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ABSTRACT

Examples of recent experiments in the areas of fusion and deep-
inelastic scattering are presented and discussed. Emphasis is
placed on the importance of individual nucleons in the fusion process,
the effects of high angular momentum, and our understanding of compound
nuclear decay. Experiments on deep inelastic scattering are entering
a new stage in which important parameters of the reaction mechanism
are now open to investigation. Primarily through coincidence measure-
ments, direct information on the angular momentum transferred in a
collision and on the time scale of decay is being obtained.

I. INTRODUCTION

The rate at which our understanding of heavy-ion reaction mechanisms
increases is astounding and exciting. It would be impossible to keep
up with, let alone contribute effectively to, this rapidly developing
field without the personal communication and interaction provided

by topical conferences.

This meeting at Fall Creek Falls will emphasize, in the words
of our organizing committee, "theoretical descriptions.'" I note however
that about half of the scheduled talks are to be delivered by experi-
mentalists. This recognizes, I believe, that we are ultimately con-
cerned with theovetical descriptions of experimental data. If the
necessary data do not exist, then we must acquire them. (The comple-
tion of GSI, .he scheduled upgrading of the Bevelac, and the accelera-
tor projects at Daresbury, Caen and Qak Ridge represent a strong commit-
ment to this.) If new measurements exist, but the theoretical descrip-
tions have not been brought to the level of a quantitative comparison,
then this is also a challenge to be met. The interfacing of these two
complementary approaches to 'understanding'" is one of the reasons
why we are here. The talks you will hear from my experimentalist
colleagues in the coming sessions will provide a broad view of what
is new and exciting in current experimental work. In a real sense, it
is the sum of all these presentations which will constitute the "vista"
provided by experimental studies of heavy-ion collisions.
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I have selected a number of experiments which illustrate the kinds
of information now being obtained in the areas of fusion and deep
inelastic scattering. As you will see, these experiments involve
reactions throughout the periodic table and bombarding energies ranging
over more than two orders of magnitude,

Much of the data you will
see is not yet published, and I
refer you to the acknowledge- EUSION
ments for recognition of those
who have very kindly communi--
cated their resrl:cs prior to
publication. ANGULAR MOMENTUM LIMITATIONS

MicroscoPIc ASPECTS

Figure 1 outlines the . Tompounp NucLeus Decay
physics I wish to cover. 1
have opted to mention a large
number of experiments,
describing only their essen- DEEP INEILASTIC SCATTERING
tial features and results,
rather than concentrating on
g:lzoi ;S‘s’s ib l(l:eg:e;g:?;)i"; elt Tive ScaLE AND MicHANISMS For Decay
some of the elegant and so-
phisticated experimental techni- FIG. 1. Topics to be discussed.
ques which have made some of
these results possible.)

ALIGNMENT AND ANGULAR MOMENTUM TRANSFER

Section IV gives a summary which attempts to tie this altogether.
ITI. FUSION

A. Microscopic Aspects

Even though the fundamental constituents of the nucleus are protons
and neutrons, surprisingly little is known about the importance of
individual nucleons in processes such as fusion. Perhaps this should
be taken as an indication that the effects of individual nucleonic
motion are not of importance in determining the fusion cross section,
and that macroscopic and collective variables are all that matter.
Macroscopic properties (radii, deformation, potentials, etc.) may
be derived from microscopic models, however, and such calculations
provide a motivation for the experiments I will discuss. The two-
center shell model calculations of Glas and Mosel (GL 74), for example,
suggest that the fusion cross section might depend on which shell
model orbitals are occupied, and hence on the valence nucleons of
the target and projectile. Figure 2 shows the energies of shell model
configurztions for the two-center 160-160 system as a function of the
separation between the centers of the oscillator wells. Nuclear
interactions leading to fusion occur at level crossings and are esti-
mated with the Landau-Zener approximation. If we argue that the
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FIG. 2. Configuration energies calcu-
lated with the two-center shell nodel as
a function of the separation of the cen-
ters. At distances less than 3.4 fm,
the lowest energy configuration is the
325 ground state, at larger distances
it is the 160-160 ground state. Fusion
is initiated at such level crossings
(Gl 74,76).

first level crossing (circled
in Fig. 2) in some way deter-
mines a critical radius for
fusion, then changes in the
fusion cross section might

be observed as individual
nucleons are added or sub-
tracted from the target or
projectile. To be considered
as evidence for microscopic
processes in fusion, we require
that these changes be in addi-
tion to those expected on

the basis of changes in Cou-
lomb barrier or macroscopic
"Al/3_type' changes in radius.

Recent experimental re-
sults on fusion cross sections
have much to say on this ques-
tion. Figure 3 illustrates
the characteristic energy
regions for fusion. This
one-dimensional classification
is valid for relatively light
heavv-ion systems for which
ithe dynamical path for fusion
lies inside the saddle point
for fission (M8 76). In
region 1, for small values of
Ofys, penetration of the
Coulomb barrier is the mecha-
nism governing the order of
magnitude of the cross sec-
tion. In region 2, direct 1e
actions begin to compete, and
Opys Can experience a maxi-
mum value and then decrease
slowly. We shall consider
each of these regions in turn
but will pnstpone the discus-
sion of the third region to
Section IIB.

The high currents and availability of low energy Van de Sraaff
accelerators has enabled the measurement of fusion cross sections

covering the extreme range of tens of nanobarrs to ~ 1 barn.

Recently,

systematic studies of a large number of systems have become available

(st 76, Cu 76, Hi 76, 77b).

Fig. 4 for the 12C + 13 system (Da 76bh).

Typical experimental results are shown in

The fusiorn cross section is



CROSS SECTION

-1
(ENERGY)
Characteristic Energy Regions for Fusion.

FIG. 3. Scheratic representation of the fusion cross sections and
total reaction cross section as a function of the reciprocal of the

bombarding energy.
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FIG. 4. Energy dependence of evaporation-residue cross sections for
12¢ + 13C at sub-Coulomb bombarding energies. The full drawn curve is
an optical model calculation for the fusion cross section, coupled with
a statistical model calculation for branching to the observed residues

(Da 76b).



deduced from the observation orf discrete y-ray lines in the residue of
the compound nucleus. The full curve which is compared with the sum of
the cross sections to all bound states in 23Na, 20Ne and !70 represents
the effect of barrier penetration as given by an optical model calcu-
lation of the ent."ance channel transmission coefficients and a statis-
tical model calculation of the decay of the compound nucleus. It is
the deviation of the cross section from this prediction which is of
interest. In the following presentation of the experimental results,
the total fusion cross section was first deduced from expeiriment and
was then divided by the cross sec}ion calculated with the optical model
using a single set of parameters. The energy scale in the center of

leze2
mass has been shifted by an amount E = ————— vwhere
1/3 1/3 Coul R
R=1.7(A + AZ'T) fm.
1 2
Figures 5 and 6 present the quantity R = °fusion/°opt.mod. Vs,
Ec.m. - Ecoul for 14 heavy-ion systems with projectiles and targets

in the 1p shell. In Fig, 5 we see that the cross sections involving

the isotopes of !98 and !!B are all reproduced verv well by the
"standard' optical model. There is perhaps a small decrease in R(E)

at the lower energies for 14N + 10, but it is not marked. Given our
operational definition above, one would not cite any evidence for
microscopic effects based on a comparison of the lower six excitation
functions shown in Fig. 5. The energy dependence for 160 + 98e (Sw 77b),
however is quite different, with R rising by a factor of 2 from the
lowest to the highest energy. It is interesting to note that this
system, as does '2C + 9Be (Cu 77), has a direct reaction channel in-
volving neutron transfer to the heavy partner which far exceeds the
fusion cross section at low energies. In Fig. 6 the values of R for
systems involving projectiles and targets both with masses > 12 are
shown. The difference between Fig. 5 and Fig. 6 is striking. A

general feature for the systems in Fig. 6 is that R decreases at lower
energies even though the detailed behavior in all systems is by no means
identical. (The narrow resonances in !2C + 12C and to a lesser extent
in 160 + 12¢ are noteworthy, but that is another story; we are concerned
here with the energy-avera%ed behavior of the data.) The average energy
dependence of R for 160 + “N is quite different from that of 180 + 160,
The systems !*N + 12¢, 13¢ + 12¢C and 12¢ + 12C are all different. The

differences referred to can be quite large also, up to factors of two.

The message of Figs. 5 and 6 is simply stated. The addition or
subtraction of one or two nucleons from the projectile or target can

*V = 50 MeV, W = 10 MeV, To = 1.27 fm, a = 0.4 fm; matching radius =

15a + the larger of R or D, where R is the nuclear radius and D is the
distance of closest approach.
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FIG. 5. The ratic of measured fusion cross sections to a standard
optical model prediction for sub-Coulomb energies. The energy scale
in each case has been shifted such that O MeV corresponds to E¢.p, =
lezez/R MeV where R = 1.7(A1/3 + A;’a) fm. The experimental data are
taken from: 10 + 10p, 1llp 4 10 1llp 4 1llp (yj 76); 10B + 12,
11g + 12¢ (pa 76, Hi 77b); 4N + 10B (Hi 77b); 160 + %9Be (Sw 77b).
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FIG. 6. The ratio of measured fusion cross sections to a standard
optiral model prediction for sub-Coulomb energies. The energy scale
in each case has been shifted such that 0 MeV corresponds to E, =
Z1Z,¢2/R MeV where R = 1. 7(A1/ + Al/a) fm., The experimental data are

taken from: 12¢ + 12¢ (Ma 73) 12c + 13c (pa 76b); N + 12¢, 14N «
160 (sw 77a); !2c + 160 (Cu 76); !N + N (Sw 76c); 160 + 169 (Sp 74).




have a profound effect upon the energy dependence for fusion.

This is a strong indication that the valence nucleons play an

important role in the mechanisms leading to fusion. At present

there is no qualitative or quantitative explanation for the disparate
restlts shown in Figs. 5 and 6. Quantitative microscopic calculations
for comparison with these data are needed. In one case (Wi 77), a
folding model calculation of the real potentizl for the different
systems has been made. The imaginary potential was taken to be a Woods

Saxon with W = 10 MeV, ry = 1.27 fm, and a = 0.4 fm. This procedure

ylelds values of R = 9folded potential/copt.mod. © 1 for all reactions.

Thus, the microscopic effects may well be contained in the imaginary
potential.

The real interaction potentials for !2C + !2C and 160 + 180 have
been calculated in the two-center shell model (Pr 70} and in the TDHF
approximation (Ma 76, Ko 77). Generally, the calculations mow available
are for closed shell systems or even-even nuclei and comparisons with
the low energy data has not been extensive. Recently, a macroscopic
treatment of the potentials has been presentea (Ar 76). Phenomenological
comparisons with the data for the a-conjugate systems are found in refs.
Ch 77, Mi 72 and Fo 75.

In summary, the experimental results shown in Figs. 5 and 6 together
with those to be discussed next provide an excellent opportunity for
testing microscopic calculations of the fusion proccess.

The value of ofys in region 2 of Fig. 3, the energy region over
the Coulomb barrier, provides another opportunity for observing the
effects of individual nuclecons on the fusion process. The experimental
technique used in this region differs in that the residues of compound
nucleus decay are observed directly with a AE-E counter telescope. This
technique can be sufficiently precise that the rather small changes
in the fusion cross section associated with the Al/3 dependence of the
nuclear radius can be observed, even with the addition of only one
nucleon. Figure 7 shows measurements of og,g for 16:17,180 + 27a)

just above the Coulomb barrier (Ei 77). The straight lines repre&ent
fits to the data using the classical expression Oeus = ng(l - F B ).
c.m.

The small changes (v~ 5-10%) in the fusion cross section in this
energy region are consistent with the increase in size of the oxygen
nucleus as neutrons are added.

A more dramatic change in behavier of the fusion cross section
at energies well above the Coulomb barrier is illustrated in Fig. 8
(Vi 76, Sp 76a,b). When the small resonances in the 12¢ + 160 data
are averaged by fitting the data with, e.g., the expression of Glas
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FIG. 7. Fusion cross sec-
tions for 16,117,189 4 2743
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FIG. 8. Fusion cross sec-
tions for l2c + 160, 12¢ +
180 (vi 76, Sp 76a, Sp 76b,
Ei 77). The curved lines are
fits to the data using the
form:la of Glas and Mosel
(Gl 75).
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and Mosel (Gl 75), a difference of about 200 mb or 20% in the value
of the maximum fusion cross section is noted. (We would expect an
increase of X 5% based on the Al/3 change in radius of 180-160.)
Systematic studies of the value of og;g(max) in this mass region
led to the suggestion that the 200 mb increase was associated with
the addition of one or more nucleons in the s-d shell (Sp 76b).

The addition eof nucleons into a major oscillator shell presumably
could cause an abrupt change in the mean-square radius. Figure 9
summarizes the experimental data currently available for the maximum
fusion cross section in the region above the Coulomb barrier. The
correlation of the abrupt change in the fusion cross section of ~
200 mb with the introduction of a nucleus in the s-d shell is upset
by the recent measurement of the 15N + 12C fusion cross section (Co
76). This value is ~ 15% larger than that of 1N + 12C and much
closer to the value prevalent when one of the reaction partners is

in the s-d shell.

It appears that the manner in which valence nucleons affect the
magnitude and the energy dependence of the fusion cross section
for these light heavy ions is yet to be understood. Perhaps the
role played by these nucleons is complex - indeed, the complexity
of Fig. 2 suggests this - and coupling to direct reactions or coilec-
tive modes of motion may be important (Pe 76).

600 12 12t 2 12¢  12c 12 165 165 165 16
+ + + + + + + + + + +
2. 18y 18, By 18y O 2y 2y 26y, 2T, 40

400 [~
p SHELL |9 SHELL
i

FiG. 9. Measured values of the maximum fusion cross section for
different systems. Cases in which both the projectile and target are
in the p shell are in the left hand portion c: the figure, as indi-
cated. The apparent systematics ofyg ~ 1000 mb for p shell nuclei and
Ofys v 1200 mb for s-d shell targets, is upset by the large value of
Ofus for 15N + 12C. The experimental data are taken from: !2C + 12,
12¢74 169, 189 4 12¢  12¢ 4+ 19p, 169 + 24,28Mp (Vi 76, Sp 76a, Sp 76b,
sc 77), 12c + 18N (Co 76, St 77, Sc 77), 12¢ + 15N (Co 76, Sc 77);
12¢ + 27a1 (Be 76), 160 + 180 (We 76).



B. Angular Momentum Limitations

A macroscopic view of the fusion process enables an "understanding'"
of the gross behavior of og,g in regions (1) and (2) (Fig. 3) in
terms of a barrier. At low energies, it is the Coulomb barrier.
At high energies, region 2, it is predominantly the centrifugal
barrier. The degree of penetration required for fusion is determined
by a hypothetical critical radius (Ga 74, Gl 75) which is nearly
equivalent to an energy dependent critical angular momentum (Ba
73). This approach and somewhat more sophisticated one dimensional
calculations (Gr 74) have been extremely successful in reproducing
experimental data over a wide range of energy and mass for which
the dynamical path to fusion lies inside the saddle point for fission.
There remains the possibility of an additional limitation on the
fusion mechanism, however, which has been harder to detect experimen-
tally. This limit would occur in region 3 of Fig. 2, and is a Yrast
limit. That is, the compound nucleus cannot be formed if, at that
excitation energy, a state with angular momentum J does not exist.
This "absolute'" upper limit on the angular momentum is usually calcu-
lated with the rotating liquid drop model (Co 74). Previous mensurements
where the angular momentum introduced at the critical radius approaches X
that of the liquid drop limit are described in refs. Na 75, Br 76b,

and Vi 76.

Results of a recent experiment (St 77) in which both the effect
of penetration to a critical radius and, apparently, that of a Yrast
limit are present are shown in Fig. 10. At the right hand portion
of the figure {low bombarding energies) the beginning of the drop
in of,s is just on scale. In the region 0.012 < E-! < 0.05 (180 >
E > 43 MeV), ogys varies linearly with E-1, consistent with
penetration to a critical radius. At the highest bombarding energy,
Equ = 248 MeV, a significant decrease in the value of oy,g of about

200 mb is observed.

Two dimensional TDHF calculations (Ma 77) have been performed
ard compared to these data. The thecretical cross sections for

ogys decrease from about 1150 mb at E;}m. = 0.02 to 900 mb at E;fm. =

0.009.

The results of Fig. 10 may be plotted in a different manner
by converting og,5 to a critical angular momentum J using the sharp
cutoff relation ogys = m X% (J + 1) and plotting the results versus
exci.ation energy in 20A1 (E” = E. , + 15 MeV separation energy).
The maximum angular momentum for which fusion occurs is seen to
c“ange only very little with excitation energy for the two highest
energy data points. The solid vertical line at Jp,, = 26.6 i represents
the prediction of the rotating liquid drop model, which is consistent
with the experimental data. The trend of the experimental results
in Fig. 11 suggests that the maximum angular momentum which a 26A1
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compound nucleus may have (at any excitation energy) has tzen observed
and is ~ 1 KH/nucleon.

C. Compound Nucleus Decay

Severial impoitant properties of the compound nucleus become
accessible through the measurement and analysis of the decay products.
Such quantities are the temperature, distribution of angular momenta
and moments of inertia and the degree of equii’bration. Analysis
of the reaction products usually involves compzrison of the data
with the predictions of an evaporation calculation, 1.e. a statisti-
cal model. Significant progress has been made both in the range
and quality of experimental data and the sophisticetion of the computer
codes used for the analysis (P 77, Go 77, Hi 77). As an example,
the mass distributions obtained from the fusion of !%F and 27Al
are shown for four different bombarding energies in Fig. 12 (P 77).
The experimental data were obtained with a time-of-flight spectrometer
as described in ref. PU 75. The main decay mode leading to several
of the residual masses is indicated. The production of lighter
residues and the increased importance of multiple a-particle emission
as the bombarding energy is increased is immediately apparent. That
the increased a-particle emission is associated with higher angular
momentum rather than higher excitation energy is illustrated in
Fig. 13 in which calculated mass distributions as a fumction of
compound nucleus angular momentum are presented. Thus, the residues
corresponding to a-particle emission probe the region of the energy-
angular momentum plane nearer the Yrast line of the compound nucleus.
Analysis of the relative intensity of these products indicates that
the compound nuclei in this mass region and their immediate daughters
are quite deformed at high excitation energy and angular momenta

(Pl 77, see also St 77).

The mass distribution obtained from the decay of a much heavier
system, !51Tb, formed in the reaction 63Cu + B8Kr (716 MeV) is shown
in Fig. 14 (Br 76b, Br 76¢c, Pl 77). An evaporation calculation
(P1 75, P1 77) reproduces the distribution of residues rather well.

Since a large amount of experimental data on the mass and/or
charge distributions of evaporation residues is available it is
of interest to examine the systematics of a simple quantity such
as the average amount of mass evaporated versus excitation energy.

This has been done for the case of 15lTh, P1 77 ). In Fig. 15,
results from some 14 different compound systems are shown. The
ordinate is AA = Ag N - Aresidue where A is the average mass of
the evaporation residues. In cases where Z-distributions were
measured, the conversion to mass was made using the N/Z ratio
appropriate for nuclei near the most probable Z-value. Several
features of this plot are of interest. Typical values of the
excitation energy removed per mass unit range from ~ 7-12 MeV/amu.



30 32 3¢ 36 38 L0 42 4L 46 LB
[IITIIIIIII

2N} 2a 19F . 27A|
THEQRY{

200}_ EXP\"] 3Nl 92MeV -

IN3a |
5N
100 r- "1 {
La CN
111111
o (el

T T T T 1 T 1
3Nla
IN2a r? 76MeV
o 200} N .
E
N3 I8
g o} -
=
5 CN
w I I l
v, A
L S | i P T T
(7)) ZFﬂa
§ 63 MeV N
O 200f RN (W -

I

13" .IT.LC’N
N

0 —r— TP
40 MeV J;‘N
200} -
2Nl
100 |- ' 4
CN
0 1 !

— T+ T
30 32 3. 36 38 40 42 L4 L6 LB
MASS NUMBER

FIG. 12, Measured and gredicted mass distributions for the
evaporation residues of 1”F + 27A1 (Pu 77).




16

30 32 34 36 38 L0 42 4L LB LB

LN S RN SR RS R E N
N

300 - Lews 10h

200

100

3Nl -
300 r Lens 20h

200

100

300

200

CROSS SECTION [mb]

100

3Nl« 19~ . 27,
N2e T F+“Al

CaLC. (N 76MeV
200 EXP _

N3« H

I | i
|
|l| l !
L

T L 1 AR T T
30 32 34 36 38 40 L2 4L 4B LB
MASS NUMBER

100

FIG. 13. The predicted distribution of residues for different
angular momenta of the compound nucleus (PU 77).




YIELD

17

THEORETICAL MASS (omu)

125 130 135 140
{ T T I
€3¢y + 86kr (716 Mav) —= 1 Th* —= E.R. PRODUCTS F1G. 1‘.1' Measured_
. EXPT. and predicted mass dis-
300 —-= THEORY - tributions for the
Oop =3 N evaporation residue
1 products of 151Tp (Br
ey e 76c, P1 77).
200 - i i
i L..s :‘
;' L
i =
100 }— !'."F Lﬂ! —
r |
- -
[ li"l.-
ol dsatt ‘ . e
120 125 130 135 140

EXPERIMENTAL MASS {amu)

20

AG.N.-A—residue {a.m.u.)

151

0 { { ] | l
0 50 100 150 200 250 300
£*(Mev)

Evaporoted Mass vs Compound Excitation.

FIG. 15. The average evaporated mass (in amu) versus compound
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These values are reasonable considering separation energies, tempera-
tures and the fact that o-particles as well as nucleons are emitted.
Systematic trends are also evident. The heavier nuclei, e.g. A A

40 tend to lie oi. one curve whereas lighter compound nuclei emit,

on the average, more mass per unit excitation energy. There are

two reasons why a heavier system should emit fewer particles to

remove a given amount of excitation energy. Both reasons are connected
with the fact that they are formed (in these heavy ion reactions)

with much larger angular momenta. High angular momentum and heavy
nuclei favor y-ray emission which means less mass is evaporated. The
main reason, however, is that the removal of angular momentum requires
particles to be emitted with energies greater than the sum of the
Coulomb repulsion and thermal energies. Since each particle then
carries off on the average more energv. rewer particles are emitted

in removing a given amount of excitatiun energy. Statistical model
calculations reproduce these trends fairly well.

It appears that, over a wide range of compound nuclear masses,
excitation energies, and angular momenta, the decay of the compound
nucleus can be adequately explained on the basis of an equilibrated
nucleus and statistical decay. This statement has a practical signifi-
cance which is in addition to the obvious importance of understanding
the decay of the compound nucleus. It facilitates the comparison
of theoretical calculations of heavy-ion reactions, in which large
amounts of energy are converted into excitation of the fragments,
to results obtained in the laboratory. The excited reaction products
will emit some number of particles before being detected and this
must be taken into account as best as possible before comparing
theoretical calculations with experiment.

Of course, a general statement such as the one beginning the
foregoing paragraph cries out for an exception. It is well known
(Bl 75) that, for nucleon and a-particle induced reactions, light
particles are emitted from the compound system before equilibrium
is attained. This pre-equilibrium emission is identified as a
departure from the predictions for equilibrium decay. In particular,
an excess number of particles appears with h1gher-than-average kinetic
energies. Evidence for such pre-equilibrium emission (from the
compound system) in heavy-ion induced reactions is scant and probably
reflects the fact that the excitation energy is more easily spread
over a larger number of nucleons in a heavy ion reaction. A possible
exception is illustrated in Fig. 16 (Sa 77). The top row of the
figure shows the probability of emitting x neutrons depend1ng on
whether the same compound nucleus is forimed in the reactions 20Ne +
150Ng or 12¢c + 158Gd, Below is shown the average number y-rays <M>
emitted as a function of x. The 20Ne results are consistent with
statistical expectations. Assuming that the neutrons have a statistical
distribution of energies, then the average number of y-rays should
increase as fewer neutrons are emitted. This behavior is also observed
for 12Cc + 158Gd at lower bombarding energies. At an excitation
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encrgy of 121.7 MeV, however, one observes that <M>y decreases with
decreasing x. Fart of this effect may arise from the opening of oxn
channels which compete with the 7n and 6n channels, lowering the
average compound nucleus angular momentum associated with these decays.
However, it seems likely that the neutrons associated with the 6n

and 7n decays now have a higher average kinetic energy (and most
likely carry off more angular momentum). A plausible explanation for
this is that the first neutron emitted had an anomalously large

erergy and therefore was emitted before equilibrium was attained.

This could be verified by measuring the neutron spectra in coincidence
with the residues. The cross section associated with this effect is
of the order of 100 mb/sr.

The observation and further study of pre-equilibrium phenomena
in heavy ion reactions is important in that it probes the early
stages of compound nucleus formation. It is not clear how successful
in these cases will be the theories developed for nucleon induced
reactions, nor is it clear what are the best approximations to be
made in treating the heavy-ion case. (The experimental results
for “He projectiles and 12C projectiles at the same MeV/nucleon
are Jdifferent.) The study, both experimental and theoretical, of
pre-equilibrium emission in heavy ion reactions is thus at an early
stage and should prove an exciting area in the future as the region
of bombarding energy between 20 and 200 MeV/nucleon becomes accessible.

I1T. DEEP INELASTIC SCATTERING

Since the phenomenon of deep inelastic scattering began to attract
attention in the early 1970's, an extremely large amount of experimental
and theoretical work has been done. The basic features of the process
have been established and the dependence of these features on the
bombarding energy and charges of projectile and target has been mapped.
The subject has been reviewed at the Caen Conference (Ga 76, Mo 76)
and recently by Schrdder and Huizenga (Sc 77b).

Most of the information gained so far in deep inelastic scattering
is based on measurements of the energy, angle, and charge (or mass)
of one of the fragments. These "first generation' experiments have
been extremely productive. In the last year or two experiments have
become more complex as more detailed questions are asked about the
reaction mechanism. I want to select two aspects of the reaction
mechanism and present, briefly, a number ot recent experiments which
focus on them. First we will consider the (spin) alignment of the
fragments after collision and the amount of angular momentum transfer.
The second aspect deals with the time scale of the collision and
the mechanisms by which the damped energy is ulti—ately dissipated.
The first topic is of relevance to theory insofar as the transfer
of angular momentum is induced by nonconservative forces, i.e. by
friction or viscosity, and this is of very current interest. The
second aspect relates to the degree of equilibration of the rotating
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di-nuclear complex (RDC) as we like to call the projectile-target
system up to the point of scission. Simple and graphic questions
are: Does the RDC emit particles before it scissions? Are there
local hot spots (e.g. at the walls or in the neck) or does the system

achieve a uniform temperature?

We ask what experiment can tell us.

A. Alignment and Angular Momentum Transfer

1) Particle experiments

In a simple classical picture of the deep inelastic reaction
in which a portion of the angular momentum of relative motion is
transferred to intrinsic degrees of freedom, the two fragments produced
in the collision should have their angular momenta aligned perpendicular
to the reaction plane defined by the beam and one of the fragments.
The particles emitted by an excited fragment should exhibit an angular
correlation which is indicative of this alignment. In particular,
particles should be preferentially emitted in the reaction plane
if the nucleus is aligned perpendicular to this plane. The situation
is illustrated schematically in Figs. 17a and 17b. 1In Fig. 17a we

OUT-0F -PIANVE
RAPEVLAR CORRELATION FIG. 17. (a) Particles
released from the surface of
a rotating sphere, all move
in the equatorial plane pro-
vided their rotational ve-
locity greatly exceeds the
average radial velocity
associated with their tem-
perature. The angle of
enission with respect to the
equatorial plane is denoted
by ¢. (b) When the tem-
perature and rotational energy
are comparable, the out-of-
plane correlation is broad-
ened. The dashed arrows
denote the components of the
velocity due to temperature
and the centrifugal force.
The correlation function is
given by Ericson and
Strutinsky (Er 58).

WE9) ~ To(: Ear cos$)
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consider a cold, rotating nucleus. The centrifugal force on any
particle is parallel to the equatorial plan of the rotating nucleus
which also lies in the reaction plane. If the nucleus has a tempera-
ture T, the emitted particles will have a radial velocity component
which will smear out the sharp correlation of Fig. 17a and produce

a correlation like that shown in Fig. 17b. Ericson and Strutinsky
have derived the indicated expression for the angular correlstion

(Er 58). The quantity determining the anisotropy is the ratio of
the emitted particles rotational energy to the temperature of the
compound nucleus.

An experiment to measure the angular correlation and intensity
of alpha particles in coincidence with the projcctile-like fragment
has been made by Ho et al. (Ho 77), for the reaction SBNi + 180 (96
MeV). The experimental configuration is illustrated schematically in
Fig. 18. The heavy-ion detector was at an angle of 35° with respect
to the bgam, The out-of-plane correlation was measured by moving
the a-particle detector in a plane which cuts the reaction plane
at angles of 6, = 35° for ¢, = 0°, and 6, = -145° for ¢, = 180°.

The results are shown in Fig. 19 for a-particles in coincidence with
carbon ions (solid points) and oxygen ions (open circles). (The
data have been converted to the rest frame of the heavy fragment.)
There is a clear out-of-plane correlation. The correlation is not
symmetric about ¢4 = 90°, however, as would be expected for equilibrium
decay; we shall return to this point in Section IIIB. An analysis
of the portion of the correlation from ¢, = 90° to ¢, = 180° yields
a ratio of rotational energy to temperature which implies a spin

J of 13 H for a temperature T = 2 MeV. (Complete alignment of J
perpendicular to the reaction plane is assumed in deriving a value
of J.)} This value for the temperature is consistent with statistical
modu1 predictions and the shapes of the a-spectra (for ¢, > 90°) .
The value of 13 K agrees with results obtained from the measured
y-ray multiplicity (Al 75). Regardless of the precision with which
the transferred angular momentum can be deduced by this procedure,
the results shown in Fig. 19 demonstrate that the spin of the heavy
fragment produced in this deep inelastic collision is aligned.

Light-particle emission is not the cnly possible mode of decay.
In systems much heavier than mass 60, fission is an important de-
excitation mechanism, and has the advantage of a well-developed theory
of angular correlation and of previous experimental study (Va 73). This
has been exploited in a recent experiment by Dyer et al. (Dy 77)
in which a 299Bi target was bombarded by 610 MeV 88Kt ions. The
experimental arrangement is shown schematically in Fig. 20. The
angular correlation of one of the fission fragments in coincidence
with the projectile-like fragment was measured both in plane and
out of plane. Classical arguments similar to those applied in the .
previous example tell us that the fission fragments should be most
intense in the reaction plane provided that the target-like fragment
has a large angular momentum perpendicular to the reaction plane

before scission.
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FIG. 18. Schematic
representation of the
experimental arrange-
ment used to measure the
correlation between a-
particles and projectile-
like fragment in the re-
action °°Ni + 160 (96
MeVY) (Ho 77). Note that
¢_ is the polar angle
between the emitted a-
particle and the reaction
plane.

o-PARTICLB
DETRCTIR =¥

RENCTr0M
PLANVE /

/’
3
L3

| { 1 | | { T1Z
Q.
10 \.\+ 95 MeV 160 +* sle ;
\ + out of plane é
|‘ -
E§ 08} ! —
- :
Z ook} _
~ + '+
—~ \
xuo A +
o 0.4 -\\ (] ’+-
S o\ },
s R4 $’ H‘
© 0.2} WD s
. Q V4
‘?:'_+ . ,4}] +
ooll— L L '{ L1 |

o 30 60 90 120 150 180
L

FIG. 19. The measured out-of-plane correlation. The angle ¢§
corresponds to the angle ¢ in Fig. 18, but evaluated in the rcst frame
of the heavy fragment. The ordinate is the differential o-particle
multiplicity (coincident wo-particles per projectile-like fragment
detected at 35°). The dashed lines are to guide the eye.
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F1G. 20. Schematic diagram of the experimental arrangement used to
measure the angular correlation of fission fragments in coincidence
with the krypton-like fragment in the reaction 209Bi + B86Kr (610 MeV)
(Dy 77).

The out-of-plane angular correlation for the fission fragments
depends now on an additional quantum number K, the projection of
the total angular momentum on the symmetry axis of the fissioning
nucleus at scission. Thus we have

LRORNC R R MON L
and
yield =« I P(J) P(M) P(K) wfmw)
JMK
The distributions P(K), P(M) and P(J) represent the probabi’ T

finding the system with these quantum numbers and are obtain.
follows.
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i) P(K): This is a property of the fissioning nucleus and

K2
P(K) « exp (- ——2?) .
ZKO

Ko can be inferred from previous fission fragment angulzar
correlation experiments.

ii) P(M): The alignment of the system is determined by the
reaction mechanism. As a first estimate, complete alignment
perpendicular to the reaction plane is assumed, M = J,

iii) P(J): The probability that the target-like fragment has
total angular momentum J. The determination of this is
the goal of the experiment. Assuming that the amount of
angular momentum transferred, J, is proportional to the
initial orbital angular momentum, £, one has for deep
inelastic collisions of Kr + Bi, P(J) = 2J + 1. This is
because the partial cross section OE' + « 22+, This
distribution has an upper limit Jy,, which is the
quantity to be determined by comparison with the data,.

In Fig. 21 both the out-of-plane and in-plane angular correlations
are shown. The in-plane counting rate is ~ 25 times more intense
than the rate perpendicular to the reaction plane. There is a slight
in-plane correlation which should not be present if the system is
completely aligned with M = J. An analysis has been made of both
correlations allowing for less than complete alignment and other
factors such as nonequatorial collisions and the existence of a lower
limit (Jpin = 18 K) on the angular momentum transferred in deep
inelastic collision. The result is shown by the dotted lines and
yields a value of Jpyx = 58 K. Dyer et al. are able to conclude
that the maximum angular momentum transferred is between 50 and 70 K.
Jmax 1s estimated to be about 68 K in the limit that the Kr and
Bi stick together and 39 R is the rolling limit. Thus the angular
momentum transfer is larger than the rolling limit, less than (but
consistent with) the sticking limit, and indicates that tangential
friction is very important. A calculation of Jyax has been made
for this system by Gross et al. (Gr 75) and their prediction, Jpax =
38 H, underestimates the transferred angular momentum. Agreement
with experiment would presumably require increasing the tangential
component of the friction. In any case, this experimental value for
the transferred angular momentum represents an important datum for
testing models for friction or viscosity in deep inelastic reactions.
(The foregoing discussion is based on ref. Dy 77.)
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2) y-ray experiments

After the excited fragments produced in the deep inelastic collision
no longer have sufficient energy available for particle decay, y-ray
emission “=2gins and completes the deexcitation process. The relative
importance of y-ray emission (in terms of the amount of excitation energy
and angular momentum removed) varies with the mass and angular momentum
of the excited fragment. In heavy nuclei where neutron emission is
favored, y-rays can carry away most of the angular momentum. Thus, the
properties of the deep inelastic reaction products after scission can be
reflected in the y-ray emission. The problem, however, is how qualita-
tively to relate the experimental observations to the properties of the
deep inelastic fragments before particle emission began.

Let us sidestep this problem for the moment, however, and first
discuss two experiments which demonstrate that the residual nuclei
can still be aligned when y-ray emission commences. If the a-particle
detector in the schematic diagram of Fig. 18 is replaced by a Ge-Li
detector, the angular correlation for specific y-ray transitions
in the heavy fragment can be measured as a function of the species
and energy of the light fragment. This has been done for the reaction

27a1 + 180 (100 MeV) by Van Bibber et al. (Va 77). Gamma-ray yields
obta1ned in plane (¢ = 0, solid data points) and out of plane

(¢ L | open C1rc1es) are shown in Fig. 22. The y-ray angular
Lorrelat1ons expected for a nucleus aligned perpendicular to the
reaction plane depend on the mu1t1polar1ty of the radiation and

are quite different for A = 1 and A = 2. Note in Fig. 22 that the
yields of A = 2 transitions 12c(2* - 0* )+and 24Mg(2* - 0%) are largest

+
for ¢, = 0 while the Ml transition 31P(—-— l-) is most intense per-
pendicular to the reaction plane. Although™not all the E2 and Ml
transitions in other nuclei observed in this work show the same pro-
nounced anisotropy, these data are sufficient to demonstrate that
some alignment exists, This experiment also shows that y-ray angular
correlations measured with a detector which records all y-rays will
in general be attenuated because E2 and Ml transition will be summed.

The second experiment to be mentioned shows not only that the
fragments retain alignment but are also polarized in the directiomn
perpendicular to the reaction plane. The goal of the experiment,
by Trautman, de Boer et al.(Tr 77) was to measure the direction of
rotation of the fragments for quasielastic and deep inelastic scat-
tering and thereby test the negative-angle-scattering proposal of
Wilczynski (Wi 73). <y-rays emitted in stretched transitions, regardless
of multipolarity, will be circularly polarized in the direction of
the angular momentum of the emitting nucleus. The amount of polari-
zation varies as the cosine of the angle between the direction of
the nuclear spin and the direction of the y-ray. The direction of
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the circular polarization can be measured by scattering the emitted
y-rays from the polarized electrons in magnetized iron. (The cross
section for compton scattering at forward angles is larger if the
electrons and y rays are polarized in opposite directions.) Two
polarimeters were employed in a symmetric coafiguration normal

to the plane defined by two heavy ion counters at *+ 35° with respect
to the beam. (One reason for this is that the experimental effect
to be measured is small, of the order of one percent, because only

2 out of the 26 electrons in an ion atom are polarized, and a very
efficient system is needed.) The aEgaratus they used is sketched

in Fig. 23. The reaction was Ag + *YAr (v~ 300 MeV) and was measured
at GSI. They observed an asymmetry in the count rate which was of
opposite sign for the quasielastic and deep inelastic components
indicating that the fragments produced in the quasielastic and

deep inelastic collisions spin in opposite directions. This confirms
that deep inelastic scattering in this reaction is associated with

a negative classical deflection angle. The degree of polarization
was much larger for the quasielastic component than for the deep
inelastic. This suggests that particle emission and other possible
mechanisms we shall mention later contribute to a loss of polari-

zation and alignment.

tions in coincidence with
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FIG. 23. Schematic diagram of the
apparatus used by Trautmann, de Boer
et al. (Tr 77) to measure the circular
polarization of y-rays emitted in quasi-
elastic and deep inelastic reactions.

We return now to
the question of relating
y-ray emission to the pro-
perties of the fragments.
before particle emission
began.

The paths followed by
the nuclei on the way to
their ground states, and by
the experimenter on the way
back to the initial condi-
tions, are illustrated in Fig.
24, The compound system is
the rotating dinuclear com-
plex which then separates
into a heavy and a light frag-
ment each having an average
excitation energy and angu-
lar momentum., After particle
emission ceases, an average
number of y-rays My and M,
are emitted by the heavy and
light fragment, respecti-
vely. The sum of these two
multiplicities is observed
in coincidence with
the light fragment as
recorded by a counter tele-
scope. The problem of work-
ing backwards from the
ovserved average y-ray multi-
plicity and average y-ray
energy to the quantities of
interest involves estimating
or measuring the effects of
particle emission. Statisti-
cal model estimates can be
made for very heavy nuclei
which decay only by neutron
emission. In lighter systems
this procedure would scem
less reliable and the
empirical approach is pre-
ferred. One measures the
multiplicities for evapora-
tion residues in which the

‘L and J (of Fig. 24) are

known. A functional depend-
ence of MY on E* and J can
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thus be deduced. The crucial assumption is that the decay of the deep
inelastic fragment follows the same rules as that of a compound nucleus.

Measurements of the average y-ray multiplicity, ﬂy, have been
made on a number of systems (Al 75, Ish 76, Bo 76, Gl 77, Pe 77, Da
77) (see Pe 77 for a recent review). The manner in which the various
authors have estimated the effects of particle emission has varied,
but the end results have generally yielded values of the angular momentum
transfer in between those corresponding to rolling and sticking. Several
examples are as follows,

The value of M, in the reaction 14N + 93Nb at Eyy, = 120 MeV
has been measured by Ishihara et al. (Ish 76). The results are shown
in Fig. 25 for both the deep inelastic component and the quasielastic
component as a function of the mass of the light product. The dashed
line is a prediction of assuming the reaction partners reach a
stage in which their surfaces stick together and the system undergoes
rigid rotation before scissioning. The solid line pertains to quasi-
elastic reactions in which the exchange of mass is assumed responsible
for a transfer of angular momentum. In relating the transferred
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angular momentum J to the y-ray multiplicity, the equation J = 2.4 M,,
was used. A portion of this amount, J = 1.7 M, represents the angular
momentum associated with y ray emission alone whereas the remainder
J=0.7 MY corresponds to the angular momentum carried off by particle
emission. The latter was estimated with a statistical model.

Qualitatively similar resuits were obtained for a somewhat heavier
system, Ag + 20Ne (175 MeV) by Glissel et al. (Gl 77). Figure 26
shows the multiplicity measured as a function of the light -fragment
atomic number for several scattering angles, The more damped the
energy of a reaction product, the higher the multiplicity. M, increases
in general for larger scattering angles suggesting that the compound
system has lived " onger and therefore had more time to approach a
sticking 1imit. The agreement for smaller values of Z is better with
a sticking limit obtained from a lower initial orbital angular momentum
(50 K). This is interpreted as a consequence of the lower Z reaction
products being preferentially produced by lower 2-waves. The relation-
ship between M, and transferred angular momentum in this case is assumed
to be J = 2 M,, the argument being that y-ray multipolarities less
than 2 are offset by the negiect of the angular momenta carried off
by neutrons. The results, again, lie in between the rolling and sticking

limits.
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The results for a much heavier system, Au + Cu (443 MeV) are
shown in Figs. 27 and 28 (Be 76b, Pe 77). The value of MY as a function
of the energy of particles detected at 49° is given in Fig. 27. The
multiplicity increases as a function of energy loss through the range
of events corresponding to partial and complete damping. In Fig.
28 the value of M, measured at two angles is plotted versus mass asymmetry
and compared with various sticking model predictions assuming J =
2 My. The prediction includes the effect of deformation at the scission
point. The initial orbital angular momentum %£;i = 124 is near the weighted
average of angular momenta over the range £; = 0 (assuming no fusion)
to &5 = 175 (the maximum f-value contributing to the deep inelastic
collision. The value %3 = 175/2 is shown for additiownal reference.

In the reaction 58Ni + “OAr (280 MeV), the measured multiplicities
are below the rolling limit if J = 2 and no correction for particle
emission is made (Bo 76). These authors have also measured the a-
particle multiplicity and suggest that the amount of angular momentum
removed by particle emission together with a more realistic calculation
of the transferred angular momentum (i.e. one including deformation)
would bring theory and experiment much closer together.

While most of our information on angular momentum transfer has
come from coincidence experiments observing the decay products of
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the primary fragments, it should be noted that there is one experiment
in which angular momentum transfer has been deduced from the measurement
of the total kinetic energies of the primary fragments as a function

of bombarding energy. This has been done by Braun-Munzinger et al.

(Br 76, Co 77b). The analysis assumes that the Coulomb separation
energy is independent of bombarding energy and that the amount of
transferred angular momentum (which reduces the rotational portion

of the total kinetic energy) is proportional to the initial orbital
angular momentum. The deduced constant of proportionality agrees

well with the sticking model.

The measurements of the average y-ray multiplicity described
above are valuable in that they provide (albeit with accompanying
assumptions and uncertainties) a measure of the amount of angular
momentum transfer. Measurements of the angular correlation of the
v-rays, averaged over all y-ray energies, in principle give informa-
tion on the degree of alignment, but it is here that things begin to be
more complicated than the foregoing descriptions of the experiments
and their interpretations would suggest. Measurements of the out-
of-plane y-ray angular correlation averaged over all y-ray energies)
for the reactions *N + 93Nb (Ish 76), Ar + Ni (Bo 76), and Cu + Au
(Pe 77) indicate a rather small anisotropy, i.e. the out-of-plane
count rate is generally ~ 80-90% of the in-plane count rate. Perrin
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and Peter (Pe 77) suggest (particularly for the heavy system Cu +

Au) that this lack of alignment may arise from ;ources other than

M1-E2 mixed multipolarity or misalignment caused by particle emission.
Making the analogy with fission, the fragments at scission can, through
bending, wriggling, or twisting modes of motion (Ni 65), induce angular
momenta in the primary fragments which are not in the plane of the
reaction defined by the beam and one of the fragments. For the first
two modes of motion, the induced angular momentum would be perpendicular
to the direction of the separating fragments; in the third case, it
would parallel this direction. Measurements of angular correlations

of discrete y-rays in the spontaneous fission of 2°2Cf by Wolf and
Cheifitz (Wo 76) suggest that twisting is not an important mode of
motion and that bending and/or wriggling dominate. The results of
Dyer et al. (Dy 77), (Fig. 21) should enable an upper limit to be
placed on these bending and wriggling contributions and it would be
very interesting to see what a quantitative analysis would yield.
However the induction of additional angular momenta in the fragments
through dynamical processes at scission does not imply that current
analyses of y-ray multiplicity experiments overestimate the amount

of angular momentum transferred through friction in the portion of

the reaction leading up to scission. This is because the average
angular momentum (i.e. the first moment of the distribution) obtained
after averaging the vector sum of the aligned component and the induced
component over all directions of the induced angular momentum wculd
not be much different than that due to the aligned component alone.

The second moment, or width, of the angular momentum distribution
would be very different, however. This brings us to the consideration
of higher moments of the multiplicity distribution.

Just as the average number of y-rays rerflects an average angular
momentum, the distribution of the number of y-rays about the average
reflects a distribution in angular momenta. Knowledge of the distri-
bution of angular momenta in the reaction products is very desirable.
Higher moments of the multiplicity have been reported for compound
nucleus decay (Ha 75, Sa 76) and used to deduce spin distributions.

In the case of deep inelastic collisions, the second and third
moments of the y-ray multiglicity have been measured by Dayras et al.
(Da 77) for the reaction 83Cu + 20Ne (164 MeV). Data were also obtained
for the evaporation residues produced in the reaction 63cu + 12¢ (130
MeV). The results are shown in Fig. 29. The moments of the y-ray
multiplicity are in each case evaluated at a single scattering angle
and over a narrow energy window at the peak intensity of the deep
inelastic yield for each atomic number. (In this portion of the spectrum,
the contribution from reactions induced on carbon and oxygen contaminants
in the target is small). One would expect that the width of the multi-
plicity distribution would be less in the case of the deep inelastic
collision; the argument is as follows. The evaporation residues
contain angular momenta from 0 to Rcrit and, for a (2%2+1) triangular
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FIG. 29. 'The multiplicity M, width ¢, and skewness S measured for the
deep inelastic scattering of 63Cu + 20Ne (164 MeV), (Da 77). The
straight lines are to guide the eye. The projectile-like fragments
with atomic number Z were detected at 20° 1lab. M, o, and S are evalu-
ated for those particles having energies at the peak of the deep
inelastic yield. The trend of M to decrease with Z is in agreement with
the sticking medel, Also shown are the results for evaporation residues
produced in tke fusion of ®3Cu + 12C (130 MeV). Note that the limit of
M, 0, and S as Z decreases approaches that of compound nucleus decay.
The quantities M, S and ¢ are defined in ref. Sa 76.
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distribution, we would expect 2M;'m V8 ~ 2.8, We observe a value

of 2.3 and attribute the discrepancy to additional broadening arising
from particle emission and statistical cascades. In the case of deep
inelastic scattering we would expect a narrower distribution of angular
momenta varying from f X L.pit to f x &5 where f represents the fraction
of angular momentum transferred. Indeeg, this should represent an upper
limit on the width since we have selected a narrow angular and energy
region of deep inelastic products and, if anything, this would narrow the
range of impact parameter. Neglecting broadening from particle emission
and from other effects such as statistical cascades, a variance

o2 % 0.6 would be expected for the multiplicity distribution. Assuming
the broadening of the distribution by the effects mentioned above can

be derived from the value deduced from the evaporation residues, a
variance of ¢2 & 7.6 is predlcted Yet this value is only about one
half of the measured variance. For example, 02 erimenta 15 for

deep inelastic products with Z = 5. -This 1mp11e gﬁ aﬁﬁl%lonal
broadening of the transferred angular momentum distribution. Possible
explanations for this are as follows.

i)} The distribution of initial angular momenta contributing
to deep inelastic scattering is much broader than
Lerit > fgr. Even if this were the case, however, the
selection of reaction products at a given energy and
scattering angle should correspond to a narrow popu-
lation of initial angular momenta. This follows pro-
vided that the angular momentum transfer J is propor-
tional to the initial orbital angular momentum,

= f x L.

ii) The constant f in the relation J = f x & is not a constant
but has itself a distribution. This would imply statistical
processes in the transfer of angular momentum, a proposi-
tion which does not seem unreasonable.

iii) There are additional angular momenta induced at scission
(the bending and wriggling just discussed) which would
certainly broaden the angular momentum distribution while
not greatly affecting the average value. This possibility
has been suggested by Perrin an. Peter (Pr 77).

iv) We have assumed that the excited fragments produced in the
deep inelastic collision reach equilibrium and decay in
the same manner as compound nuclei produced in fusion
reactions. This assumption may not be valid.

The last item introduces another (and our last) topic. What in
fact are the modes of decay by which the deep inelastic complex and
its fragments rid themselves of excess energy and angular momentum?
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B. Time Scale and Mechanisms for Decay

The length of time for which the system produced in a heavy-
ion collision holds together is a basic parameter. Although it cannot
be measured directly, (at least not for the short time scales of deep
inelastic collisions) it can be inferred from analyses of the reaction
products and orbit calculations (see, e.g. Bo 75) and from correlations
of energy loss and mass transfer (Hu 76). However, rough estimates
of the time scale can be made using very simple arguments.

Considering the rotational motion, we have an angular velocity
w, and an angle of rotation 6 through which the fragments remain in

contact,

., = &/w

DI

We can estimate a rotational energy, an orbital angular momentum £,
and a moment of inertia, & and use

w = ZEROT/ﬁl
or
w= Ke/%

to obtain w. For example, we could take % % §-2 r corresponding to

rolling fragments and Epgr = Ec p. - Ecoul *+ &. A typical angle
6 would be ~ 1 radian for a forward peaked reaction.

Considering the radial motion, the time for the fragments to
move together and apart is governed by the Coulomb force f and the

radial velocity, Viad (Mo 76)

T - 2u Vrad - Y2 A4
DI fcoul Ecoul

Most of the reactions studied exgerimentally thus far have collision
times in the range of 4-20 (10~22 sec).

We can also make estimates of the time it takes an equilibrated
excited nucleus to emit a particle (proton, neutron or a-particle).
An empirical fit to measured widths of compound nuclei in the mass
range A = 20 - 100 yields (St 74)

I' (MeV) = 14 exp (-4.69 YAJE* )

where E* is the excitation energy of a nucleus with mass A. Relating
the temperature T to the excitation energy as E = al? where a = A/7.5,




we have

Tpart v 0.5 exp (13/T)

where T is in MeV and Tpypt is in units of 10-22 sec. An excitation
energy of 1.2 MeV/A yie?ds a temperature of 3 MeV and a lifetime

%~ 40 x 10-22 MeV sec.

Figure 30 relates w, T, E*/A and T for an angular rotation of
1 radian. We see from this figure that if local temperatures of *
3-5 MeV, i.e. excitation energies of ~ 1 - 4 MeV per nucleon should
be produced in a deep inelastic collision, then the lifetime for
particle emission will be sufficiently short that the complex will
eject light particles before it scissions. We say local temperatures
because total center-of-mass bombarding energies in most experiments
are less than v 7 MeV/Aprojectile and therefore the achievement of,
say, 3 MeV/A nucleon in some region requires a pronounced concentration
of energy, i.e. what might be called a 'hot spot".
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FIG. 30. Relationship of the excitation energy/nucleon and equivalent
temperature to the lifetime T against particle decay of a system in
statistical equilibrium. w is the angular velocity of the rotating di-
nuclear system. Given either abscissa (1 or w), either of the ordinates
then yields the temperature or excitation energy/amu for which the
lifetime against statistical particle emission is equal to the lifetime 1
of the dinuclear complex or to the tim2 it takes the system to rotate
one radian. Most deep inelastic collisions studied to date have life-

times in the region indicated.
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Experimental evidence for such phenomena would consist of a
departure of observed yields (energy distributions, angular distri-
butions) from what would be expected if equilibrium had been attained.

In the experiment by Ho et al. (see Figs., 18, 19} a departure
from equilibrium manifests itself by an excess yield of wa-particles at
forward angles. This appears in the out-of-plane correlation shown
in Fig. 19 and also in Fig. 31, which presents the yield of a-particles
in the reaction plane. There is a strong peaking of the yield at
forward angles, in contrast to the isotropic angular distribution
which would have been expected in the classical picture of emission
from a completely equilibrated and aligned rotating nucleus. Using
the simple expression we have just given (w = l%/& ) and 6 = 20¢ where
og is the experimental standard deviation of the angular distribution
in Fig. 31. The result is tq < 20 x 10-22 sec independent of whether
it is the deep inelastic complex with 33 units of angular momentum
(before scission) which emits the a-particle or an excited 58Ni fragment
with 12 units of (transferred) angular momentum. In Fig. 30 we see
that such a lifetime corresponds to a local temperature of & 3.3 MeV.
A statistical analysis of the wa-particle energy spectra {intensity «
exp(- Ey/T) yields temperatures of 3-4 MeV for the a-particles emitted

T 1 rryrrrrrr1r cr g prrg T
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in the forward hemisphere and g terperature, as we havé already noted,
of 2 MeV for particles emitted7in t..e back hemisphere. \ Thus, these
features of the reaction (angular distributions and shapes of energy
spectraj suggest emission of a-particles either before stission of the
deep inelastic system or immediately thereaf and befone the heavy
fragment had time to equilibrate. Note thatgfthe fractlon of the alpha
particle yield corresponding to preequilibgfum emlsélom 15 v 50%.

However, this does not represent a mqaﬂkﬂfractlon of the tbtal decay
since the a particle multiplicity itself is only A 10%] (for detected 0)

and ~ 20% (for detected C). .

A kinematic analysis of the most probabjé o-pgfticle energy indi-
cates that this energy is independent of g%le if /it is calculated in

the rest frame of the heavy fragment~ °FProvided hat this would not also
be the case if th® gest frame of'the dinuclear Aomplex (i.e. 160 + 58Ni)
were used instead, gﬁls suggests that the g-particles are emitted

after scission. (Thls dnalysf also rules out projectile breakup

as an important mechanism.) o explain these features, Ho et al.

propose the formation of a lg$cal hot spot with a temperature of T L

3.5 MeV, and an area covering ™~ 20% of the sphere to explain the observed

angular correlation, energy spectra and a-paiticle multiplicities.

Mechanisms for the production of preequilibrium a-particles have
been discussed recently by Gross and Wilcyznski (Gr 77). In their
model, a strong radial friction induces a-particle emission on the
opposite side of the nucleus from where projectile and target first
come into contact., Such a picture could be consistent with the data

of Ho et al.

Other experiments of this type have been reported by Harris et al.
(Ha 77), 27A1 + 160 (65 MeV), and Ishihara et al. (Ish 76b) 33Nb +
Ty (95 MeV). They all have in common the fact that anisotropic in-
plane correlations between the emitted light particle (p or a) and
the light fragment are observed.

The emission of light charged particles in a deep inelastic colli-
sion involving much heavier nuclei is being studied by a group at
the SuperHilac (Al 77). Krypton-like products are detected at a forward
angle of 36° or 42° and light charged particles are observed with
a counter telescope at angles varying from 81° to 315° in the reaction
plane. The approach is to use the knowledge (including empirical
systematics) of compound nucleus decay to identify that portion of
the a-particle yield consistent with decay of equilibrated Kr and
Au fragments. The purpose of the experiment, then, is to determine
the amount, if any, and properties of charged particle emission which
might correspond to preequilibrium emission.

The velocity-vector diagram of Fig., 32 shows how the kinematics
of the reaction is used to identify the evaporation products. The




FIG. 32, Velocity vector diagram illustrating the kinematics for
statistical a-particle emission in the reaction Au + 86Ky (724 MeV)
(Al 77). The scattered Kr ion is detected at 36° by a gas telescope
{GT) and has an average velocity of 2.3 cm/ns. An alpha particle
evaporated from the Kr would have a velocity of 2.6 cm/ns. Only the
solid state telescope positioned at 81° could therefore detect a-
particles evaporated from Kr. A similar kinematic circle for the a-
particle evaporated from the Au fragment is also shown.
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threshold for detection of an a-particle in this experiment is ~ 9 MeV
or v 2.1 cm/ns. The average velocity of an evaporated o particle

is the sum of its velocity relative to the Kr or Au which emitted

it and the velocity of the Kr or Au, Because of the higher Coulomb
barrier, a-particles evaporated from the Au-like fragment can be well
above the threshold in the detectors located at 200°-315°. oa-particles
evaporated from the Kr will only be observed in the detector at 81°.

The following results are preliminary. The o-spectra observed at
225° and 270°, when transformed to the frame of the Au fragment, are
just what one expects for evaporation of a's from an excited but
equilibrated Au-like nucleus. This evaporation portion is subtracted
bin by bin from the spectra at other angles. The a-spectra at 81°,
when transformed to the Kr frame, is entirely consistent with o-
evaporation from a Kr-like fragwent. This evaporation spectrum is then
subtracted frcm the spectra at other angles. (The subtraction is done
in individual energy bins because of the 9 MeV threshold.) At angles
other than 81°, 225°, and 270° there is a significant number of events
left over after subtraction of the evaporation component. These a-
particles have a higher average energy than that expected for evapora-
tion from either of the fragments - in fact, this energy is ~ 40 MeV,
slightly above the Coulomb barrier for Z = 36 + 79 = 115. Figure 33
shows the measured energy-integrated yields above threshold in the
various detectors before and after subtraction of the evaporation com-
ponent vs. the average center-of-mass angle between the a-particle and
the detected Kr fragment. The magnitude of the total yield at some angles
is affected by the 9 MeV threshold. The preequilibrium yield is not
strongly affected since the energies are higher. The preequilibrium
a-particles are preferentially observed at angles near 90° and 270°, i.e.
normal to the direction of motion of the Au and Kr fragments. This is
illustrated chematically in Fig. 34 and is a situation similar to that
encountered in fission where fast o particles appear to be ejected at
scission at right angles to the neck focussed by the Coulomb force of
the two fragments. In the present case, however, the a-particle energies
are higher (Va 73). Although there is some evidence for the preequilib-
rium emission of protons in this experiment, (when the heavy-ion detector
was at 42°) it does not seem to be as large a portion of the yield as

is the case with the a-particles.

The experiments on 180 + Ni and Kr + Au which we have just discussed
indicate that the emission of light particles can occur on the same
time scale as the deep inelastic collision. 1In both experiments .nere
is evidence that this "preequilibrium' emission takes place at or
immediately after the point at which the two fragments separate.
(Preequilibrium decay does not happen exclusively, however. Many
of the events correspond to the excited fragments reaching equilibrium
before decay.) The preequilibrium particles are the means we have
for studying the properties of nuclear sysiems under extreme conditions

of temperature.
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FIG. 33. Preliminary
results of coincidence
measurements (Al 77)
with the gas telescope
at 35.7° and at 41.7°.
The circles and crosses
represent the total
number of a's above the
detector threshold. The
lines are only to guide
the eye. The abscissa
is the average center-
of-mass angle between
the emitted o and the
Kr-like fragment. The
vertical b-rs represent
the a-particle yield
remaining after the con-
tribution due to evapo-
ration from either
fragment has been sub-
tracted (solid bars,
41.7°; matched bars,
35.7°). There is a pref-
erence for a-particles
to be emitted at nearly
right angles to the
direction of the Kr ion.

FIG. 34. Illustration
of the emission of a-
particle at right angles
to the axis of symmetry
at scission. The Coulomb
forces of the two main
fragments can '"focus"
the alpha particles to
angles near 90°,
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IV. SUMMARY AND CONCLUSIONS

We have just seen the results of a very large number of experi-
ments. What are their distinguishing features, what do they tell
us about heavy-ion collisions and how do they relate to nuclear theory?

A. Fusion

The process of fusion represents the moct complex of heavy-ion
collision processes in that the final state has all degrees of freedom
excited in a statistical way. Phenomenologically, however, fusion
has been the process most easily described with a small number of
degrees of freedom and very few parameters. We wish to extend our
knowledge of fusion’beyond the stage of phenomenology and proceed
further toward the final state. The initial stages of fusion as the
two ions approach must involve low nuclear densities and therefore
only a few nucleons. We ask whether the nature of the fusion process
is such that the valence nucleons affect the outcome. Microscopic
calculations suggest this might happen. Experiments on the fusion of
light heavy ions at sub-Coulomb energies show in some cases pronounced
changes in the energy dependence of og,g. These changes occur with
variations of one or two units in the mass number of the colliding
system (Figs. 5, 6). Microscopic calculations of the complex potential
as well as of the real potential will probably be necessary to understand

the changes in behavior from system to system.

Fusion cross sections measured at energies above the Coulomb
barrier at the point where direct reactions become an important part
of the reaction cross section also show large variations with mass
number of the colliding system (Fig. 9). These variat}ons, of the
order of 200 mb, are much larger than variations in A3 Until the
measurement of og,; for I5N + 12¢ there was an apparent systematic
dependence of ofyg on the shell closure at 160. These experimental
data on fusion cross sections both above and below the Coulomb barrier
provide an opportunity for testing microscopic theories of heavy-ion

fusion.

In heavy-ion systems studied with projectiles of A < 40 the most
important factor limiting fusion has been the¢ dynamics of the entrance
channel. These dynamical requirements for fusion have been condensed
into a one dimensional prescription - penetration to a critical radius.
By measuring og,g at a sufficiently high bombarding (EI“N " 18 MeV/A)
it has been possible to observe a decrease in ofys indicating a limita-
tion more restrictive than penetration to a critical radius (Fig. 10).
The maximum angular momentum with which it has been possible to form
26A1 (Fig. 11) is consistent with value predicted by the rotating
liquid drop model. Because the number of nucleons in a system as
light as 2PAl, is relatively small, microscopic calculations are more
manageable and economical. Differences between macroscopic and micro-
scopic treatments can be explored in a system for which such differences
are more likely, and for which there is an experimental result.




46

The distribution of residues of the compound system can be calcu-
lated rather well (Fig. 12). These calculations suggest that highly
excited compound nucleli undergo rigid rotation for large angular momenta
and are deformed. This is consistent with measurements of the critical
angular momentum as a function of excitation energy. Statistical
calculations are of value in identifying non-compound processes such
as preequilibrium decay (Fig. 16) and enable the understanding of
systematic features of the compound nucleus decay over a wide mass
region (Fig. 15). Preequilibrium emission of particles in fusion
reactions seems to be much more prevalent for reactions induced by
a-particles or lighter ions. Nevertheless, some evidence for such
effects scems to be emerging (Fig. 16). The cross sections associated
with preequilibrium decay are not a major fraction of the overall
reaction cross section.

B. Deep Inelastic Scattering

Deep inelastic scattering and fusion differ mainly in the degree
to which the initial kinetic energy of relative motion is converted
into internal degrees of freedom. The initial stages of each of
these processes are probably similar. The two types of reactions are
sometimes distinguished in that the deep inelastic collision results
in a binary fragmentation whereas fusion need not. The sharpness
of this distinction diminishes as the size of the projectile-like
fragment decreases (or if the compound nucleus fissions). The deep
inelastic reaction offers the possibility to probe the early and middle
stages of a reaction in which frictional or viscous forces convert
kinetic energy to heat; the light fragment may be thought of as the
probe. Energy loss is not the only result of the nonconservative
forces - angular momentum is transferred as well and enables one to
distinguish different components of the frictional force (i.e. radial
friction and tangential friction). The study of angular momentum
transfer is of great importance for further understanding of heavy
ion collisions, and a number of experimental methods have been bruught

to bear on this problem.

The preferential emission of charged particles in the reaction
plane shows the fragments to be aligned as a result of the collision
(Fig. 19). An estimate\of the transferred angular momentum can be
obtained through knowledge of the temperature and moment of inertia
of the emitting nucleus, The angular correlation of fission fragments
produced in the reaction Kr + Bi has enabled a determination of the
angular momentum transfer for a heavy system (Fig. 21). The results
indicate a coefficieat of tangential friction larger than that used
in a global set of calculations (Gr 75). The deduction of a coefficient
of friction from a deep inelastic scattering measurement requires
a theoretical treatment of the entire scattering orbit.

The angular momentum transfer has been deduced from measurements
of the average number of y-rays emitted. Because the y-rays appear
after particle emission (Fig. 24) corrections for the excitation energy
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and angular momentum removed by particles have to be applied. In
spite of these difficulties a number of features of the reaction have
emerged. In one (particularly light) system !50 + 27A1 evidence for
fragment alignment has been obtained from the angular correlation of
discrete y-ray lines (Fig. 22). Measurements on a number of systems
(Figs. 25-28) suggest that the compound system lives sufficiently
long for the frictional forces to bring the system to nearly rigid
rotation (sticking 1limit) before scission occurs. Measurements of
the higher moments of the distribution of y-rays for a deep inelastic
collision reveal a broader distribution of y-rays than is suggested
by an analysis assuming similar decay mechanisms for the compound
nucleus 73Br and the.fragments produced in the deep inelastic collision
of 20Ne + 63cu (Fig. 29).

The time scale for deep inelastic collisions can be roughly estimated
on general grounds. We expect that the ejection of particles before
the fragments have equilibrated or even before scission may occur if
high local temperatures (T ~ 3-6 MeV) are produced (Fig. 30). Although
the bulk of the decay process can be accounted for by equilibrium
mechanisms, there is some experimental evidence for such preequilibrium
processes. These measurements are still few in number and much further
work is necessary. However, measurement of the angular correlation
between a-particles and the projectile-like fragment (Figs. 31,33)
indicates the emission of a-particles on a time scale comparabie to or
shorter than that of the lifetime of the compound system. 1In one
case 180 + 58Ni the particles are ejected preferentially in the forward
direction, in the other case, Kr + Au, they appear perpendicular to the
direction of the separating fragments. These 'preequilibrium” particles
are probes for studying nuclear matter under extreme conditions of
temperature.
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