Hendrie, to be published.

P. Dell, D.L. Hendrie, J. Mahoney, A. Menchaca-Rocha, D.K.
Scott, T.J.M. Symons, K. Van Bibber, Y.P. Viyogi and H.H.
Wieman, to be published.



b
™

)
o

M. Buenerd, N. Lebrun, J. Chauvin, Y. Gaillard, J.M. Loiseaur,
F. Mertin, G. Perrin and P. de Saintignon, Phys. Rev. Lett.
50, 1:82 (20978).

F.R, Letts, Private communication, 1978.

2.1, tondorf, Lectures at International Schnol ef Thyrieco
fnrico Fermi), 197k,

2., Zondorf, Ref. 18, p. 383.
T¥renberg, Phys. Lett. 521, 289 (197Lk).

w~lschin and W. Ndrenberp, Z. Fhys. A284, 200 (1978} ard
thereir.,

tiuizenra, Ref. 25.

#. Muizensra, J.E. Birkelund, ¥W,U. Cchrdder, K.L. Wol? and
. Vicla, Thys. Pev, Lett. 37, 885 (197A).

#~r a fuller discussion, see M. Lefort, Symposium on Hew
fvenues in Tuelear Physies (Rehovot, Israel, 107T€).

‘olschin and W. NSrenberg, Z. Thys. A28L, 209 (1678) and
therein.

Feck and D.H.E. Gross, Phys. Lett. BL7, 143 (1973).

-1

.T. Fordorf, M.T. Zobel, and D. Eperber, Phys. Rev. 715,
f1o7k),

RN

E. 6Gross, Nucl. Phys. A2ho, L72 (1975).

Sehrdder, J.R. Birkelund, J.R. Huizenga, K.L. Wolf ani
Viola, Phys. Rev. C16, 623 (1977).

2.1 kondorf, J.R. Huizenga, M.I. Sobel and D. Sperber, Phys.
kev. €11, 1265 (1975).

1.F. Huizenga, Nuklecnika 20, 291 (1975).
.l. De end D. Sperber, Phys. Lett 72B, 293 (1978).
%. Sinhe, Phys. lLett. T1B, 243 (1977).

W.U. Schrdder, J.R. Huizenga, J.R. Birkelund, X.L. Wolf ani
V,E. Viola, Phys., Lett T1B, 783 (1977).






20",

T.R. Christensen, F. Folkmann, 0. Hansen, 0. Hathan, ¥.
Trautner, F. Videbaek, S5.Y. van der Werf, H.C. Britt, :
“nestnut, H. Freiesleben and F. Pithlhofer, Phys. Rev.
12L5 (1978).

¥. Van Ribber, R. Ledoux, S.0. Steadman, F. Videbaek, 7.
“runy end C. Flaum, Thys. Pev, T=*t. 3%, 235 f1o77).

¥, Dver, R.J. Puigh, R. Vandenbosch, T J. Thomas ani M.]
Cisman, Phys. Rev. Lett. 39, 392 (1977).

Wozniak, R.P, Schmitt, P. fldssel, R.". "=
ani L.G. Moretto. Phys. Rev. Tett. k0, 1L3€ i1

J.k. Natowitz, M.W. HNamboodiri, P. Kasirej, F. Er
fdler, P. CGonthier, C. Cerruti and 7. &lleman, Ph;
Tett. Lo, 751 (1978).

Tiwek-Yilczynska and J. ¥Wilezynski, Lucl. Thys.
776); Nukleomika 21, 517 (1976},

H.E, Gross and K. Xalinowski, Ref. 2G, p. 1+#..

. 3lann, Ann. Rev. Huel. Sei. 25 {1975).

F, Weiner and ¥. Westrdm, Nucl. Phys. A28€

Phys. Rev. Lewt. 34 1522 (1975).

g €l Lo i

R. wWeiner, Phys. Rev. Lett. 32, 630 (197L); Fhys, ®ev, D.:,

. (1976).

N

tethe, Pnys. Rev. 53, 675 (1938).

T monara, Z. Phys. 110, 573 (1938).

R.¥.. Pathria, Statistical Mecnhanics (Academi: Pr 1 72)
rhapter &; A. Isihara, Statistical Fhyrsics [Acaderi. .
Y, 1971) Chapter 13.

4. #ind and G, Paternagnani, Nuove Cimento 10, 1375 wsi’

¥, kiann, A. Mignerey and ¥W. Scoebel, Nuklecnika 1, 3% - a7¢

D.¥. Sertt, From Nuclei te Nucleons, lst Qaxtepec Sy
«n Nuclear Physics (Mexico, 1978), Lawrence Berkel.ey
Laberatory Preprint LBL-7703 (1978).

Fur u review, see J. Galin. Ref. 28, p. 683,



S . R welore, . Gimer, D.L. Headrie, J Ly
S Man ey 2z, O K. Doty and HUEL WE
.I.'"l-. 'J" . ”:Y' ";
ot M. lorlinhara, he Famisoab,, T M o0 saynonl wen
Ok o Tyeletpon Preprint b6 .
. Leodneart Poova, B Logqure, UL S
. - o Cea ot e
caynek i, Puynl Letul e o lg L .
* - . k3
[T PRLY AN H
Py Lt .
R U . LI
'
LR VRN S .
'- T fooL e &
Sl S b heam ) We T

“

S Woll Jwinmtotki, Ref. 10, po

4. ¥ or oomee £ the earliest studie
. . Hey, F.Oppenhieimer, !
L, 213 (1948) and Phyc. Rew.
dature L3, 425 (1039,

w
“i

Y. A0, Gaudhuber wnd HUH. Hecknan. Lawrenre ber:
Freprint LEL-6570 {1978}, t~ be published iy Anr., Bov,

Ruel . Sei.

(e

3%, J. Blocki, Y. Buneh, J.F. Nix, J. Randrup, !
Slerkand, W.J. Owiatecki, Lawrence Herkeley Lab
Preprint LEL-6536, t¢ be published in Ann. & Ih

392, JJP. taniort, Ref. 2h, p. 05-195,


http://Heckit.ru

340. 5. Bertsch, Lecture Notes for the Les Y-uches Summer
Sehnel (10‘. .

S4l. For a recent review, see J.R. Nix, Los Alemns Preprint
LA=UR-TT-2952.

rvey, 3. Hendrie, J.

nerd, C.K. Gelbke, k.5. Ha .
Olme ~ and .K. Scrit,

Varn ney, A, Menchaca-Rocha, C.
Prys. Rev. Lett. 37, 1191 (1076

KO Jelbke, D.K. Scnte H=IN
ey, M.C. Mermaz
T
.o Pini, P, Dui., O.E
Mahoney, A. P . N
T.P. Viyogi, K. Vam:baer, 1.
an and P Lawrenre Zerkeley Laboratory
ireprint LBL-7
wetL ML ¥amitsuho, Rer. 20, p. 177, Ref. 2l, p. 163,
2.0, K, fumitsub , M. Y shie, I. Kohnn, S. Nakalima, 1. Yatane

. nl
sl T Mikumo, Ref. 16, p. 540,

Mikume, I, Fhne, Y. Kateri, T. Motobayashi, ©. Nakall
¥ shie and H. Yamitsubo, Phys. Rev. Clh, 1458 (197¢).

-

.J. Lindstrem, H.H. Heckman, B, Cork aua
Rev. Lett. 35, 152 (1975).

<. I, Maguda and F. Uchiyamu, Phys. Rev. C15, 1598 {1977).

Gelvke, C. Olmer, M. Buenerd, D.L. Eendric, J. Muhcr

. Mermaz and L. Sentt, Lawrence Berkeley Laboratory

Pwe,,rmt LEL-582€ (1977), to be published in Phys. Repcrts
15).

35.. Y.V, Volkov, Sov. J. of Nuel. Phys. 6, 420 (1976).

¢. J.P. Bondorf, F. Dickman, D.H.E. Gross and FP.J. Siemens,
Kef. 12, p. C6-1L5; R. Rillerey, C. Cerrutl, A. Chevarier,
M. Chevarier and A. Deneyer, Z. Phys. A28%, 389 (1978).

353, /.Y, Abul-Magd and K.1. El-Abed, Frog. Th. Phys. {Japan)

53, h80 (1975).

i, Eohr and B. Mottelson in Nuclear Structure (Benjamin,
1969), Vol. 1, p. 187.



PP N -,
. . A f H . a s 4 .
W, Tt o I N Ty, Ppegrooom -
. '

[P e Ly o S T
FR LSl mrrent NN .

o vounsLlooa, Ml Am. Phys. U,

ok Pandharpende, Thys. lLetil

1
e
N
BN
B
5
»

~toeh and D, Mundinger, Thys. Kev., CUF

. beiser, N, Crawford, ¥. Doll, D.E. fireiner, C.¥. ‘elbke,
li.H. Heckman, D.L. Hendrie, T. Lindstrom, J. Mahoney,

D.K. Tecott, T.J.M. Symons. K. Van EBibber, Y.P. Viyori,
.. Westfall end H. Wieman, to be published (1978).



ireiner, NueY, Inst. and Meth. 102, 297 [1Q700.

¢ Sloociann Hy Farareci, privete cemmuricatiorn,

ey -

el

.o r

L N T 1. 5 r,
B A P LR RSN . et F S LAn -

Lo witl owny ko Placil, Ihyo. Rev, Lett. sZ, 2l Lo

Y renrilers
. Groucicrs,

. [T
Dl lemarie, LS00 H.H. Wienan,
; s T epier e el hEy s
Loie P Fertel, . Tev. 5
Wbk ehta, gl . Cilvermarn,
. esian, Rev, ¥-4., Fhys, al, 08.

ique Thecrique,

Stoenner, L. Mausner and
39 (197h4); Phys. Rev. Clk, 1534
Laboratory Preprint BRL-25378

P.0. Llndictrem, DUVE. Greiner, H.H. Heckman, B. Cork and
r... Fiecer, LEL-Freprint 3650 (1975).

. Mrrrissey, W. loveland, W.R. Marsh and G.T. Seaborg,
Freprint 7718 (1978).

.J. Siemens, J.P. Bondorf and H.A. Bethe,
fuel. Phys, 25 502 (1975).



o bLEL brice and 0L Ctevencen

W ROEL Uwmith and Ko Danes, kel 29,

.. Mallory and R.L. Fobins-n, "FI

W00 Lkl hall, OB Fulmer, b
Preprint (19768).

WO6h. BLW. Bertini, T.A. Gabriel, K.T. Santoro, C.W. Hermann,
li.M. Larson and J.M. Hunt, ORNL Report TM-LI3L (197&).



Lok,

. RS R SR, irivate oonnoan Ty oo T
[ ror st e 1T e TVt s ‘e ,
. N rion Lteeren e o teerd ey
. T o T i ‘
. EEN PR RIS e Dt e B o
eltern, The Tty .
P oy . L Mok S 4 PG A .

235, 211 (197405 1. Arassi

Mantz-uranis,

Veyer, A.M. Zebelman and FP.G.
f197€); V.E. Vielsa, C.7. kocle,
“hys. ®ev. C£10,2L16 {197L).

Amsden, Loz Alamos Prerrint LA-T8-83F (107

Lett. 50%, L7z (1974).

ULhL Foonin, Thys. Leti. 705, L3 {1977).

Lumcunen, C. Ezell, L.J. Nutay, W.H¥. Schreiner, T.
velin, L. wvon lLindern and F. Turkot, Phys. Rev. Lett
19T

5

lu)

R. Stock, Heavy-lon Collisions, Vol. 1, ed. R. Bock (North
Holland}, in press; Phys. Reports, in press.



. v [ o .
b [P
. e o, . T :
. B + . ‘ ,

. y ol o~ .- .
PRI . : N . .
e m P .
: . TR DR . :
v . .
: ' .
e S o Gnt . et ; . -
. o y LA ” Ty
LN CaoLr ol nl Grelner, . ‘ [ o
. - )
LI ) M

Jehied and W, Greiner,

. fonkanzer, T.50 Cextre, ALM. Febtelman, E.H. Tattred,
Cmndoval and k. Dtock, Phys. Rev. lett. 35, 1771 {1975

<44 For oa discussion, see H.H. Meckman, Ref. 26, and E. eroprer,
ke f. 25.

totu, MM, fazzaly, J.B. Carroll, J.Y. Geapa, G. Igo, &.F.
e’lelland, M.A, Nasser, H. Spinka, A.L. Saple, V. Ferez-
Mendez, K. Telapa, E.T.B. Whipple and F. Zarbakash, LBL
Preprint 7278 (1978) to be published in Phys. Rev. Lett. (1978).




in.

¥atenao,

IS

.






