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Calculations have been made of the excitation functions of 28 nuclear reactions induced by 10-100 MeV

protons incident upon targets in the mass region, A = 90. Eleven of these reactions have mechanistic

components arising from the emission of a particles. Similar calculations have been made of the proton and a
particle spectra for 62 MeV protons incident on "Y. The results of all of the calculations have been

compared with the appropriate experimental data. The calculations utilize the theoretical framework of the

preequilibrium exciton model for nuclear reactions in conjunction with conventional evaporation theory. A

number of recent advances in the computation of equilibration and emission rates, state densities, and the

nucleon mean free path have all been incorporated. In addition, introduction of a preformation factor allows

the inclusion of fx particle emission in both the preequilibrium and evaporation stages of the calculation.
Agreement between the calculations making use of no freely varying parameters and all of the experimental

data is excellent. In particular, the theoretical model has reproduced the excitation functions for both simple

(p, n) and complex (p,4p6n) reactions, at proton energies varying over nearly 100 MeV, for peak cross
sections of as little as 1 mb to as great as 1000 mb, including the reactions showing the characteristic double

humped curve indicative of a particle emission. Equally weil reproduced are the differential proton and a
particle energy spectra. The characteristics of the reaction model are discussed with particular reference to

the consequences of the more recent advances in the theory mentioned above.

NUCLEAR REACTIONS " Sr(p, xn), x=3—5, (p,p3n), (p, 2pxn), x=1, 3, 4;
Y(p, xn), x=1, 3, 4, (p, px'n), x=2—5; 'Zr(p, zn), x=1,2, (p, 2pxn), x=1—5,

(p, 3pxn), x =3, 5, 6, (p, 4pzn), x =3—6; Y, p and o. spectra; E =10—100 MeV;
calculated a(E), E&, E~. "Sr, Zr; enriched target.

I. INTRODUCTION

Several papers, in recent years, have been de-
voted to the study of the preequilibrium decay of
excited nuclei. Among the various models sug-
gested to deal with this reaction mechanism, the
exciton model proved useful in reproducing quanti-
tatively the excitation functions and the spectra of
particles emitted in reactions proceeding through
excited systems at some tens of MeV of energy.
The reactions considered havebeen (n, xn), (n, p),
(n, &), (p, xn), (p, &), (a, xn), and (c. , xp). (See Refs.
1 and 2 and references therein. ) Lately, Weiden-
muller et al. have endeavored to give a theoretical
justification of this model starting from the sta-
tistics of two body matrix elements of the residual
interaction. ' In almost all previous papers, how-
ever, only the emission of one type of particle at
a time has been considered, e.g. , neutrons, pro-
tons, or n particles. The simultaneous analysis
of processes proceeding through the same compos-
ite system and populating several different chan-
nels is generally lacking. We feel, however, that
a detailed and comprehensive analysis of competing
processes in reactions induced by projectiles of

widely varying energy is of the greatest importance
in a statistical approach like the one encompassed
by the exciton model. A second important question
concerns the reliability of calculations based on
the model and average sets of parameters when
cross sections of only a few mb are conc erned.
Most of the published analyses of experimental data
regard cross sections in the range from 10 to
several hundred mb. Though in all these cases
reasonable fits have been obtained, can we expect
that the model gives reasonable results also in the
case of much rarer events with cross sections in
the range 1-10 mb?

The question is most important in order to ex-
tend the applicability of the model to the analysis
of reactions proceeding through composite systems
at an excitation energy of about 100 MeV where
competition of many final channels decreases the
cross section of a particular process. It should
be remarked that only a few papers concerning the
analysis, in the framework of the exciton model,
of reactions proceeding through composite nuclei
~hose excitation energies can reach about 100
MeV have been published. ' '

Some other calculations based on different ap-
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proaches gave unsatisfactory results overestimat-
ing sometimes the contribution of compound nu-

cleus processes "and requiring in some other
instances normalization of the calculated cross
sections by arbitrary coefficients. "" In order
to inquire carefully into these two points we de-
cided to start a detailed calculation of reactions
induced by protons with energy from 10 to 86 MeV
on nuclei with mass A = 50, 90, 200. This first
paper reports the results obtained for A =90 nu-
clei. The reactions considered are summarized
in Table I.

Since for many of these reactions detailed calcu-
lations based on the intranuclear cascade model
VEGAS exist"" the results we have obtained could
be compared with these last ones. This compari-
son showed that the use in both the intranuclear
cascade model and the exciton model of nucleon
mean free paths evaluated on the basis of Fermi
gas model and free nucleon-nucleon cross sections
leads one to overestimate the fraction of those
processes proceeding through the formation of a
compound nucleus thus overestimating the excita-
tion functions of any given process in the region of
the maximum. A satisfactory agreement was
found, in exciton model calculations, in all the
considered cases, by using the longer mean free
path suggested by previous analyses of experimen-
tal data

II. SUMMARY OF PREVIOUS WORK

The data we considered are the excitation func-
tions of the reactions induced by protons on "Sr,
"Y, and ~Zr summarized in Table I and the spec-
tra of protons and a particles measured by Ber-
trand and Peelle" in the reactions "Y(P,xP) and

8'Y(p, xn) at E~= 61.5 MeV.

%e did not consider the results of Sachdev,
Porile, and Yaffe' and Saha, Porile, and Yaffe'
at proton energies below 30 MeV because, for
some unknown reason, their low energy cross
sections are likely to be overestimated. %e
reached this conclusion by comparing the total
cross sections measured by Saha et al. , in the
case of Y induced reactions, at different proton
energies [obtained as a sum of their (p, xn) and

(P, Pxn) cross sections], and the ones obtained by
beam attenuation measurements on ~Zr.""

In the energy interval 20~ E~~ 30 MeV, the total
cross section obtained by summing individual
cross sections is substantially higher than the one
obtained by beam attenuation measurements reach-
ing a maximum of the order of 1850 mb at E~=27
MeV (at this energy the value obtained by interpo-
lating the data reported in Refs. 18 and 19 amounts
to -1250 mb). Also the comparison of the cross
sections of the reaction "Y(p, n)"Zr measured by
Saha et al. with the ones measured by Birattari
et aE.' shows that in the energy interval 15—E~
—30 the values measured by Saha et al. are sub-
stantially higher. %'e suspect that also the cross
sections measured with the same experimental
technique by Sachdev et al. on "Sr are overesti-
mated, in this energy range, since at the maximum
of the excitation function, E~ ~25 MeV, the 88sr(p, 2n)
cross section is near in value to the '9Y(P, 2n)
cross section and the sum of (P, n) and (p, 2n)
cross sectionsexceeds the value of the total cross
section measured by beam attenuation technique.
At E~~ 30 MeV the cross sections measured by
Sachdev et al. and Saha et a/. have been corrected
by taking into account the recent measurement of
the cross section for the monitor reaction
"Cu(P, pn)~Cu reported by Newton et al."

The maximum correction occurs at E~-45 MeV

TABLE I. Reactions considered in this work.

Reaction
~ min ~max

(MeV) {MeV) Reference Reaction
~ m~ &max

(MeV) (MeV) Re ference

Sr(p, 3n)
88Sr(p, 4n)

Sr(p, 5n)
"Sr(p p3n)

Sr(p, 2pn)
Sr(P, 2P 3n)
Sr(p, 2p 4n)

89Y(p, n)

"Y(p,n)

"Y(p, 3n)
"Y(p,4n)

Y(P p2n)
Y(p,p 3n)
Y(p,p 4 n)

Y(p~p 5n)

29
42
60
42
33
25
33
4

30.5
30.5
45
30.5
36.8
60
66

85
85
85
85
85
85
85
42
85
85
85
85
85
85
85

Zr(p, n)

Zr(p, 2n)
Z r(p, 2pn)

~ Zr{p, 2p2n)
Zr(p, 2p3n)
Zr(p, 2p4n)

"Zr(p, 2p Gn)

Zr(p, 3p3n)
"Zr(p, 3p 5n)
"Zr(p, 3p6n)

Zr(p, 4p3n)
~Z r(p, 4p4n)

Zr(p, 4p 5n)
"Zr(p, 4p6n)

9
19
30
12
24
38
56
38
62
80
50
38
44
56

86
86
86
86
86
86

86
86
86
86
86
86
86

13
13
13
13
13
13
13
13
13
13
13
13
13
13
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where the values reported by Sachdev et al. and
Saha ef al. have been multiplied by a factor 0.85.
The considered excitation functions have been
analyzed in the past by means of the intranuclear
cascade Monte Carlo model, ""based on the
VEGAS computer code." In all the cases the calcu-
lation overestimated the measured cross section
at the maxima of the excitation function. This re-
sult mas interpreted as an indication that the
VEGAS calculations overestimated the amount of
compound nucleus formation at proton incident en-
ergies exceeding a fem ten MeV. A similar result
mas found by Hogan' in the analysis of the
"Mo(p, xn) reactions (x=1, 2, 3, 4). Hogan also
found that the inclusion of refinements in the Monte
Carlo calculations like a velocity dependent nucle-
on-nucleus potential and constraints on nucleon-
nucleon interactions (a collision is forbidden if it
occurs at a distance less than 0.5 fm from the lo-
cation of the previous collision2 ~ improve the
agreement between calculated and measured cross
sections in the tail region of the excitation func-
tions, while not reducing the disagreement at the
maximum.

III. THEORETICAL CALCULI LATIONS

A. General considerations

The calculations to be described are based on the
exciton model and employ the decay rates for par-
ticle emission and exciton-exciton interaction re-
ported in previous papers by Gadioli ef al.'""
and Milazzo Colli and Braga Marcazzan. 2' Since
in the present work we aim to evaluate very com-
plex reactions me have used a Monte Carlo tech-
nique to evaluate the various cross sections. We
followed essentially the Monte Carlo calculations
developed by Dostrovsky ef, al."for the evapora-
tion from the compound nucleus (CN) and included
a preequilibrium stage.

As is knomn in such calculations one requires
only the decay rates for the various competing
processes to decide at each stage of the deexcita-
tion the probabilities of various processes occur-.
ring.

The extraction of a random number allows one
to choose the decay mode of the excited system.
Qnce the emission of a particle occurs, the an-
alytical expression of the energy distribution of
the particle considered and the value of the maxi-
mum of this distribution are required. A second
random number a11oms one to choose a possible
energy for the emitted particle and a third one to
decide if this process is to be accepted or rejected
by comparing the random number mith the ratio
betmeen the vafue of the energy distribution for the
chosen energy and its maximum value. The gen-

a„(e„)= wR~'C„(l +t)/e„)A'~ ',
C„=0.76+ 2.2A ~~ ~,

g = (2.12A '~' —0.05)/C„

and in the case of protons and ~ particles:

(1)

(2)

(3)

POIO
(4)

(ii) only the exponential energy dependence of the
residual nucleus level density was considered
(p(U„)/exp[2(aUx)'~']j. These approximations al-
lowed Dostrovsky et al. to give an analytical ex-
pression for the total decay rates in the evapora-
tive stage thus greatly reducing the computing
time. We also retained these approximations in
the evaporative stage except one minor modifica-
tion to be discussed later, but we used a set of
parameters different from those suggested by
Dostrovsky et al. for the semiclassical cross sec-
tions. The new parameters have been obtained by
comparing (i) the ratios between the total decay

eral procedure is described in detail in Ref. 25 and
the inclusion of the preequilibrium stage in the de-
excitation sequence represents a straightforward
generalization of this method.

The original Dostrovsky et al. calculation" in
order to reduce the computing time did not take
into account angular momentum effects. The pres-
ent calculation does not either partly for the same
reason and partly because it is difficult to give a
reasonable estimate of the spin distribution of the
excited nuclei when the excitation energy is shared
among a small number of particles and holes.
When discussing the results of the calculations we
will try to show that the neglect of angular momen-
tum effects has little consequence on the outcome
of the calculation, at least in the case of proton
induc ed reactions.

Angular momentum effects are important when
the incident particle brings in much more angular
momentum than the emitted particle removes.
Such a condition could be met if a compound nu-
cleus were created by an incident projectile of
50-90 MeV energy and some low energy nucleons
mere evaporated leaving a nucleus with an energy
of 10-15 MeV and high spin. After these evapora-
tions the emission of n particles could be en-
hanced. In the present work, in the few cases
where such conditions could take place we have
not found systematic disagreement between our
calculations and the experimental results.

In addition Dostrovsky et al. introduced some
other simplifying approximations:
(i) the inverse cross sections were evaluated by
means of semiclassical expressions. In the case
of neutrons:
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rate for charged particle emission and the total
decay rate for neutron emission and, (ii) the
average energies of the emitted particles, both
calculated by means of the Dostrovsky procedure,
with those obtained by means of calculations per-
formed using opticai model inverse cr~ss sections
and Fermi gas model level density expressions.
This comparison allowed derivation of a simple
charge and mass dependence of the parameters of
(1) and (4), the Coulomb barriers V, and the effec-
tive radii, defined as the product A C'~'. For the
neutron case the effective radius was taken equal
tc 1.5 fm. The mass dependence of the effective
radii for protons and o particles is given in Figs.
1 and 2. The effective Coulomb barriers are given
by

1.7—
U

0 16
K

1.5
50 100 150 200

B. Preequilibrium decay

1. First chance preequilibrium emissions

The incident proton is assumed to give rise to a
simple initial configuration. In most cases, the
initial configuration is assumed to be of the 2p-1h
type. According to the results of a number of in-
vestigations, particularly those by Milazzo Colli
et a1.,' '6 in a, few cases the incident proton may
interact with a preformed n particle piving rise
to 1p-1&-lych states. The initial states of the
excited coniposite nucleus can decay either by
particle emission or exciton-exciton interactions
(particle-particle and/or hole-hole interactions).

17

1.5

O. 140
CC

50
I

100

A

150 ZOO

FIG. 1. Mass dependence of the effective proton
radius, Ro&C&

V~= (0.107Z+0.738) MeV,

V = (0.203Z+1.951) Mev.

For the quantity (3 appearing in (1) the same values
as suggested by Dostrovsky et al. have been used.

After these general considerations let us briefly
sketch the main features of the calculations by
dividing the deexcitation sequence in two main
stages: the preequilibrium and the evaporative
stage.

FIG. 2. Mass dependence of the effective alpha radius,
i/2Roe&a

If the latter occurs, the excited composite nucleus
reaches a more complicated configuration. The
exciton number is generally increased by two units
and the competition between the two different de-
cay modes continues. This stag of the reaction
process is called the equilibration stage during
which preequilibrium decay can occur. Eventually
the nucleus reaches a state of statistical equilibri-
um which further decays by evaporation. Much
attention has been paid to the study of particle-
particle or hole-hole interactions so that this prob-
lem does not require further attention, but the
interaction of the n particle or hole with neighbor-
ing particles must be discussed. On the basis of
the results of the analysis of o. particle induced
reactions which seem to indicate that in most
cases the incident & particle divides into its con-
stituents in the nuclear and Coulomb field of '.he
struck nucleus, we have assumed that in those few
instances where an e particie or an n hole are
present they interact with other particles or
holes like four uncorrelated particles or uncorre-
lated holes.

In any case, the states characterized by a con-
figuration in which four nucleons are closely cor-
related to constitute an m particle represent a
small m'nority of the total number of possible
states. Therefore the lifetime of the excited com-
posite nucleus at a given stage of the equilibration
cascade, characterized by the excitation energy
and the number of excitons (when an o.'particle
and an n hole are present they must be counted as
two excitons), is only slightly affected by their
presence. In order to evaluate the density of the
composite nucleus states chara"terized by a num-
ber n of excitons we must recall that: (i) Due to
the identity of the projectile not all the configura-
tions corresponding to a given number of parti-



1408 E. GADIOLI, E. GADIOLI ERBA, AND J. J. HOGAN 16

cles and holes are present. (ii) The interaction
of a neutron or a proton with a preformed n sub-
structure can occur at any stage of the equilibra-
tion cascade. In addition we need to know the den-
sity of single + states. We will follow in this paper
the widely used procedure of assuming that the
density of single o. states inside the nucleus is
simply one quarter of the density of single nucleon
states. ' ~' This simple hypothesis is introduced
since in order to cluster into an n particle four
nucleons have to be closely correlated. It seems
to be supported by analyses of the energy distri-
butions of the o.'particles emitted in (n, o.') and

(p, a) reactions which indicate that the density of
single a states is really proportional to the density
of single nucleon states. However, this assumption
can bias the numerical values one obtains for the
preformation factor Q we introduce below. Indi-
cating then with cu, „(U) the total density of states in
a p—particle, h—hole configuration at an effective
excitation energy U (real excitation energy minus
the pairing energy) the density of states of the
composite nucleus actually excited will be given in
first approximation by ~

&u,
*„(U) = [PE""+(1 —g, K„' "]&a, „(U) . (8)

The coefficients K""and A„'" that are given in
Table II for different values of p and h (p+h =n)
take, respectively, into account that (a) in the
configurations with one n particle and one + hole
there are two excitons with state density one
quarter the single nucleon state density that are
not identical to the other excited particles and
holes; (b) when only nucleon and nucleon holes are
excited there are missing configurations according
to the point (i) raised above.

An example can help to clarify how these coeffi-
cients are calculated. Let us consider a proton
induced reaction, as is the case in this paper.
Let us assume that the incoming proton interacts
with a nucleon. Due to the identity of the projectile
the only configurations that can be excited are of

1 Uh

0

~, ,(U) = &u, , (U,)~, „(U —U, )dU„

where n is the particle or hole energy measured
from the Fermi energy, U, and U„ the total excita-
tion energies of particles and holes, U= U, + U„ is
the total energy of the composite nucleus. The
single nucleon densities are assumed to be given,
for nucleon states with energy lower than the Fer-
mi energy, by the law

3 A
g(6) =—

2 &~
(8)

as predicted by Fermi gas model. The Fermi en-
ergy E& is assumed to be equal to 20 MeV in order
to reproduce the single nucleon density at the
Fermi energy as deduced by the analysis of slow
neutron resonance spacings. For nucleon states

the 2v, Iv, and Imlv, 1v types (w =proton, m

=proton hole, v=neutron, v =neutron hole).
A direct counting of the density of such states

shows that it is much less than the total density of

2p, 1h states, when all the possible particle-hole
states are excited. In fact (d„„„)(y ] J )
= 0.375(d„,„.

All the other coefficients reported in Tables II
and III are evaluated in a similar way.

The coefficient @ represents the probability that
a neutron or a proton interacts with a preformed
n particle. For simplicity the hypothesis has been
introduced that P is independent of the relative en-
ergy of the nucleon and the struck n particle. Its
value must be deduced, at present state of the
model, by the analysis of experimental data. The
state densities u „(U) for p ~7, h~ 8 have been
calculated by means of recursion formulas'~

(d 0(U ) =— (di o(14)(d |0(U —v)dv,
U

0

TABLE II. Values of K„and K~ for various pairs of
p and h.

TABLE III. Values of K; for various pairs of p —l, h.

gp-i, h

2
3

5
6
7
8
9

10
11

1
2
3

5
6
7

8

9
10

0.375
0.313
0.274
0.246
0.226
0.209
0.196
0.185
0.172
0.168

0.0625
0.141
0.234
0.342
0.461
0.593
0.731
0.882
1.041
1.182

1
2
3
4
5
6
7
8
9

10

1
2
3
4
5
6
7
8
9

10

0.500
0.376
0.313
0.273
0.247
0.225
0.209
0.196
0.181
0.176

0.250
0.2 50
0.235
0.219
0.205
0.193
0.183
0.174
0.163
0.160

0.125
0.188
0.234
0.274
0.308
0.339
0.366
0.392
0.4 16
0.430
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with energy greater than the Fermi energy the
single nucleon state density is assumed to be con-
stant and equal to the value predicted by (8) at the
Fermi energy. This assumption is based on purely
phenomenological considerations which seem to
indicate in the case of n particle induced reac-
tions' that the expression (8) gives a variation of
g(») with the energy which increases too rapidly
for E &e&. However, in our opinion, the whole

subject of state densities of few particle-hole
states requires further consideration. We recall
that an empirical knowledge of the single nucleon

state density mainly refers to states in the proxi-
mity of the Fermi energy while in the first stages
of the equilibration cascade states with energy
much greater or lower than the Fermi energy are
involved.

The recursion formulas (7) allow one to take cor-
rectly into account the finite depth of the potential
well to which nucleon states are confined, but do
not account for the restriction imposed by the
Pauli principle. For this reason, for p&7, h&6
we evaluated &u, „(U) by means of the expression
reported by Betak and Dobes"

„[U A (p, h)]"-' - h 6(U - o., „-»,)[U -A (p, h) - », ]"

where &
max

W' "(U) —g W" "(U»,.)d», (12)

A(p, h) =—(p'+h'+p 3h}4a

'"*i,h(UR) =(1 —@}I~. ' ~y-1 h(UR)

~,*", „(U„)= (1 —y)Z'„-'"~, , „(U,),
".-i, b

—&J~n

(10)

where the m, v, and e subscripts denote proton,
neutron, and alpha particle, respectively. The
coefficients &,' ' ", K~ '", and &' '", which are
analogous to the ones appearing in expression (6),
are given, for various pairs of p —1, h values,
in Table III.

The decay rate for emission of a particle i (i

=~, v, o) with energy», . into the continuum is given
by

W; "(U, »,.)1»,.

o,,„,.(» i)»,.~,*',' „(Uz)d»,
1 in&A+ (2s, +I)

il' 7 777 ~ +Ay (d ~ Uy, h

and the total decay rate for emission of a particle
whichever is the type and the energy is given by

n, „=(p'+ h'+ p —h) /2 g .

6(x) is the Heaviside function, 6(x) = 1 if x &0, 0 if
& cO.

The expression (9) allows one to take into ac-
count, in first approximation, both the finite depth
of the potential well and the Pauli principle. This
formula assumes an equidistant spacing for all
nucleon states.

When the emission of one particle occurs the
state densities of residual nucleus at the effective
excitation energy U~ are, respectively, given by

In expression (11) n~,. and Az are the particle and
residual nucleus masses, s,. the particle spin, and

o„, , (», ) the cross section for the inverse process.
Since at this stage of the calculations the total de-
cay rates (12) and the maxima of the differential
decay rates (11) are computed numerically, in
order to achieve a better accuracy, the neutron
and proton inverse cross sections have been evalu-
ated by means of the formulas reported in Ref. 15.
These inverse cross sections, however, in the
range of energies of interest at this stage of the
calculations, differ from the values given by ex-
pressions (1) and (4) no more than a few percent.
In the case of n particles, the inverse cross sec-
tion is given by (4), with the parameters previ-
ously quoted, reduced by 15%, as reported in Ref.
1, to take into account those processes which pre-
sumably do not contribute to preequilibrium de-
cay. The competing decay rates for exciton-exci-
ton interactions, W;;"(U), that represent the tran-
sition rates to more complicated states, have been
reported in previous papers x, i~, x6, 2s For the sake
of completeness we report in Table IV, as a func-
tion of the excitation energy of the composite nu-

cleus, the numerical values of II„"(U}for differ-
ent pairs of p and h values. The present numerical
values differ slightly (in no ca,se more than a
few percent) from the values previously quoted as
a. consequence of the present choice of single nu-
cleon state densities.

At the beginning of the Monte Carlo calculations,
for each particle considered and each set of p, h

values, the decay rates for decay into the continu-
um have been numerically evaluated. The values
of their maxima and of the integral over the
emitted particle energy is calculated and stored
in the memory. The exciton-exciton interaction
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TABLE IV. Decay rates, ~'eq (0), for exciton-exciton interactions utilized in present
work (the unit of the decay rates is 10 sec ').

U

(Me V) 2, f 3, 2We' W„.' gj Jy3
eq W '

eq
gr 7q6 gl 8 ~ t

eq
&s, 8 &io, o &&at, io

«q eq eq

3
5

10
15
20
25
30
35
40

50
55
60
65
70
75
80
85
90
95

100

0.022
0.054
0.17
0.34
0.55
0.74
0.91
1.04
1.17
1.26
1.35
1.41
1.48
1.52
1.58
1.60
1.65
1.66
1.70
1.71
1.74

0.0 18
0.040
0.13
0.26
0.43
0.63
0.84
1.03

- 122
1.37
1.54
1.65
1.80
1.8 7
2.00
2.05
2.16
2.20
2.29
2.31
2.40

0.012
0.034
0.11
0.22
0.35
0.52
0.71
0.91
1.12
1.31
1.51
1.67
1.86
1.99
2.16
2.26
2.41
2.49
2.63
2.68
2.81

0.010
0.031
0.092
0.19
0.30
0.45
0.61
0.79
0.99
1.19
1.40
1.58
1.79
1.96
2.16
2.30
2.49
2.60
2.77
2.86
3.03

0.008
0.027
0.080
0.16
0.27
0.39
0.54
0.70
0.88
1.07
1.27
1.46
1.67
1.86
2.07
2.24
2.45
2.59
2.79
2.91
3.10

0.006 0.005
0.022 0.019
0.072 0,061
0.15 0.13
0.24 0.22
0.35 0,32
0.48 0.43
0.63 0.56
0.79 0.71
0 ~ 96 0.88
1.15 1.06
1.34 1.26
1.55 1.48
1.74 1.70
1.95 1.93
2.14 2.15
2.35 2.38
2.52 2.59
2.73 2.80
2.88 3.00
3.09 3.19

0.004
0.016
0.052
0.12
0.21
0.30
0.41
0.52
0.66
0.81
0.97
1.15
1.35
1.56
1.78
2.01
2.23
2.46
2.68
2.90
3.11

0.003
0.014
0.044
0.11
0.20
0.29
0.39
0.50
0.62
0.75
0.90
1.07
1.25
1.44
1.65
1.86
2.09
2.31
2.54
2.76
2.98

0.002
0.011
0.038
0.10
0.19
0.28
0.38
0.48
0.59
0.71
0.85
1.00
1.17
1.35
1.54
1.74
1.95
2.17
2.39
2.62
2.84

decay rates were provided as input data.
The extraction of a sequence of random numbers,

following the Dostrovsky et al. procedure, allowed
us to choose one particular reaction path. This
first part of the calculation ends when either a pre-
equilibrium particle is emitted or the compound
nucleus state is reached. The latter is assumed to
have occurred when the exciton number equals
(2gU)'/'. In the first case the identity and the
energy of the emitted particle, the Z and N of the
residual nucleus, the excitation energy, the num-
ber of excitons which share this excitation energy
are stored.

2. Second chance preequilibrium emissions

If a first chance preequilibrium emission occurs,
the possibility of second chance emission is con-
sidered. If second chance preequilibrium emission

I

also occurs, the possibility of a third chance emis-
sion is considered and so on up to four possible
preequilibrium emissions. In order to reduce the
computing time, some simplifying approximations
are introduced. First, due to the rather weak
dependence of IV,",(U) on n, the various exciton-
exciton decay rates have been substituted by one
averaged over n which is calculated by means of
a polynomial expansion whose coefficients are
given as input data. This decay rate, averaged
over n is reported in Fig. 3 as a function of the ex-
citation energy. Second, by introducing the inverse
cross sections given by (1) and (4) and the equi-
distant spacing state density expressions first re-
ported by Ericson ' the maxima of the decay rates
for particle emission (11) and their integral over
the energy have been computed analytically. A
straightforward calculation leads to the following
expressions for the total rate of emission of neu-
trons, protons, and n particles:

"ln'- -1
IVn(U) (2s + 1) 4R (/ ) +E 2C ~2/ 3

mh3nt +A " gV CN CN
Ov v

(I —P) „E" " ' 1 1 g

(1 —P)+ P (n'/64) '* U n(n —1) (n —1) E",„
/ n-1

~CN CN

(1 —@) E' —V )
'E'~ —V, " '

(1 —P)+ P(n'!64) m~ ' U n(n —1) '
(14)
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1 m & 1 'g„" 'n(n —1) g aC ga/3
7T pam +A gcN gcN 2

1

(~a y )
(1 —P)+ g(n'/64) '" U n(n —1)

'

—(» -2)P
max, v

(n 1)

+ (n —2)v,
max, x

(& 1)

(16)

& „+(n-2)v.
max, n

( 1)
According to the considerations of the preceding

subsection, after one preequilibrium emission of
any particle a second chance n particle emission
is possible only if at least one exciton-exciton in-
teraction occurred. Indeed if this interaction did
not occur no a particle could be present nor
emitted due to the hypothesis that an n particle

We have not taken into account the reduction in the
number of configurations due to the identity of the
projectile [i.e., we put all the K coefficients in

expressions like (6) and (10) equal to unity]. The
error introduced is likely to be small; in consid-
ering second chance preequilibrium emission the
ratio of the correct coefficients which multiply the
residual and the decaying nuclei level densities in
the case of nucleon emission, the most probable
occurrence, goes rapidly to unity as the exciton
number increases. The quantities E", E', and
E are, respectively, the maximum effective ex-
citation energy of the residual nuclei A. , gc„ is the
single nucleon state density for the decaying nuclei
and gR the same for the residual nuclei. The val-
ues of the energies at the maxima of the differen-
tial decay rates for particle emission are, re-
spectively, for neutron, proton, and & particles:

does not survive at length inside the nucleus and
the probability of clustering of four excited nucle-
ons into an + particle is negligible. After one +
particle preequilibrium emission no other pre-
equilibrium emissions are assumed to be likely
since the a hole is assumed to behave like four
uncorrelated holes thus increasing the exciton
number of the excited residual nucleus and reduc-
ing the probability of a further preequilibrium
emission. Indeed the ratio

Z,.w", (U),.

w,",(v)

greatly decreases with increasing exciton number
8 ~

C. Evaporative stage

At the end of the preequilibrium stage an excited
nucleus is left. This nucleus deexcites by evapora-
tion. During this stage of the calculation we used
essentially the same formulas as employed by
Dostrovsky et al. except for a single modification.

210—

I

O
Q
fo

2
C)

X

e 1

110—

I

30 40 50 60 70 80
0
0 20 40 60

U (MeV)

80 100 120

FIG. 3. Variation of the average exciton-exciton
interaction decay rate with increasing excitation energy.

E NeV

FIG. 4. Comparison of the calculated (full line) and
experimental excitation functions for the SSr(P, 3n)
reaction.
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10—

210—

40 50
I

60 70

Ep MeV

1

80 90

110—
FIG. 5. As Fig. 4, for the Sr(P, 4n) reaction. The

dashed line represents the results of the calculation with
decay rates, W,",, increased by a factor of 4 with re-
spect to the values reported in Table IV. See discussion
in text.

I

50
I

60 70

E11 (NeV)

I

90

FIG. 7. As Fig. 4, for the 8 Sr(P, p3n} reaction.

2
10

a
(mb)

As has been previously noted to obtain an analyti-
cal expression for the total decay rates these
authors have neglected in the expression of the
level density p(U) the preexponential factor (U+ t) '.
This approximation forced them to utilize unrea-
listic values for the level density parameter a ap-
pearing in the expression of p(U).

%e found a simple way to take approximately
into account the preexponential factor, retaining

(mb)

10—1

010—
I

70 80

0
10 —-+

I

40
I

60 70 80 90

Ep MeV

FIG. 6. As Fig. 4, for the Sr(p, 5n) reaction.

Ep (INeV)

FIG. S. As Fig. 4, for the ~ Sr(p, 2pn) reaction.
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( b)
10

110— + ~i

0
(mb)

210--

0
10

30 40 50 60 70 eo 90

E IVleV I

FIG. 9. As Fig. 5, for the 8Sr(p, 2p3n) reaction.
110—

at the same time the great computing advantages
of Dostrovsky procedure, that consists in dividing
the analytical expressions reported by Dostrovsky
eI; al. for the widths corresponding to the emis-
sion of the various particles by the square of
the average excitation energy of the residual
nucleus. According to our calculations, if one
appropriately chooses for each considered com-
pound nucleus the proton and 0. particle Cou-
lomb barriers, these modified expressions allo~
one to reproduce within a few percent, using the
same level density parameters, the ratios between
the charged particle and neutron widths and the
average kinetic energies of the emitted particles,

10 20 30 40

Ep INeV

50 70 80

FIG. 11. As Fig. 4, for the Y(P, n) reaction.

numerically evaluated for excitation energies
ranging from -15 to -100 MeV by means of the
correct Fermi gas model level density and the op-
tical model inverse cross sections. The accuracy
is reduced using Coulomb barriers given by simple
numerical laws like the (5) previously reported,

10—2
(mb)

(mb)

110—
110—

010—
l

9060
I I I

40 50 70 80

Ep (MSV)

FIG. 10. As Fig. 4, for the 8 Sr(P, 2P4n) reaction.

20 40

Ep MeV

80

FIG. 12. As Fig. 4, for the Y(p, 3n) reaction.



1414 E. G.WDIOLI, E. GABIOLI F RBA, AID J. J. HO( AN 16

(mb)

10—2 tmb)

10

110—
1
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I
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80
I 1 I

40 50 60 70

Ep IVleV

FIG. 13. As Fig. 5, for the Y(P, 4n) reaction.

90
FIG. 14. As Fig. 5, for the Y(P,P2n) reaction.

but we estimate that for 50~A —200 nuclei and for
excitation energies in the range considered, the
analytically computed ratio between proton and
neutron width could differ at most by 20/o from the
numerical one; in the case of the ratio between n
and neutron width the discrepancy could amount
to 30~/p.

We do not report the formulas utilized that, ex-
cept for the modification introduced, can be found
in Dostrovsky et al. 's paper to which the reader
interested is referred. -' We evaluated the average
excitation energy of the residual nucleus as its
maximum excita. tion energy less 2T or (2T+ V) in
the case, respectively, of neutrons or charged
particles. We approximated T by (E /a)'~' or
[(&~„-V)/a]'", respectively, where E is the
maximum excitation energy and a the level density
parameter.

(mb}

210—

10—
I

D. Other parameters entering in the calculation

In addition to the pararfieters quoted in the pre-
vious section, the binding energies tabulated by
Wapstra and Gove" have been used. When some
of the binding energies were experimentally un-
known, they have been calculated by means of the
Myers and Swiatecki" semiempirical mass formu-

30 40
I

50 60

Ep (MeV)

1

70
I

80

FIG. 15. As Fig. 4, for the Y(p, p3n) reaction.
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210—

I

Ep MeV

FIG. 16. As Fig. 4, for the 88Y(p, p4n) reaction.

la. The pairing energies have been taken from
Nemirovski and Adamchuck. ~ In the evaporative
stage the level density parameter a =A/8 MeV '
has been utilized. This choice corresponds to the
previous one of a value of the Fermi energy equal
to 20 MeV in the expression of the single nucleon
state density. To conclude this subsection w~ wish
to stress that if one excludes the probability Q for
a nucleon to strike a preformed n particle, no

free parameters are introduced in the calculations.
Since most of the parameters utilized are aver-

age values which cannot take into account individu-
al properties of the nuclei involved in the deexci-
tation process one must not expect in all the cases
considered a very detailed fit of the experimental
data and some deviations (that, however, should
not alter essentially the conclusions one should
draw from the comps. rison of the calculations and
the experimental findings) are expected.

IV. COMPARISON OF THE EXPERIMENTAL DATA KITH
THEORETICAL CALCULATIONS AND DISCUSSION

In Figs. 4-17 comparisons between the experi-
mental excitation functions reported in Table I
for protons incident upon "Sr (Ref. 9) and 89Y

(Ref. 8) and the theoretical calculations (in all
cases the full line) are shown. In Figs. 18 and 19
the comparison between the calculated proton and
a spectra and the ones measured by Bertrand and
Peelle ' in proton bombardment of ' Y is shown.
In Figs. 20-33 the comparison between theory and

I I

70 80

Ep (MeV)

I

9060

FIG. 17. As Fig. 4, for the ~~Y(p, p5n) reaction.

experiment in the case of the excitation functions
of the reactions induced in ~Zr (Ref. 13) is re-
ported, Before undertaking a fuller discussion of
the data we draw some general conclusions.

(i) Without noticeable exceptions the rise of the
excitation functions is satisfactorily reproduced in
all cases, even at high energies. This fact seems
to confirm the validity of the approximations that
have been introduced when calculating the inverse
cross sections and provides an a pos.'eriori justi-
fication of the neglect of angular momentum effects.

(ii) The neutron, proton, and n decay modes
seem to be reproduced in an equivalent way without
systematic deviations in one or the other sense.

(iii) The agreement between experimental data
and the theoretical calculations is, in general,
satisfactory both at the maxima and at the tails of
the excitation functions. This essentially means
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FIG. 18. Comparison of the experimental spectrum of
protons emitted in the 61.5 MeV proton bombardment
of Y with the calculated spectrum. The broad line
represents the experimental data; the narrow solid line
is the calculated histogram. The dashed line is the cal-
culated value with the decay rates increased by a factor
of 4 with respect to the values reported in Table IV.
See discussion in text.

that the contributions due to preequilibrium decay
and compound nucleus evaporation are both rea-
sonably reproduc ed.

(iv) The agreement between theoretical calcula-
tions and experimental data seems to be compara-
tively better in the case of very complex reactions
with cross sections of a few mb. This fact con-
stitutes a proof of the essential validity of the
average parameters utilized and of the absence of
systematic deviations of the theoretical calcula-
tions from the experimental findings.

A. Analysis of Sr excitation functions

The shape and the absolute value of the (P, xn)
excitation functions (x =3, 4, 5) is satisfactorily
reproduced. Only in the case of the (p, 5n) reac-
tion is the maximum of the excitation function
somewhat overestimated (~30%). The agreement
of experimental data and calculations is very sat-
isfactory in the case of the (p, p3n) reaction [at

FIG. 19. Comparison of measured {narrow solid line)
and calculated (broad solid line) a spectrum in 8~Y (p,
xe) reaction at E& =61.5 MeV.

the highest energies the calculated excitation func-
tion slightly underestimates the experimental one;
this is presumably due to the fact that the calcu-
lations neglect the contribution of the (p, d2n) re-

actionn].

In the case of the (p, 2pn) reaction the calcula-
tions reproduce satisfactorily the experimental
data up to =55 MeV incident proton energy. At
higher energies the calculated excitation function
underestimates the measured one. At present we
have not found reasons to explain this discrepancy.
The (p, 2p3n) and (p, 2p4n) excitation functions
show a first maximum which has to be attributed
to the reactions (p, an) and (p, o2n). Beyond this
maximum, in the energy range considered, a
valley follows and a further rise when the emission
of, respectively, 2p and 3n and 2p and 4n becomes
energetically possible. In both cases the shape of
the experimental excitation functions is satisfac-
torily reproduced. The absolute value of the
(p, 2p3n) excitation function is well reproduced by
assuming for the ft) factor the value 0.1. With this
choice the (p, 2p4n) excitation function is somewhat
underestimated at the first maximum and the
valley. A better agreement would be obtained by
assuming p =0.15.

We do not attribute a great significance to this
slight discrepancy; in particular, we do not think
that the energy spectrum of the n particle which is
presumably the first particle emitted in both reac-
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FIG. 20. As Fig. 4, for the Zr(P, n) reaction.

tions is badly reproduced. In fact in the case of
the reactions induced on "Zr (see later) with the
same f value for both reactions the situation is
reversed: The (p, 2p3n) reaction is slightly under-
estimated at the first maximum and the valley
while the (p, 2p4n) reaction is satisfactorily re-
produced in absolute value.

All the calculations of the reactions induced on
"Sr have been done by assuming P =0.1. However,
the absolute value of the cross sections of those
processes to which n particle emission does not
contribute is only slightly affected by the value as-
sumed for @.

B. Analysis of '9Y excitation functions and of the

spectra of protons and 0.' particles measured

at incident proton energy of 61.5 MeV

The absolute yield and the shape of the calculated
energy distribution of the n particles which were
measured by Bertrand and Peelle at 61.5 MeV in-

cident proton energy depend sensitively on the
choice of the coefficient Q. Analysis of these data
(see Fig. 19) seems to indicate for P the value
0.05. All the calculations discussed in this sub-
section have been performed by assuming for Q
this value though this determination for Q is some-
what less reliable than the one obtained for in-
stance in the case of ~Zr excitation functions being
based on a single measurement at a fixed energy.

The agreement between theoretical calculations
and experimental excitation functions of (P, xn) re-
actions (x = 1, 3, 4) is rather good up to the maxi-
mum energy considered. In the case of the (P, n)
reaction, better agreement between the theory and
experimental data was reported in previous pa-
pers" by using a best fit procedure. The present
calculation slightly overestimates the experimental
cross section in the tail region due to the assump-
tion, in this paper, of equidistant single nucleon
states at energies exceeding the Fermi energy.
The composite nucleus state densities are reduced
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FIG. 21. As Fig. 4, for the ~ Zr{P, 2n) reaction.

in comparison with the ones calculated in the pre-
vious papers (their reduction is greater than the
one of the residual nucleus state densities) thus
increasing the calculated cross sections. The
analysis of the accompanying excitation functions,

2$0—

(mb)

10
1 I

20 30 40
I

50

E MeV

60
t

70 80 90

FIG. 23. As Fig. 4, for the ~ Zr{p, 2P2n) reaction.

however, seems to indicate that the new assump-
tion does not introduce a systematic deviation be-
tween experiment and theory.

The agreement of the (P, Pxn) measured and cal-
culated excitation functions (x=2, 3, 4, 5) is satis-
factory in all cases, even at the highest energies.
Also the spectral distribution of protons and n

particles emitted in proton bombardment of Y at
61.5 MeV is very satisfactorily reproduced both in

shape and intensity.

110—

I

40
I

70
I I

30 50 60

Ep NleV

FIG. 22. As Fig. 4, for the Zr(p, 2') reaction.

C. Analysis of ~Zr excitation functions

These data are particularly suited to a study of
the decay through & channels of the excited com-
posite nucleus. In the case of the excitation func-
tions of the reactions (p, xpyn), x=2, 3, the con-
tribution of the [p, o'. (x —2)p(y —2)n] is the only one
energetically allowed at the lowest energies giving
rise to a first maximum followed by a valley and
a second rise when the emission of individual nu-
cleons becomes energetically possible.

The (p, xpyn) excitation functions for x =4 and

y ~ 4 show a first maximum attributable to the re-
action [p, 2a(y —4)n]. Beyond this maximum a
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FIG. 24. As Fig. 4, for the Zr{p, 2p3n) reaction.
The dashed line has been calculated with g =0 implying
no preequilibrium emission of n particles. See dis-
cussion in text.

FIG. 26. As Fig. 4, for the Zr{p, 2p 5n) reaction.

valley follows and a second rise due to the reac-
tion [p, a2p(y -2)nI. In the energy range consid-
ered the contribution of reactions to which only
individual nucleon emissions contribute is not en-
ergetically possible. "

The analysis of these data suggested the value

10

(rnb)
(mb)

10— 10—

10— 100

1

80
I

40
I t I

50 60 70 90

Ep MOV

FIG. 25. As Fig. 5, for the 9 Zr{p, 2p4n) reaction.
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I

60 &0
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80 90

FIG. 27. As Fig. 24, for the Zr{P, SP3n) reaction.
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FIG. 28. As Fig. 4, for the Zr(P, 3P5n) reaction.

0.15 for (II). Calculations have also been performed
by assuming P = 0. Some typical results are com-
pared with the experimental data in Figs. 24, 27,
and 31. If ft) = 0 there is no possibility of preequi-
librium emission of n particles; only evaporated
n particles contribute to the reactions. The com-
parison with the experimental data of these last
calculations shows that the contribution of preequi-
librium emitted + particles is predominant in the
valley which follows the first maximum.

At the first maximum the contribution of evapo-
rated n particles is not negligible although the
theorehcal calculation of the (p, 2o.') reaction shows
an almost vanishing probability for both n parti-
cles to be evaporated. The (p, n) and (p, 2n) exci-
tation functions are satisfactorily reproduced both
in shape and absolute value though in the tail re-
gion the calculated (p, 2n) cross sections over-
estimate the experimental ones by about 30 jg.
Among all the considered reactions the calculated
(p, 2pn) excitation function is the one which most
conspicuously deviates from the experimental re-
sults. To interpret this result it is necessary to
recall that in the 30-50 MeV incident proton ener-
gy range the main contribution to the (p, 2pn) re-
action is evaporation from the compound nucleus.

Ep MeV

FIG. 29. As Fig. 4, for the 'Zr(p, 3p6n) reaction.

It might also be noted that the peak in the calculated
excitation function (Fig. 22) is absent in the "'Sr
case (Fig. 8). There, the proton binding energy
makes the evaporation of two protons and a neutron
from the compound nucleus very unlikely. Here,
we attribute the disagreement to the use of the
level density pa.rameter, a= (A/8) MeV ', which
leads to an overestimation, especially at rather
low excitation energies, of the level density of the
~zr nucleus which has a closed shell of 50 neu-
trons and a closed subshell of 40 protons. The
yield of the first evaporated protons is thus over-
estimated leading to a cross section for the (P, 2Pn)
reaction greater than the measured one at energies
lower than about 50 MeV. This is essentially the
same reason for the disagreement between the cal-
culated (p, 2p2n) cross section and the experimen-
tal one in the region of the first maximum.

In fact, by using average a values, as we do, we
expect to underestimate the ratio between the level
density of "Y and ~Nb, if shell effects are pres-
ent, thus underestimating the (p, o.') reaction cross
section. The influence of shell effects gradually
disappears with increasing excitation energy of
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FIG. 31. As Fig. 24, for the Zr(p, 4p4n) reaction.
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FIG. 30. As Fig. 4, for the oZr(p, 4p3n) reaction.

the residual nucleus after the first a or proton
evaporation or when preequilibrium decays be-
come important. We thus obtain a satisfactory
agreement between experimental data and calcula-
tions in the case of (p, 2p3n), (p, 2p4n), and

(p, 2p5n) reactions arid, at incident proton energies
greater than =50 MeV, as well as for (p, 2pn) and

(p, 2p2n) reactions. The agreement of calculated
and experimental excitation functions is satisfac-
tory in the case of (p, 3p3n), (p, 3p5n) and (p, 3p6n)
reactions. Of particular note are the results that
have been obtained in the case of (p, 4pxn) reac-
tions (x = 3, 4, 5, 6). The measured cross sections
range in value from about 0.1 to about 10 mb.

The effect to be reproduced by the statistical
calculations we report is of the order of one event
per thousand cascades, a very small effect in-
deed. The quality of the fit is about the same as
in previous calculations, thus indicating that the
model and the parameters utilized allow a very
detailed and precise analysis of the deexcitation of
the composite nucleus. This is indeed the main
conclusion we draw from all the previously shown
comparisons of experimental data and theoretical

(mb)
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FIG. 32. As Fig. 5, for the Zr(P, 4P5n) reaction.



Hog A&EBBA, A» Jniobe& E

t

~ ~ *~ ~ 0 ~~ I ~

~ \

O

(mb)

-2
to 10

0
0

10—0
tO

C
0

Q

~ 10
LL

10 I

20
I

40
proton f neigh

I

80

70

( Mev)

1c&&ated (dashed && )

eniission of
2p~p}; line 3-Jane 2i (p ~ . 6 (p O2pxn)'

I ine & ~ ' .
5 ~p, pgyxn}; &&ne

~

4 (p 3p~ ) ' ].ine
~

4 fop the Zgp 4p6g) ieac 10As Flg.

h is not altea conclusion whlc is
dls-

calculat1ons,
al] discrePa"ancies we have

ntcusse .sed. The valuess we found or
' ns we introduce and and discussedwith the assumptions we

at length above.
' reported the frac-o and Hogan rep

ilit of emission o va
red

p
g pd articles; es

the resen c
t

wl p
curves are in exce

all d fferencesental data. Smawith the experimen
p from a shift in e e 1

f th

in elthel 11'

an 1na
itation func tions.expe
deviations of the cwe feel the

Fi 34 do not repres inperiment in Fig.
ted fractional pro a ' '

o ef th combinations

t 1

of the (p 2pn) excitation
sed above, and is a rf tion, discusse a

use of average leve

cleus.
te reat importa«c e«ce to the dif-

h hf nces we found in the values of in
re

ere
red. The Sr an

890
btained by ana yy =0.05 value was o

jl' h M

It ho ldb 1oreasona
d d ths we quote fortione

h t the o.'partic e sinaive assump
'

tion t a s1
e uals one quarteinside the nucleus equ

e n state dens1ty. "'"ng e
'

ion the most impor
ion is that the analysis of

rt 1 ttd
lng & pa

irm that the n pa icta seems to confirm
reformed insidereequilibrium renp

tdt th 1

e
was restric eaction mechanism w

nal sis seems to ind1-excitation energ . na sisr ies. Qur analysis
in. the case of A, =

to ex-p 'bl for emiss on upm " is responsi emechanism is p
g

The decays in neutron



16 PRE EQUILIBB IUNI DECAY OF NUCLEI %1TH A~90. . . 1423

almost unaffected by the values assumed for Q.
In the calculations we reported in these eases, es-
sentially no free parameters are present. The ex-
cel1ent agreement we found up to excitation ener-
gies of about 100 MeV confirms and extends the
validity of the model and Ae parameters we sug-
gested 1,14-16,28

V. DISCUSSION OF NUCLEON MEAN FREE PATHS

It was soon apparent, frcm attempts tc deduce the
decay rates for exciton-exciton interactions from
the analysis of data [e.g. , excitation functions of
(p, n) reactions, '~" absolute cross section of
(n, p) reactions at E„=14 Me-V (Ref. 33) and spec-
tral distributions of neutrons and protons in (n, n')
and (P,n) and (P, P') reactions~"], that. the estimated
mean free path of a nucleon having energy greater than
30 MeV inside the nucleus, a quantity with a weak
energy dependence up to energies of the order of
100 MeV, is greater than the value expected on the
basis of calculations based on the Fermi gas model
and the use of free nucleon-nucleon cross sec-
tions. " To give a numerical estimate, the value
is about 16.7 fm, i.e., greater than the rms dia-
meter of a heavy nucleus. This finding suggested
nuclei might be nearly transparent to incident pro-
jectiles. To investigate this point a formula was
derived, in the framework of the exciton model,
for the absorption cross section and it was shown
that correct values for this quantity could be ob-
tained if, in a sharp surface approximation, the
low density regions of the nucleus were included
in the absorbing nuclear volume. " It is obvious
that the increase of the nuclear radius can counter-
act, in calculations like the ones we refer to, an
abnormally large nucleon mean free path. The
physical justification for the above quoted result
rested on the consideration that detailed calcula-
tions did not show any appreciable increase of the
nucleon mean free path in the low density nuclear
regions since the reduced nuclear density is large-
ly counteracted by the increased average nucleon-
nucleon cross section. ""

In addition to these considerations, the present
calculations confirm the large value previously
found for the nucleon mean free path, by indicating
that this large mean free path allows one to repro-

duce correctly, at each considered energy, both
the yield of particles emitted in the preequilibrium
stage and the yield of evaporated particles. " In

fact, it is an obvious consideration that an over-
estimation of the nucleon mean free path should
enhance the fraction of preequilibrium emissions
and reduce the fraction of evaporations contribut-
ing to a given process. The reverse occurs if the
nucleon mean free path is underestimated. To
provide a more convincing proof of these state-
ments all the calculations previously discussed in
Sec. IV have also been done b; reducing by a fac-
tor 4 the nucleon mean free path, i.e. , using the
value for this quantity one deduces by means of
calculations based on the Fermi gas model and
free nucleon-nucleon cross sections. Some of the
results we obtained are shown in Figs. 5, 9, 13,
14, 18, 25, and 32. In all the cases, when this
short value for the mean free path was used, the
fraction of events leading to the compound nucleus
was overestimated and the yield of preequilibrium
emiss:ons underestimated. As a consequence:
(a) in the case of the excitation functions of com-
plex reactions the maximum was in ail cases
greatly overestimated while in the tail regions the
calculated cross sections were much smaller than
the measured ones; (b) in the calculation of the
spectra of the protons emitted in the "Y(p, xp) re-
action the low energy evaporative peak was over-
estimated while the hardest part of the spectrum
was underestimated. This result is the same that
is found by analyzing the same data we have con-
sidered in the presentpaper by means of the Monte
Carlo intranuclear cascade code VEGAS'"" which
ut"lizes mean free paths of the order of the ones
we used in this second s ries of calculations.
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