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PRE-EQUILIBRIUM PROCESSES*

1 J.M. Miller, Dept. of Chemistry, Columbia University,
' New' York, New York  10027, U.S.A.

' I.  INTRODUCTION

The treatment of nuclear reactions involving complex nuclei

immediately encounters all of the misery of the many-body problem.
As usual, the solution is either to turn it essentially into a two-

body problem soluble by quadrature,  or to treat the many bodies by

quasi-equilibrium theory.  Direct-reaction theory includes the
former approximation while the latter is encompassed by compound-

I nucleus reactions.  The great successes and pervasive usefulness

of these two extreme approximations are very fortunate and very

well-known. It is, perhaps, less well-known that there is a large

 
    body of experimental data that appears to deviate systematically

from the predictions of either of these two approximations.  A
: good example is afforded by some of the results obtained by Bertrand

1
and Peele  in their comprehensive study of reactions induced by pro-
tons up to 62-Mev with targets ranging from carbon to bismuth.  The

i     energy spectra of protons emitted in the (p, xp) reaction with 61.7-
54    56        60

MeV protons on targets of Fe, Fe, and Ni are shown in Figure

1.  There are three readily discernible energy regions in these
spectra; the region up to about 10 MeV which exhibits the shape

expected for compound nucleus reactions as well as relative magni-
,- tudes that reflect the effects of binding energies and level den-

sities on the amount of available phase space; the region above

about 53 MeV where the characteristic peaks corresponding to the

z    excitation of particular low-lying states in the target by direct

processes are seen; and, finally, the large region from 10 to 50
i MeV characterized by its lack of features and indifference to tar-

get. It is this featureless and indifferent part of the spectrum

that will occupy our attention here and is now called "pre-compound"
' decay.

Perhaps the earliest recognition of the phenomena entailed

was by Serber2 in his study of nuclear reactions induced in complex

nuclei by protons with energies of a few-hur :ed MeV. The essence

L.-
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of his idea was that there is a serids 62 direct processes in the

i form of successive nucleon-nucleon collisions within the nucleus
that are generated by the incident high-energy nucleon which results

1

in the direct emission of some of the nucleons that participate in
the consequent collisional cascade. It is these emissions that are
considered by neither conventional compound-nucleus nor the usual
direct-reaction theory.  A schematic representation of the general

; idea is illustrated in Figure 2.  The level of sophistication of
computers that can calculate the results of this model has increased
markedly since 1947; the level ofthinking about the problem has

not.

i The direct simulation of these intranuclear cascades was first
1 carried out by Goldberger3 in two dimensions by the Monte Carlo

technique and subsequently first computerized and considered in
three dimensions by Metr polis et al.4 There have been subsequent

refinements of this class of calculation by Bertini, Barashenkov

and co-workers, and a Brookhaven-Columbia collaboration which are

described, along with references, and compared in reference 5.
i Other formalisms for investigating essentially the same phys-

ical model, successive two-body collisions, have been developed
1 ·more recently. These include what has become known as the exciton
I model put forth by Griffin6 and elaborated in a series of papers

7-13 14-18,· t       by Blann and co-workers as well as the group at Milan.
19.20

Another approach to the same problem by a Columbia-Brookhaven
collaboration entails the solution of a suitably modified Boltzmann

equation.

It is my intention in this paper to summarize briefly and to
intercompare these three formalisms with particular emphasis on

1 recent advances, refinements, and to offer criticisms. The Monte

'Carlo simulation of the intra-nuclear cascade .generated by incident

mucleons will be given somewhat greater attention partly because it

has received less attention in the past, partly because it more
explicitly exposes the physical model that is assumed without

becoming lost in the complex book-keeping of particles and config-
urations that is required by all of the formalisms, and mainly

because it contains all of the geometrical information inherent in
the reactions and thus yields angular as well as energy distribu-

i
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tions of the pre-compound emission.

Some general remarks about the problem are offered in Section
II; the Monte Carlo simulation, Boltzmann equation, and exciton
model are briefly described and discussed in Sections III, IV,
and V, respectively; the models are compared with each other, and
the present situation and prospects are sketched in Section VI.
Readers who are familiar with these models will be well advised
to  go  .directly to Section  VI. It might  be  well  at this point  to
antici·pate Section VI and complete the introduction by a warning
that is often seen by travelers through underdeveloped areas:

CAUTION
WORK IN PROGRESS

PROCEED AT YOUR 01.m RISK

'.

t. 1
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II. GENERAL REMARKS

The present treatments of pre-compound decay a
re all, in

essence, classical as opposed to quantum mucha
nical and thus they

ignore any coherent effects as well as uncertainty-pr
inciple con-

straints. In some of the calculations, proper account is
 taken of

the Pauli exclusion principle, but even that i
s not always true.

Niether the problems inherent in this approac
h nor its possible

justification will be discussed
here. Instead, the classical

approach will be accepted and the discussion w
ill revolve around

-investigation of its consequences.

For purposes of discussion, the classical approach to the

emission of particles in a nuclear reaction m
ay, in a time-depend-

ent manner, be written as:

Bpot &1

ffEi-       =     01      2-      f-OJE    f t    Vt/ (15, aji)     X  (tit  €,8  115   G,i)                                   0)

d -n cit 000

.-

In this expression, or is the reaction cross s
ection, W(E,Q,t) is

the probability per unit energy that the react
ing system (a concept

that will be defined more carefully later) is 
characterized by an

excitation energy E and in a state Q at a time
 1, and X(v, E, 01

th                     I ..'

E, Q, t) is the probability per unit time1at the reacting system

when in such a state emits a particle of type 
v at an angle 1 and

  with a kinetic energy f. It should be immediately stated that the

variables Q and E should be redundant: a characteripation of a state ·Q

should immediately give the corresponding exci
tation energy, E.

However, both for clarity of exposition and because Q in one of
the formalims to' be considered, the eeirtation model, does nbt

4%  e,t a  k.\

L
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'      determine E, this redundancy will be accepted.  What in general is

i meant by Q is a set of quantum numbers that defines the state of

the system, including its mass and atomic. number, within the con-
00-

text of the model that is used and might, for example, be the eee- - t

. cupation number of the neutron and proton states in the reacting
system.

It is to be noted that at all times

S f W(E, a,iD clE = I
-62

At very short times, the main contribution W(E,Q,t) comes from
those states that look like "doorway" states; at relatively long
times,     the   W(E,Q,t)     are    gove rned   by the random distribution·   of    the
excitation energy. among the available states (the compound-nucleus
situation); and, of course, at very long times, the W(E,Q,t)

correspond to the relative yields of residual nuclei in their

respective ground states.  The first task, then, is to estimate
W(E,Q,t) at intermediate times before the compound-nucleus situa-

tion obtains.

The central feature of pre-compound emission, is that at these
1. i intermediate times the excitation energy is focused on a rather

few degrees of freedom and the direction of the incident particle
is    not yet forgotten    the reby leading    to the emission    of   more    and

-higher-energy particles in the forward direction.  The evolution
in time of the various W(E,Q,t) depends on two processes: 1) inter-

nal interactions which lead to new and more complex states, and 2)

·the emission of D-articles.   In all of the models to be considered
'here, the internal interactions are taken to be two-body collisions

between nucleons, while the estimate of particle-emission rates
comes from either time-reversal considerations or considerations

of the detailed trajectories .of ezcited particles. It is the com-

petition between these two processes that is decisive in determin-

ing both the magnitude and the shape of pre-compound spectra:

1,
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: As will be discussed in somewhat more detail in the separate

sections on each of the three formalisms, the calculations.have

all shown a tendency to underestimate the magnitude of the.pre-

compound decay. This situation is somewhat remedied when it is

explicitly recognized  that an important  part  of, pre-compound  emis-
sion occurs when the excitation is concentrated in the outer

diffuse region of the nucleus.  Clear experimental evidence for

this is seen in the recent work of Bertrand and Peele, as exhib-

ited in Figure 3, where it is seen that the cross-section for pre-
compound decay varies as the cube root of mass number of the tar-

get as expected for peripheral collision.  This effect appears

naturally in the Monte Carlo simulation but has to be grafted on

to both of the other formalisms.

1

I

,-

'-
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III. MONTE CARLO SIMULATION

A. beneral Description of Model:  The Monte Carlo simulation

of the evolution of a nuclear reaction solves equation 1 by samp-

ling many intra-nuclear cascades of the type illustrated in Figure
2 where appropriately random choices are made of impact parameters,

collision partners and sites, and energy and momentum  transfer in
4,5,21-24the successive nucleon-nucleon collisions. The parameters

that characterize the hucleon-nucleon collisions are taken to be
the same as those in free space at the same relative velocity

2 except that scatterings that would leave one of the collision part-

ners in an already occupied state are rejected. The target nuc-

leus is taken to be a Fermi gas with a step-function density-dis-

tribution chosen to approximate the usual Fermi distribution.  The

many other details as well as the differences in their treatments
. by the three laboratories that are active in the field are delin-

eated in the references given above.

In terms of equation 1, then, this approach essentially char-
acterizes the state of the nucleus at any time by means of the

momenta and coordinates of each of the nucleons that have become

involved in the cascade.  The emission of particles within thid

model simply corresponds to the crossing of the sharp boundary
,- i defined by the outermost step in the step-function potential that

corresponds   to the step-function density-distribution. The cal-

culation of the Brookhaven-Columbia group actually follows the

evolution of each intra-nuclear cascade in time; the other two

follow successively the fastest moving particle in each cascade
from collision to collision.

--B. Edge Effects: As stated earlier this method of calculation

·.naturally brings  in the importance  of  the di ffuse  edge  of  the  nuc-

leus for non-compound processes.  This is illustrated in Figure 3
where the open ,circles are values that have been calculated by

Bertini.  The dependence of the cross section for pre-compound

emission of protons and the mass number of the target is repro-
duced rather well although, as was also stated earlier, the pal-

culation appears to underestimate the amount of pre-compound decay.
i
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C. The Effect of Refraction: The attempt to reproduce the

radial variation of the nuclear density and thus the concomitant

radial variation of the nuclear potential energy raises the ques-

tion of the effect of the refraction of the cascade particles as

.they move through the nucleus.  This question has been investi-
22

gated by the Brookhaven-Columbia group who found, as expected,

that the inclusion of the refraction of the cascade-particle tra-

jectories diminished significantly .the already-too-small calcu-

lated amount of pre-compound emission. This result is expected
1

:     because of two consequences of the refraction: 1) particles are

refracted toward the central higher-density region of the nucleus

with a consequent decrease    in the mean-free-path    and probability
,]

for escape, and 2) particles with enough energy to escape from the
4

nucleus may be reflected back into the interior while on their way

Out.

i
D. Velocity-Dependent Potential and Nucleon Correlations:

.  There  are two other  e f fects, though, which should be added  to  the

9 calculation  if the physical implic ations  of the model, are  to be

more completely explored:

1) the well-known velocity dependence of the nuclear poten

tial, and
*-

' 2) the granular structure of nuclear matter as compared to

the continuous structure inherent in the manner in which

the  choice of collision sites is made in these calculations.

Introduction of a reasonable velocity-dependent potential had23
'               little e ffect  on the results  o f these calculations; explicit

recognition of the granular structure of the nucleus by imposing
-

· aminimum distance between successive nucleon collisions resulted

in a significant increase in the number of pre-compound particles
24

that are emitted. This latter result is not surprising since,

after all, the most probable distance between collisions in the

continuous approximation is.zero. ·In figure 4, taken from Bertrand

1
and Peele, there is presented a comparison between Montel£ Carlo   .

calcu tions from the Brookhaven-Columbia groups which do (the

dotted histogram), and from Bertini which do not (the solid histo-

gram),  include the effects of refraction, velocity-dependent poten-

tial, and minimum allowable distance between collisions.  Compari-
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sons should be restricted to energies above about 15 MeV since

lower energies include a compound-nucleus contribution
 which is

included in the Bertini calculation but not in the oth
er.  Further,

the Brookhaven-Columbia calculation was included only 
for the 15-

and 45- degree hisotgrams. It is immediately seen from the 45-

degree data that inclusion of the effects mentioned above signifi-

cantly lowers the cross. section for pre-compound emis
sion.  As

will be seen shortly, the effect is very much larger for heavier

i nuclei.

E. Angular Distributions: There are a few other points that

; should be made from Figure 4 in which the experimental 
results are

2 also presented.  Firstly, it should be noted from the 1
5- degree

results that the calculated quasi-elastic peak extendi
ng from about

50 - 60 MeV which is in serious conflict with the expe
rimental

  results is removed when the effects'of refraction are
 included.

- This quasi-elastic peak arises in the calculation from a single

  scattering of the incident particle in the diffuse edge of the

nucleus; refraction diminishes this class of event dram
atically,

Secondly, it should be noted that agreement between exp
eriment

t and calculation is quite poor at small angles but gets 
much better

-             at  45  and 75 degrees. Thus, because  of the effect of solid angle,

comparisons between calculated and experimental angle-integrated
.-

energy spectra can give a misleading impression of the
 overall

validity of the various approximate models for pre-com
pound emis-

sion.  This distortion can be seen even more dramatica
lly with

heavier target nuclei as is illustrated in Figure 5, ag
ain taken

from reference 1. At 15 degrees it is clear that the calculated

shape and magnitude bear little resemblance to the exp
erimental

results; by 45 degrees, the agreement is
reasonable. This is in

sharp contrast to comparison with the angle-integrated 
spectra il-

25
lustrated in Figure 6 taken from Blann in which the agreement

between the solid histogram (Bertini's calculation is d
esignated

as  ORNL)  and the experimental results is rather. good. Figure  6,

incidentally, also shows graphically how the inclusion of refrac-

tive effects in the cascade calculation (the dotted hi
stogram

labeled BNL) seriously diminishes the amount of pre-compound -decay.
1
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Thirdly, while it is not a large cross section, it is seen in
Figure 5 that clie cascade calculation without refraction seriously
underestimates the pre-compound emission in the background direc-
tion.  This discrepancy is illustrated more clearly in Figure 7

1where comparison is made between measured  and calculated proton
spectra at 124 degrees from 61.5-MeV protons incident on gold.
This kind of discrepancy has been noted before and is somewhat
ameloriated by the addition of refractive effects to the calcula-23tion. More pre-compound emission at large angles will also occur
if the incident nucleon strikes something heavier than a nucleon
such as, for example, a pair of nucleons.  The effect of such col-
lisions has been investigated roughly and is illustrated by the
dashed histogram in Figure 7.1  This calculation was a rather

: unrealistic one in that it was assumed that all collisions were
' with nucleon pairs and the pasfs were not transported through the

cascade. Nevertheless, it is interesting to see. the decisive
effect brought about by collisions with objects heavier than

f

•nucleons.

F. Emission of Complex Particles: The inclusion of collisions
With clusters of nucleons immediately brings us to the question of
the possibility of the pre-compound emission of complex particles.

12            It  is well known, as exempli fied  by  the data presented in Figure  3
26              27: as well as recent investigations by Gadioli et al and by Cline,

that such processes are of significance. Except for some pioneer-
28ing work by Gradsztajn in which alpha-particle clusters were

explicitly included among the cascade particles in an approximate
fashion, there has been no effort to investigate the effects of
nucleon clustering on the cascade model. Not the least of the
reasons for this oversight is the fact that it is not easy to see
.how to introduce this effect in other than an ad hoc fashion.              5
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IV. MASTER EQUATION

A. Description of Model:  Another approach to the solution of

equation 1 for the W(E,Q,t) is by means of a master equation in
which the state of the system is described by the occupation num-
bers of single-particle states and the time evolution of these

19.20
occupation numbers is determined by two-body' collisions.

To illustrate the general method, for a one component system a mem-

ber of the set of coupled differential equations would be

df__bl.=   f_  (Al.t,1 j l,MA &'»2 (1 - Crli) 61-MJ) gi qi
dt

J,),1 A
(3)

1
-I. (Ali,32 f 9+/'1/  'Mj 0- A ji)(.1-RIO 9-1, le

K-il-*-

1.351                                        6

-  M. a . rt 1. ./ A6 -(IL l./vbJk  VI,

where n. is the average occupation number of the states in energy1
D- interval i which is of width A , gi is the number of states in

energy interval i, w.. is the transition probability for a par-
-   ij,kl

ticle in one of the states i to collide with a particle in one of

the states i to go to particles within the states k and 1, and w
ii'

is the transition probability for a particle in one of the states

in the interval i within the nucleus to be emitted into one of the
. ' states  in the interval i' outside  of the nucleus. The condition

i on i, 1, k, 1 and il are such that energy is conserved.  The first

two terms of equation 3 correspond, respectively, to the gain and

loss of particles from interval i by two-body collisions; the third

-term accounts for the emission of particles from internal states in
i

the interval i.

A pictorial representation of the formalism is presentdd in

Figure 8.  As is indicated in Figure 8, the Fermi-gas model of the
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nucleus was used although, as will be seen shortly, that is not

necessary and shell-model states can just as well be employed.

For the schematic process depicted in the figure, the incident

particle occupies the 10th interval upon entering the nucleus

which sets the boundary condition for zero time. The occupation

of each interval then evolves according to equation 3 with the

schematic results indicated by the succeeding two times illus-

trated in Figure 8.  Fot the situation in Figure 8, it is only

for i>7 that w =0.
i,i'

The internal transition probabilities,   w. .  kl are determined
1],

from energy-dependent free-nucleon scattering cross sections under

the assumption that all collisions are at right angles and that all

energy-conserving two-particle final states are equally probable.

Neutron and proton components are treated separately except; of           :

course, neutron-proton collisions are included.  For the single-          1

component system, the transition probabilities are of the form

WIJ, .6.1     0          0-C  El  -t   £j)    [(2 1.«)  C EL+  £41 -
1/ L

-                                            C 4)
V  Z S. 0-m/AAn/,1

..where  d (ci+ .£j)  is the free-nucleon scattering cross section  for

,_     the relative velocity at the right-angle collision, V is the

nuclear volume, M is the nucleon mass, and the summation in the

denominator is over all energy-conserving and distinguish
able

final states.

The emission probability comes from detail-balance consi
dera-

tions and thus is of the form

I ,    111

6*L,i'          =             5/12   E /·Ml_ f r)
St. _CL L6 J
VI

where, as usual. a. is the cross section for the inverse process,
lnV

and 0 is an external normalization.volume that cancels 
a similar

term in gi,·  The solution to the pre-compound problem t
hen,
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requires the solution of the set of coupled equations of the type
illustrated in equation 3.  This is accomplished numerically on a

19computer using the Runga-Kutta-Gill method.
Because of the third term in equation 3, the rate of change

of occupation numbers will not vanish until the excitation energy
is below that required for particle emission.  Nevertheless, thereis a time by which the emission of particles becomes the dominant
effect and thus the distribution of occupation numbers becomes
very close to that expected for a Fermi gas.  This quasi-equilib-
rium distribution is the configuration that corresponds to the

-.

compound nucleus in the context of this model. The numerical
methods do indeed converge on this result.  This is illustrated in

238Figure 9 where the time evolution of a U nucleus excited to 206
MeV is shown. In this calculation, the initial configuration for
the two-component counterpart of equation 3 was taken from the
final configuration of a single intra-nuclear cascade of the type

29described in Section III. The distribution of occupation numbers
after relaxation (t=tR) corresponds to a Fermi gas at a temperature
of about 2.6 MeV. The spectrum of neutrons emitted after relaxa-
tion has occurred has the expected shape and corresponds to a
"temperature" of about  2.5  MeV  for the usual "constant-temperature"
approximation for the spectral shape.,-

It is worthy of mention in passing that even the initial con-
figuration shown in Figure 9 bears some resemblance to that at
equilibrium. This is, of course, as it should be since the intra-
nuclear cascade calculation itself is mapping out the relaxation
process.

B. Comparison With Experiment: It has already been pointed
out that the solution of equations 3,4, and 5 underestimates the
amount of pre-compound decay. This is illustrated in Figure 6
where the result of the master-equation (the dotted curve designated

as HMB) is compared with experimental data as well as other cal-
culations.  While the shape of the pre-compound spectrum is repro-
duced rather well, the magnitude is off by a factor of from two to
three.  A divergence of this magnitude had also been found for the

1.
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10
"hybrid" version  of the exciton model. Too little emission

implies that the internal transition probabilities as represented

by the first two terms of equation 3 are too large as compared to

the emission of particles corresponding to the third term. This
20

discrepancy is not surprising since, as was pointed out earlier

and demonstrated experimentally in Figure 3, the outer diffuse
edge of the target nucleus is of decisive importance in these reac-

tions whereas the internal transition probabilities that have been

used correspond to the nuclear densities in the more central region
of the nucleus. The effect of an ad hoc and arbitrary change in

the internal-transition probabilities is illustrated in Figure  10.
There it is seen that a reduction in the internal transition prob-

abilities by a factor of four brings about considerably better

agreement with the experimental results.  Needless to say, an

arbitrary reduction in this quantity by a factor of four is hardly

acceptable. More will be said on this point in the following.
C. Effect of Shell-Model States: Of the three models dis-

cussed here, it is the master equation approach in which it is

easiest to investigate the effects of introducing shell-model-like

states in place of either the Fermi-gas or the uniform-spacing
model. One aspect of the result of doing this is illustrated in

30...

Figure 11. The proton occupation numbers are given at three

different times in the course of the simulated reaction of 29 MeV
54

protons with Fe.  As is expected simply from energy conservation,

the presence of discrete bound states gives rise, at short times,

to structure in the occupation numbers of the unbound states as
seen in the solid curve in Figure 11 even though the latter were

taken as part of a Fermi continuum.  This structure will, of course,

give rise to structure in the spectrum of emitted particles.  There
is, for example, a prominent peak at 76-MeV internally which

results in a peak in the spectrum at 26 MeV corresponding to a
'transition in the target from the state at 45 Mev to that at 48.

The dashed curve in Figure 11 shows that the effects of the dis-
crete states are smoothed out in time and the internal configura-
tion, and thus the spectrum of emitted particles, is essentially
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the same as that for the corresponding Fermi,gas model for the

nucleus.

No attempt was made in the calculation with discrete states
that has just been described to keep track of angular-momentum

conservation. Had  that  been  done,  .and  had the angular-momentum

distribution of the unbound states been explicitly included, the

internal-transition p'robabilities would have doubtless been

reduced.  This effect may well be part of the.reason for the

underestimate of the emission of pre-compound particles that has

been discussed previously. On the other hand, it must be stated

immediately that the concomitant presence of peaks in the emission

spectrum at very short times cannot be taken seriously as a simu-

lation of direct processes.

 - i



-16-

V. EXCITON MODEL

A. Description of the Model: The essence of the exciton
6-18, 20, 25-27.model is that it describes the state of an excited

nucleus in terms of the number of excitons (excited particles +

holes) that are present and assumes that two-body collisions

occur which can change the exciton number by t 2.  In addition,

nucleons can be emitted which diminish the exciton number by 1.

A crucial assumption is that all configurations consistent with
the exciton number and the excitati6n energy are assumed to be

equally likely. This assumption was tempered a bit by Williams 31

· who estimated the average number of configurations at exciton num-·
ber  n+2   that are accessible by a two-body interaction from exciton
number n.                                                         '

The model is schematically represented in Figure 12 taken
12from Blann. There it is seen that there are two classes of con-

figuration for each exciton number: those with and those without

particles in unbound states.  The general scheme of the calcula-

tion is to estimate the probability that a particle is in an

unbound state at each exciton number and that it escapes from the
nucleus before the exciton number changes.  If it is assumed, as
need not be done,9 that the density-of-states considerations cause

.-

transitions which lead from n to n+2 to be dominant for those val-
-.

ues of n- (small) important to pre-compound decay and if, for rea-

sons of simplifying the discussion, a one component system is con-

sidered, then the spectrum of pre-compound particles may be written
as

./=.

Al=/>1

I ( £,) 1'. (f-I  (u,  'c t' l
F- 1  ( € '1  6,212_C)

fl c E) J -1. 1 (e'lE,Mb £) 4- A (M+111E,/'1, 0.        (6)
m r BO

:    -  ...where  n and  E  are ·the initial and equilibrium number of excitons,
respectively; Dn is the probability that no particles have been

emitted before the system arrives at exciton number n; Pn (E) is

the number of ways of distributing the excitation energy E among

n excitons;. 9(E) is the density of single particle states at,
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energy E above the bottom of the potential well inside the nucleus;

1(c'|E,n,,c) is the probability per unit time that a particle of
kinetic energy  £' be emitted  from a reacting system witli excitation-
energy E distributed over a excitons in such a manner that there is

a particle in the level at energy f within the nucleus that corres-

ponds  to the energy E' outside the nuclear boundary;  and  X (n+2 |
E,n,€)     is the probability   per   unit    time    that    the re   be a two-body
collision in the reacting system just described that increases the

exciton number from n to n+2.

The quantity in the first set of brackets is the expectation
value of the number of particles in the level at e under the
assumption of equal a priori probability   for   all con figurations   of
n  excitons at excitation energy  E and where  U  k  E-E'-B   (B  is   ihe
binding energy of the emitted particle) .   It is to be noted. that

d L I,)
5(f)     ott                     -P.                     ·                             ·          (7)      .             '

.fi  (E)
+

where 2 is the number of excited particles and Ef is the Fermi

f

energy.
The quantity in the second set of brackets is the probability

. that the reacting system characterized by n, 8, and e emit the par-
1

%.

ticle from the level at E before a collision occurs that raises the

exciton number to n+2.

It is primarily the assumption of equal a priori probabilities

for all configurations of the distributions of particles and holes
for the reacting system at excitation energy E with 2 excited par-

ticles and'h holes that occasions the simple closed-form expression

for the pre-compound spectrum for a one-component system as given
in equation 6.  The use of certain average quantities in place of

; ·- ..the .detailed bookkeeping on the time evolution of the reaction as

employed in the previous two models also add to the simplification.

Nevertheless, the calculation rapidly becomes more complex when an
attempt is made to evaluate the various terms in equation 6.

.

1
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While it is not appropriate here to go into detai
l on this point,

it would be useful to sketch briefly in physical
 terms the problems .

that are encountered  and the approximations  that  are  made.

1) While there is no essential difficulty in eva
luating Pn(E)

in terms of particle and hole numbers rather than just

. exciton number, there is difficulty in knowing th
is quan-

tity when proper account is taken of both the Pa
uli exclu-

sion principle and the finite limit on the depth
 of a hole

in the Fermi sea.

2) While the distinction between neutrons and pr
otons has been

explicitly introduced, it does not seem to have been done27

in a fashion that recognizes the distinction bet
ween the

interactions of like and unlike nucleons.

3) The quantity that is the most difficult to es
timate, is

decisive to the amount as well as the spectral sh
ape of

pre-compound decay,    and has generated the greatest   vol ume

of literature on the general subject, is the rate
 of

internal transition, 1(n+2|E,n,c).  These estima
tes include

those that treat the internal transition rates by
 Fermi's

Golden Rule number 2 with matrix elements indepe
ndent of

'. 31
the configuration in question and those that, similar to

the previous two models, considers the two-body 
collisions

classically as the equivalent collisions in free
 space.

Within the latter context, there are two popular 
approaches:

a) Possible collisions of all of the excited par
ticles

are to be considered

b) Collisions only of the particle in the level 
at E are

to be considered.

The second approach is, of course, considerably 
simpler and

is the one of choice at the moment in what is kn
own as the

. 10
*Hybrid model" . Its use, though, raises serious questions

about the consistency of the bookkeeping in that
 events may

be counted more than once and, further, goes to 
the heart

of the assumption of equal a priori probabilities
 for all

configurations.  This problem is currently under
 invesitga-

4                                      32
i              tion by Gadioli et al.
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B. Edge Effects: Earlier formulations of the exciton model

also underestimated the amount of pre-compound decay.  This dis-
ability has been remedied in a recent reformulation of the calcu-
lation by Blann which recognizes the importance of the longer mean-

13

i free-paths in the diffuse edge of the nucleus by lowering 1(n+2|
n,E,E) correspondingly for the initial values of n. The salubrious
effect of this modification is illustrated in Figure 6 by the
impressive agreement between angle-integrated experimental and cal-
culated results. The relevant calculated curves are labeled GDH

(geomentry-dependent hybrid model) ;  the two curves lab'eled "OPT"
and "CON" correspond to using optical and continuum model calcula-
tions for the inverse cross section as in equation 5.  Without the
lowering of the internal transition rate because of edge effects,

the exciton-model calculation would be similar to that calculated
by the master equation which is designated as HMB in Figure 6.

C. Recent Advances: Before ending the sketch of the exciton

model, a few words should be devoted to a recent development in the

exciton model: an investigation of isospin conservation in pre-

compound decay.

It has been known for some time that enhancement of compouhd-
. nucleus  (p,p' ) reactions indicates the partial conservation  of  iso-

33
topic spin. In a recent further investigation of this phenome-,-

34
non, Kalbach-Cline et al suggest that isospin conservation also
plays a role in the pre-compound emission of protons in the reac-

--·tion- of protons with  tin. The primary point is  that the reactions

proceed partly through two unmixed isospin states, T,=T+1/2 and T<
with T=T-1/2, where  T  is  the  isospin  of  the  target  nucleus,  and  that

·the emission of particles from these two states, both pre-compound

and compound, can be quite different. In particular, it is expec-
ted that the probability of proton emission from the T, state is

-considerably enhanced over that ·from the T< state. This occurs
formally within the exciton model  in  that  the  term  pn-1 (U)  in  equa-
tion (6) corresponds to the normal isospin state, T, of the resid-

ual nucleus while Pn(E) corresponds to the T  of the reacting com-
pound system. Because of the much greater level density of..the
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normal T-states than that for the T,-states at the same excitation

energy, the first bracket in equat
ion 6 can have a value consider-

ably greater than unity even though the residual excitation energy

  is less than the original  value
 E.  While this will surely lead

to substantial pre-compound emissi
on, it is not in accord with the

physical meaning  of the quantity 
in the first bracket as expressed

in equation 7. It appears that this disability is a fundamental

one whose source probably lies partly in the effort to ascrib
e a

state of definite isospin to a giv
en exciton number or to a par-

ticular configuration of particles and holes;. and, perhaps  more

importantly, the inaccessibility o
f many normal T-states of the

residual nucleus within the constraints of the model immediately

subsequent to the emission of a particle. The implications of

this problem for emission from an 
equilibrated compound nucleus

in the T, state also merit investi
gation.

Finally, it should be mentioned that there has been an inter-

27

esting exploration by Kalbach-Cline of the extension of the exci-

ton model t6 the pre-equilibrium e
mission of complex particles.

,-

.

:
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VI. PRESENT SITUATION AND PROSPECTS

While the three models that have been discussed are al
l fun-

damentally the same in that they are classical in the 
sense of

equation 1 and include only two-body interactions, the
y differ

markedly in detail and thus in their strengths and wea
knesses.

It is only the intranuclear cascade calculations that 
natur-

ally include the geometrical details of the problem an
d thus

account for the effects of the diffuse edge as well as 
yield the

angular distribution of the emitted particles. It reproduces

angle-integrated spectra quite well when refractive ef
fects are

arbitrarily ignored but seem to require refraction to 
reproduce

spectral shapes in the forward direction.  This dilemm
a has yet

to be reconciled and its implications discerned.

The major shortcoming of the cascade calculations othe
r than

the complexity of the requisite computer code, is that it ignores

all holes once they have been created as well as intera
ctions of

particles below the Fermi level with each
other. It appears doubt-

ful, though, that these interactions are of significance to the

main results of the calculation. The arbitrary energy cut-off

below which cascade particles are no longer considered
 (see the

'L initial neutron configuration in Figure 9) is chosen f
or conveni-

ence and is not an essential weakness of the formalism
.

The other side of the coin, of course, is that neither the

exciton nor the master-equation formalism naturally inc
ludes the

geometrical aspects of the problem including the role 
of the dif-

fuse edge. This obviates the possibility of calculating angular

distributions and appears to be the source of the unde
restimation

of pre-equilibrium decay.  This latter difficulty has 
been inves-

.tigated in-what is called the "geometry-dependent-hybrid" model

13
(GDH) by Blann who ameliorates the problem by diminishing the

1(n+2 n,e,E) in equation 6 for the initial values of n 
in recog-

nition of the fact that least the first interaction has a high

probability of occurring in the diffuse edge of the nucleus.  As

shown in Figure  6, this refinement  can  lead to rather good agree-

ment· with experimental results. Figure 10 illustrates a similar
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effect when the corresponding refinement is intro
duced in a less

sophisticated and more ad hoc manner in the mast
er equation:

reduction of the internal transition probabiliti
es in equation 3.

However, angular distributions are still not calculable and, as

can be seen from Figures 5 and 6, comparisons be
tween calculated

and experimental spectra after integration over 
angle can be quite

misleading as an indication of the validity of th
e model.

The introduction of shell-model states into the m
aster equa-

tion as described in section IVc would also diminish the internal-

transition probabilities if angular-momentum cons
ervation were

, _-explicitly included. That is to say,     the    w. .
in.equation 3

13'kl

could only decrease if angular momentum as well a
s energy conser-

vation were imposed on the states involved.

Details aside, the main differences between the 
exciton as

compared to the other two formalisms is that the
 exciton model

assumes as known the quantity   that the other two models spend   mos t

of the time calculating: the distribution among 
energy states of

the excited particles and holes. In the exciton model all access-

ible configurations are taken to be equally like
ly and thus it is.

essentially an equilibrium model with the equili
brium steadily

".

-expanding to include more of the nucleons in the reacting system.

Further, the rate of expansion (the internal tran
sition probabil-

ities) is taken as some average quantity in the 
exciton model while

in. the other two formalisms this rate is explic
itly and laboriously

. calculated in terms  of the assumed two-body interaction. While  it

-    is not at all clear that this equilibrium-l
ike assumption is in

general viable, it is probably not bad for the distribution of

€xcited particles after the first collision sinc
e the two-body

interactions should largely be in relative
s-states. It is also

:
important that-the finite depth of the Fermi sea

 and the Pauli

expulsion principle be included  in the counting  of con figurations.

The distribution of particles in more complex co
nfigurations, on

the other hand, depends on the relative probabilities of the pos-

sible collision partners and thus depends on the
 details of the

two-body interactions as.a function of relative 
energy and particle

identity.  The main consequunce of this difficul
ty is probably
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not because of an error in the distributio
n of holes, but rather

in the relative numbers of neutrons and pr
otons among the excited

(and emitted) particles.  · The approximations  for the calculation

of internal transition rates within the ex
citon model have been

described toward the close of Section V
A. They grow ever more

complex and it is not clear if any of the 
various averaging approx-

imations will be finally viable.  The grea
t influence of the exci-

ton formalism has been in its simplicity; 
it remains to be seen if

one can avoid its increasing refinement fo
rcing it also to become

a-computer-bound calculation.

:

The assumption of equilibrium among the ho
les and exci€ed par-

ticles allows for the inclusion of complex
 particles in the entrance

and/or exit channels within the context of
 the exciton model.  All

that is necessary is to alter the appropri
ate exciton number and

to keep track of the identity of the excit
ed particles. It9,27

would be considerably more difficult to in
troduce clusters of nuc-

leons to either the master equation or the
 cascade model.  Consid-

erable success has been achieved, for exam
ple, in reproducing the

high-energy tails on (a,n) excitation func
tions in terms of pre-

8,11,16,35
compound neutron emission.            In t

his connection, excita-
,-

- tion functions for an (a,n) and a (p,n) 
reaction that proceed

36

through the same reacting system is presen
ted in Figure 13. It

is interdsting to note the congruence, par
ticularly at high ener-

gies, of the excitation functions as a fun
ction of the excitation

energy which implies a similar congruence 
of the pre-compound

neutron spectra. This result is not in agreement with presen
t

treatments of pre-compound emission induce
d by alpha particles as

compared to protons. It would appear to be useful if more such

experimental investigations could be carri
ed out as a help to the

formulation of pre-compound processes indu
ced by complex particles.

Finally, what is needed most of all is a p
ersuavsive demon-

Stration either that these classical appro
ximations to the problem

can be made fundamentally acceptable or that they should be aband-

oned forthwith.
.e
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Figures

-                                                 54
1) Spectra from the (p,xp) reaction for 62 MeV proton on   Fe.at

54       60
37 degrees, and on Fe and Ni  at 40·degrees. The broad

dashed bin near 10 MeV in the otherwise solid line represents
60 . .

the average cross section for Ni(p,xp) in the region where

cross sections for this run were affected by a temporary "dead"
54

layer in the detection system.  A gap is shown in the Fe (p,xp)

curve from 6-15 MeV; beyond this energy the continuum cross sec-

tions are the same within uncertainty. Figure and caption taken

from reference 1.

2) Schematic diagram of intranuclear cascade generated by a proton
with impact parameter b.  The solid circles indicate positions

of collisions; the open circles indicate collisions that were
1

forbidden by the Pauli exclusion principle. The short arrows

ending within the bucleus indicate "captured" nucleons that

contribute to the over-all excitation.

3)  Dependence of pre-compound particle cross section on mass number of

target. The ordinate shows the measured cross section divided
1/3 1/3

by A while the abscissa is plotted in units of A for con-

,™ venience. Figure taken from reference 1.

4)   Al (p,xp) spectra for incident protons of 61.9 MeV. The meas-27

ured spectra are shown in bins for energies below the obvious

discrete peaks. The intranuclear-cascade plus evaporation model

calculation of Bertini is shown as a histogram with steps broader

.
than those used for the data. The dashed histogram at 15 and 45

degrees is the Brookhaven-Columbia calculation which includes

the effects enumerated in the text but does not include an evap-

oration contribution.  Note that the high-energy peaks at small

angles are often off scale. Figure taken from reference 1.

5) 209Bi(p,xp) spectra.  See Figure 4 caption.  Figure taken from

reference 1.
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209 .6) Comparisons of experimentall and calculated    Bi(p,xp) spectra

at incident energies of 39 and 62 MeV.  The various calculations
are as follows: the curve designated "Cascade BNL" is described

in sections III C and D; "Cascade ORNL" is described in section

III B; "HMB" is described in section IV A; "GDH" is described
in section V B. Figure taken from reference 25.

7)    Au(p,xp) spectrum 124 degrees with 61.5-MeV incident protons.197

The experimental data are shown as a histogram with 1-MeV bins,

the standard Monte Carlo calculation as a wider solid histogram,

and the modified nucleon "pair model" as a dashed histogram.
The calculations did not include evaporation. The calculations

did not include transport, "decay", or escape  of the struck

nucleon pair.  Figure taken from reference 1.
i

.I8) Schematic representation 6f the consequences of equation 3 for

3 different times.  The fraction of each energy bin that is
shaded indicates the average occupation number. Figure taken
from reference 25.

9) Proton and Neutron occupation numbers versus energy for an init-

ial configuration (t=0) resulting from an intra-nuclear cascade
238·generated by a 200-MeV proton on U and after relaxation (t=tR).

Figure is taken from reference 20 where more details are given.

10) Calculated and experimentall energy spectra for protons emitted
54in reactions between Fe and 62-MeV protons. The dash-dot

curve is calculated from the master equation with a nuclear
density corresponding to a nuclear-radius parameter of 1.5

Fermis. The dashed curve is the same calculation with the

internal-transition probabilities reduced by a factor of 4.

11) Occupation numbers of approximate proton single-particle states
54in the reaction of 29-Mev protons with Fe. The energies of

the single-particle states are designated by numbers and arrows;
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11) the numbers in parentheses  are the corresponding degeneracies.

The vertical line at 50 MeV represents the top of the potential- 1

'

energy well. Levels above 50 MeV are taken to be those of a

Fermi gas.

12) Pictorial representations of the ideas inherent in the exciton

model. The series of two-body interactions leading toward an

equilibrium distribution is illustrated, as well as the possib-

ility of the configuration at each exciton number of having one

or more particles in unbound states.

13) Cross section versus excitation energy for the designated reac-

tions. It is accidental that in these reacting systems the
binding energies and Coulomb barrier are such that the total

reaction cross sections are very similar at bombarding energies
143

corresponding to the same excitation for the .  Pr reacting

system.

I.

I .

..
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