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Nuclear reactions induced by ~ at rest
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The experimental information on reactions induced by stopped ~ absorbed in nuclei is critically
reviewed. Evidence for the presence of a-cluster absorptions is presented and arguments are given to
show that =25% of ~ absorptions are of this kind. In the case of two-nucleon absorption, the ex-
isting experimental information concerning the ratio of n-p to p-p absorbing pairs is discussed. Cal-
culations of particle spectra and residue spallation yield distributions that, in addition to two-nucleon
absorption, include a-cluster absorption are presented, and it is shown that a satisfactory reproduc-
tion of the data is achieved.

INTRODUCTION

Many experimental and theoretical investigations have
been devoted, in recent years, to the study of reactions in-
duced by stopped ~ . These studies have greatly im-
proved our knowledge in this field and have lead to a
qualitative understanding of the reaction mechanism;
however, important aspects of the absorption process are
still incompletely understood and the values to be attri-
buted to basic parameters related to the m -nucleus in-
teractions are still debated. This is partly due to the
discrepancies between experimental data from different la-
boratories, as will be discussed in Sec. II and the follow-
ing sections, and in part to the approximate theoretical
models utilized and the simplifying assumptions, not al-
ways based on firm grounds, made by some authors to in-
terpret their data.

In spite of this fact, we believe that a comprehensive
consideration of the published data may lead one to a
quantitative understanding of many aspects of the absorp-
tion process, without referring to a particular theoretical
model. This result may be reached through comparison
of data from m. absorption on different nuclides, and of
data from ~ absorption and reactions induced by pro-
tons of suitable energy.

These considerations will be presented in Sec. III of
this paper. In Secs. IV and V calculations made in the
framework of the exciton model, on the basis of the quan-
titative conclusions reached in Sec. III, will be presented
and discussed and their results compared to the experi-
mental data. It will be shown that a rather satisfactory,
consistent, and comprehensive reproduction of the experi-
mental results may be obtained. Finally, Sec. VI is devot-
ed to the summary and conclusions.

II. EXPERIMENTAL RESULTS

Experiments on m. absorption may be divided in two
groups:

(a) Correlation experiments aimed at providing a direct
information on the dynamics of the absorption process
and the structure of the absorbing nucleus. These experi-
ments include the measurement of (i) the angular correla-

tion of nucleons, or nucleons and clusters or clusters em-
itted by the absorbing nucleus; (ii) the spectra of neutrons,
protons, deuterons, and tritons in coincidence with a
correlated nucleon; (iii) the recoil momentum distribution;
(iv) the excitation energy spectrum of residual nuclei after
the emission of correlated nucleons (see Ref. l) and refer-
ences therein, and Refs. 2 —8).

Only a few results of this type, from Heusi et al. ,
' will

be explicitly considered in Sec. IV of this paper to test our
calculation of the initial excitation energy distributions of
particle-hole states of the composite nucleus just after
pion absorption.

A much greater attention will be paid, in this article, to
data referring to the following:

(b) The measurements of the energy distributions of
neutron and charged particle multiplicities and of the
yield of the spallation residues.

These data provide information both on the pion-
nucleus interaction and the deexcitation mechanism of the
highly excited nuclei produced in the absorption process,
and show that a relevant fraction of the excitation energy
is carried out by a relatively small number of fast parti-
cles.

We will not try to make an exhaustive survey of all the
experimental results of this type relevant to the subject
discussed here. Only a restricted sample of data will be
analyzed which are thought to provide unambiguous in-
formation on the matter we are discussing.

Quite often, experimental results from diff'erent labora-
tories or research groups are not in a satisfactory agree-
ment, and on the basis of the information reported it is
impossible to decide with any certainty which data are
considered to be more accurate. Obviously, in such con-
ditions a greater weight must be given to the more recent
results (due to the improvement of the experimental tech-
niques) and to results on which the majority of the au-
thors agree. When this results in the impossibility, on
these bases, of deciding between partly conflicting data, all
data will be considered. The choice of giving a greater
weight to some data is reflected in the estimate of some
basic parameters, as will be discussed in the following.

Measurements of inclusive spectra of charged particles
emitted in ~ absorption have been made by several
groups.
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Due to the quite low pion fluence, in all these experi-
ments rather thick targets have been used and the mea-
sured spectra have to be unfolded to take into account the
self-absorption of low energy ejectiles in the target. " As
a consequence, the low energy part of the spectra is
characterized by rather conspicuous uncertainties. Also,
the accurate measurement of the highest energy portions
of the spectra is not easy, and in these spectral regions the
experimental data are often lacking and sometimes
conflicting.

We wish to call attention, in particular, to the following
points:

(i) A number of authors, when comparing proton multi-
plicities from nuclei of different mass regions, found that
the yield of emitted fast protons is highest for medium-
heavy nuclei (A =40—60). ' On the other hand, the
yield of fast neutrons is almost independent of 3 (except,
possibly, the lighest nuclei), ' as shown in Fig. l. These
behaviors can be reproduced by the calculations discussed
in Sec. IV, only by assuming that the ratio R of n-p to p-p
pairs that can absorb the pion presents a minimum value
for medium-light nuclei.

However, the multiplicity of fast protons measured by
Randoll et al. ' in ~ absorption on Ca, does not con-
form to the trend reported above and suggests a value of
R, for Ca, much higher than that implied by the data of
Ref. 11.

(ii) A rather conspicuous yield of tritons is observed
which greatly exceeds that measured in the case of proton
induced reactions. Very likely, as is discussed later, a
great amount of the tritons is produced in ~ absorption
on e clusters.

Recent measurements of inclusive neutron spectra have
been reported by several authors. ' ' Data from

different authors often display systematic discrepancies.
A discussion of the most typical of these may be found in
the papers by Cernigoi et al. ' ' and Madey et al. '

These discrepancies arise from the difficulty of estimating
correctly the efficiency of neutron detectors for neutron
energies varying from 0 to more than 100 MeV and the
background contributing to the measured spectrum, and
to the use, due to the low pion intensities, of rather short
flight paths to measure neutron time of flights. We be-
lieve that in most experiments the uncertainties in emitted
neutron energy are quite considerably underestimated.
As a matter of fact, in most experiments the highest ener-

gy endpoint of measured spectra is noticeably above the
maximum allowed neutron energy.

Important information is also gained through the study
of spallation residue yields. When the yield of the various
isotopes of an element produced in the absorption is plot-
ted as a function of their mass, one finds that the corre-
sponding distribution is nicely fitted by a Gaussian func-
tion. This result was established in the early 1950s by ra-
diochemical studies of residue spallation yields made by
Sugihara and Libby and Winsberg. More recent data
have been reported by Butsev et al. , Pruys et al. ,
Abazov et al. , and Orth et al.

Of special importance, in our opinion, is the measure-
ment by this technique of the yields of residues corre-
sponding to emission of n-n and n-p pairs from the com-
posite nucleus. In this way the ratio R of n-p to p-p ab-
sorbing pairs may be deduced. The relevance of this in-
formation will be discussed later in Sec. III B.

Another technique applied to measure residue spalla-
tion yields is the I'n beam measurement of the y rays from
their deexcitation. ' ' The more accurate results are
obtained by utilizing this method together with the off
beam measurement of the decay of radioactive residuals. "

Other important information comes from the study of
induced fission and from the observation that in the
deexcitation products from ~ absorption high spin states
may be excited. '
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III. PRELIMINARY DISCUSSIQN
OF THE EXPERIMENTAL DATA

A. Role of a-particle absorptions
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FIG. 1. Neutron spectra from w absorption on various nu-
clei (Ref. I8).

Also, if experimental evidence has been reported of ~
absorption by a single nucleon, ' ' ' ' the known results
concur to strengthen the hypothesis that the pion is main-
ly absorbed by a small number of nucleons.

The energy distribution of the fast particles emitted
after absorption and the residue isotope yield distributions
indicate the dominance of m. absorption by a nucleon
pair; however, evidence in favor of m absorption on a
substructures is provided by the rather conspicuous yield
of emitted deuterons and tritons. '

In the case of a dominant two nucleon absorption
mechanism, the greatest part of the ~ rest mass is
transformed in kinetic energy of two back to back nu-
cleons which, on their way out of the nucleus, may in-
teract with other nuclear constituents. If the complex
particles one observes are produced through anal state in
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teractions of these primary nucleons, with mean energy E,
one may expect that their relative yield and energy distri-
bution be quite similar to those observed in reactions in-
duced by nucleons of energy not too diA'erent from E.

As discussed in Ref. 39, the most suitable proton ener-

gy for comparing multiplicity energy distributions of com-
plex particles from proton bombardment and a absorp-
tion is =60 MeV. In Fig. 2 the cx multiplicity spectra
from ~ absorption' and reactions induced by 62 MeV
protons are compared and one may easily notice the ex-
pected similarity (this fact is also discussed in Refs. 39
and 41 —44). The a particle multiplicities from proton in-
teraction are obtained by dividing the measured lab sys-
tem (p,a) cross section" by the total reaction cross sec-
tions o.z. For these, values calculated using a formula re-
ported by Menet et al. are used. For the three nuclei
considered the values of o.z are, respectively, equal to
363, 857, and 1880 mb. The multiplicities from ~ ab-
sorption are taken by Pruys et al. '

A discussion of these data and of the comparison of
He spectra from proton and w induced reactions has al-

ready been given in Ref. 39. On the basis of the analysis
made there, the same origin for both a and He in the two
processes is indicated, thus supporting the hypothesis that
emission of these complex particles in ~ absorption is
compatible with a dominant nucleon pair absorption
mechanism in which both primary nucleons are active in
initiating the deexcitation intranuclear cascade.

On the other hand, the comparison of data concerning
deuteron and triton emission from ~ absorption and
proton bombardment reveals significant differences.

(a) While in the case of 1r absorption the multiplicity
of high energy a particles and He is always considerably
smaller than the multiplicity of high energy tritons, as
shown in Fig. 3, where the multiplicities of d, t, a, and
He emitted in ~ absorption on ' C, Co, and ' Au are

reported as a function of the ejectile energy, ' in the case
of reactions induced by =60 MeV protons the opposite
occurs (see Fig. 4). In this case the yield of high energy a
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FICx. 3. Multiplicities of d, t, o., and 'He, emitted after ab-
sorption of stopped ~ on ' C, ' Co, and ' Au (Ref. 12) as a
function of ejectile energy.
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particles always exceeds the triton yield and, for nuclei as
light as ' C and Fe, also the yield of high energy He is
significantly greater than that of tritons.

(b) The multiplicities of high energy tritons from rr ab-
sorption display a weak dependence on the target nucleus
mass, while, e.g., in the case of proton bombardment the
multiplicity of tritons from ' Au is greater, by approxi-
mately a factor 2, than that of tritons from Fe, as shown
in Fig. 5.

(c) In the case of processes induced by =62 MeV pro-
tons the ratio between the yield of high energy deuterons
and tritons is considerably higher than that found in reac-
tions induced by stopped ~ ~ In the proton case the ratio
is approximately equal to 10 irrespective of the target nu-
cleus considered (this is also true at higher proton ener-
gies ), while in the case of 1r absorption it is substantial-
ly lower, being, for all nuclei, not far from 3. ' '

We are thus lead, quite naturally, to the conclusion
that, most presumably, the mechanism for production of
energetic cz particles and He is similar in w and proton
induced reactions, while the mechanism for production of
deuterans and tritons is not.

The most simple explanation of these experimental data
is to assume that, in ~ absorption, part of the deuterons
and tritons are not produced through final state interac-
tions but at the very moment of the absorption on e sub-
structures. In fact, the ratio of the yields of fast deuterons
and tritons is nearly the same one measures in vr absorp-
tions on He. This might even imply that the predom-
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FICx. 2. Comparison of a particle multiplicity distributions
from m absorption on ' C, Co, and ' Au (Ref. 12) (solid cir-
cles), and reactions induced by =62 MeV protons on ' C, '"Fe,
and ' 'Au (Ref. 40) (histograms).
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FIG. 4. Spectra of d, t, a, and He, emitted in =62 MeV pro-
ton bombardment of ' C, Fe, and ' Au (Ref. 40).
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FIG. 5. Multiplicity of tritons from ~ absorption (Ref. 12)
and proton induced reactions (Ref. 40).

inant mechanism for production of fast deuterons and tri-
tons is o. particle absorption.

However, lower energy deuterons and tritons are prob-
ably produced also by final state interactions of the pri-
mary nucleons excited in the absorption process or are
evaporated from the equilibrated system at the end of the
deexcitation cascade of intranucleon interactions. The ex-
perimental data, as shown in Fig. 6, indicate that the
amount of this contribution decreases by increasing the
absorbing nucleus mass. In the simplifying hypothesis
that it might be considered unimportant in the case of the
heaviest nuclei, if one further assumes that ~ absorption

10 ~ o,
p ~A.

p'b

occurs on a substructures at the nuclear surface and that
only one-half of the deuterons and tritons may come out
of the nucleus (the ones directed outward from the nu-
clear surface that do not need to go through a thick slab
of nuclear matter) from the measured d and t multiplici-
ties for a heavy nucleus like gold' and the known branch-
ing ratios for d and t production in ~ absorption on He
[equal, respectively, to (58+7)% and (19.4+1.8)% (Ref.
47)], one may try to estimate the percentage of absorp-
tions on o. substructures. This amounts to =25%, a
value that, for our neglecting d and t production by final
state interactions, must be considered an upper limit of
the true value.

The occurrence of ~ absorptions on cx clusters was
first suggested to interpret the quite notable amount of
correlated emissions of neutrons and tritons in ~ absorp-
tion on ' C, and from the fact ' " that the deuteron
and triton spectra are well reproduced by calculations
made by Kolybashov in the hypothesis of this reaction
mechanism. However, most of the authors did not con-
sider this evidence conclusive since it could not be exclud-
ed that the data could also be interpreted by hypothesiz-
ing two nucleon absorption followed by final state interac-
tions of one of the primary nucleons and, in fact, calcula-
tions based on this hypothesis afford a satisfactory repro-
duction of deuteron spectra. ' ' Nevertheless, there is a
general consensus about the fact that in a fraction of
cases, of the order of that above reported, ~ absorption
occurs on an a clusters (see, for instance, Refs. 1, 50, and
51).

The value reported above for the probability of +-
particle absorption is the same one obtains on the basis
of the yield of n-t coincidences measured recently by
Heusi et al. ' for vr absorption on ' C ( =0.011 per
stopped 7r ) if one considers that (a) the branching ratio
for n-t production is =0.19, (b) only in about one-half of
the cases, as suggested above, the triton may leave the
nucleus without being absorbed, and (c) also in the case
of the correlated primary neutron the probability of be-
ing emitted without suffering final-state interactions is
smaller than unity and of the order of 0.5. Taking into
account all these factors, the amount of a-cluster ab-
sorption results in =0.23 per stopped w

B. Ratio of np to pp pairs that can absorb the pion
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In the case of ~ absorption by a nucleon pair a basic
quantity to be known is the ratio R between the numbers,
N p and Npp of neutron-proton and proton-proton pairs
that may absorb the pion. Estimates of R range from the
so called statistical value

2NR stat rZ —l

FIG. 6. Multiplicity distributions of deuterons and tritons
from m absorption on ' C (solid circles), ' Co (open circles),
and ' Au (pluses) (Ref. 12).

valid in the hypothesis that any possible proton-proton or
neutron-proton pair may contribute to the m. absorption,
to values notably greater, as predicted by calculations in-
cluding rescattering terms in the absorption mechanism.
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The situation is summarized in the paper by Heusi et al. '

Theoretical models of ~ -nucleon interaction are not
considered sufficiently accurate to provide reliable a priori
estimates of R, so the usually adopted procedure is to
deduce R directly by the data.

At first, it was assumed that R could be measured as
the ratio of the yields of correlated back to back neutron-
neutron and neutron-proton emissions, in coincidence ex-
periments. ' Subsequent work' ' suggested that, except
for the lighest nuclei, even in the case of a 180' correlated
emission of nucleons, final state interactions are far from
negligible and may significantly decrease the value mea-
sured for the ratio of n-n to n-p pairs. Thus, R may be
reliably measured, in coincidence experiments, only in the
case of the lighest nuclei, especially if, in addition to
measuring a 180 correlated emission of n-n and n-p pairs,
one imposes the further condition that the sum of the em-
itted nucleon energies cannot differ, by more than a given
amount, from the total energy delivered in the absorp-
tion. '

Values reported for the ratios of the yields of n-n to n-p
coincidences' are reported in Fig. 7.

Orth et al. , to deduce R, measured the yields of two-
neutron and one-neutron —one-proton-out products with
radiochemical techniques. These residual nuclei are pro-
duced only when the two nucleons escape the nucleus,
leaving behind an excitation energy lower than the bind-
ing energy of the next least bound nucleon. By this mea-
surement, values of R which increase with 3 and are
rather higher than those obtained through the analysis of
different experimental data are obtained. These authors
interpret their data by assuming that "the yields of two-
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FIG. 7. Values of R deduced from (a) coincident emission of
n-n and n-p pairs [open (Ref. 1), solid inverted (Ref. 2), and solid
triangles (Ref, 3); the rectangle for 3 =6—16 represents the en-
semble of the values obtained in Ref. 2 for these light nuclei]; (b)
the measured yields of two-neutron-out and one-neutron —one-
proton-out residuals, diamonds (Ref. 30). The arrow above the
diamond, in the case of 3 ) 70 nuclei, indicates how much R
might di6'er by the measured ratio. Assuming 25% of a-cluster
absorption, for all these nuclei R could be as high as 25. In ab-
sence of a-cluster absorption the value of R would be intermedi-
ate between the value reported by Orth et al. (Ref. 30) and 25.
Analogous information cannot be given here for Mg, where
only the emission of preequilibrium particles was calculated; (c)
the yield of highest energy neutrons and protons [solid (Ref. 12)
and open circles (Ref. 17)]; (d) the analysis of inclusive neutron
and proton spectra [solid (Ref. 11) and open squares (Ref. 12)].

nucleon-out residual products (b, A =2) reflect the neutron
and proton densities at the surface" because production of
these nuclei may occur only when the primary nucleons
did not undergo final state interactions. This is by no
means an obvious assumption. In fact, most of the mod-
els adopted to predict fast particle emission in nuclear re-
actions lead to the conclusion that a nucleon may escape
the nucleus without sharing its energy with other nuclear
constituents also if it is produced quite deeply in the nu-
clear volume. If this is true, the experimental data of
Orth et al. should be somewhat sensitive also to absorp-
tions occurring in the nuclear interior, and the measured
ratios of the yields of two-nucleon-out products, though
related to R, do not constitute a direct measure of this
quantity. As will be discussed in Sec. VE, the calcu-
lations made using the exciton model predict a value
of the ratio, R *, between two-neutron-out and one-
neutron —one-proton-out products noticeably smaller than
the value of R utilized as an input datum.

This is due to the following facts.
(i) These residuals may be produced in a non-negligible

amount, in a two nucleon absorption mechanism, also
when one fast nucleon is emitted which leaves a slightly
excited residual that deexcites by evaporation of only
another nucleon. This effect, especially in the case of not
too heavy nuclei, where proton evaporation is far from
negligible, leads to a substantial increase in the rate of
one-neutron —one-proton emissions,

(ii) a fraction of the absorptions occurs on a clusters.
This absorption mode alone would lead to R* values of
the order of unity, varying from =0.7 to =2 according to
the nucleus considered.

Though the theoretical prediction of the yield of two-
nucleon-out products is not very accurate, as will be dis-
cussed in Sec. V E, calculations of this kind seem to indi-
cate that the data of Orth et al. are consistent with R
values that are almost 3 independent and whose values
may be as high as 25.

Another approach widely adopted consists of deducing
the value of R by the ratio of measured inclusive multipli-
cities of fast protons and neutrons. In this case considera-
tion of only the highest energy part of measured multipli-
city distributions' ' ' may lead to incorrect estimates of
R because of the experimental uncertainty affecting this
part of the measured spectra. When considering a greater
portion of the measured nucleon spectra, one has to take
into account that interactions of primary nucleons on
their way out of the nucleus modify the ratio between the
number of primary protons and neutrons,

n„
1

2R +1 (2)

just after ~ absorption. The value of R one deduces
may thus depend on the particular model and on the cal-
culation parameters one utilizes for evaluating the spectra
of emitted fast nucleons. Another source of error may be
due to the systematic uncertainty on the absolute values
of the measured multiplicities, which often differ
significantly from one author to the other.
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In the analyses of the spectra, based on the use of the
exciton model, that are discussed in the following sections
of this paper, R is treated as a free parameter and it is
found to display a quite notable A dependence, being sub-
stantially greater in the case of medium-heavy and heavy
nuclei ( 3 & 100) than in the case of nuclei with
A =40—60. As discussed in Sec. II, this is a consequence
of the A dependence of the magnitude of the multiplicities
of fast protons emitted in ~ absorption, an experimental
finding on which not all authors agree. '

The R values measured by the different techniques that
have been discussed and the values obtained in our
analysis of the proton spectra and the radiochemical data
by Orth et al. are reported in Fig. 7.

The R values obtained from consideration of proton
and neutron spectra and coincidence experiments refer, in
most of the cases, to nuclei which have not been investi-
gated by Orth et al. , with the exception of A =26 and
115 nuclei. In these two cases a strict numerical agree-
ment between values from the different types of data has
not been found, so the possible A dependence of R, sug-
gested by the figure, should be checked by further experi-
ments.

The discussion of the experimental results in this sec-
tion may help to fix some basic input parameters for cal-
culations of the cross sections of the reactions induced by
vr absorption. In the next section calculations based on
the exciton model will be described.

IV. THEORY

The calculations described in this section are done in

the framework of the exciton model ' and are an im-
provement of those already published by our

27, 36, 57, 58

absorption is assumed to excite states of a simple
configuration in the composite nucleus. These states may
either evolve toward more complex states, through two-
body residual interactions, or the nucleus may deexcite by
emission of one fast particle in the continuum. The pro-
cess is repeated until an equilibrated system is created
which further decays by evaporation. At any stage of this
deexcitation cascade, the probability of a given process is
evaluated as the ratio between the decay rate correspond-
ing to that event and the total decay rate of the composite
nucleus.

The initial configuration which gives rise to the deexcit-
ing interaction cascade depends on the assumed absorp-
tion mode. As a result of the discussion reported in the
preceding sections, we will consider two dominant absorp-
tion modes, by assuming that in 75%%uo of the cases the
pion is absorbed by a pair of nucleons and, in 25% of the
cases, by an o, cluster. In two nucleon absorption, the ex-
citation energy is divided between two one-particle —one-
hole pairs. In the case of a cluster absorption, the hy-
pothesis is made that this process may occur only in the
outer edge of the nucleus and then it may be assumed that
a negligible energy is provided to the hole degrees of free-
dom.

A. Two nucleon absorption

E; =Q =(m + A~ — 'A~+))c +B (4)

is the energy delivered in the absorption (m, Az, and
'A&+ i are the pion rest mass and the masses of the

nucleus before and after absorption; B is the n. bind-

ing energy in the mesic atom), and

Ef ——Ei +E2+Eq,
where E&, E2, and Ez are, respectively, the energies given
to the primary nucleons and the recoiling core.

The transition matrix element M depends in first ap-
proximation only on the sum of the momenta of the ab-
sorbing nucleons. ' A widely used expression for it is

2 —(Piy ) (6)

where P is the sum of the absorbing nucleon momenta
and y is proportional to the variance of the two-nucleon
momentum distribution. A justification of expression (6)
may be given in the harmonic oscillator shell model or
by assuming that the two absorbing nucleons may be
selected at random from the Fermi sea, as we also gave in
our previous calculations. In this case

(
4 )1/2

where pF is the Fermi momentum. ' By assuming for eF
the value of 20 MeV, @=174.25 MeV/c.

To evaluate the energy distribution of each of the two
one-particle —one-hole configurations, excited in the ab-
sorption, we used a Monte Carlo approach. These distri-
butions are well fitted by a Gaussian expression,

P(E)dE=Ce-'~"-'I'" dE

where o. =23 MeV.
To check if the approximations introduced allow one to

reproduce satisfactorily the excitation energy distributions
of the initial particle-hole states, in Fig. 8, in the case of

absorption on ' C, the measured spectra of neutrons
and protons in coincidence with the accompanying pri-
mary nucleon emitted at 180' with energy E ) 15—20
MeV (Ref. 1) are compared with those calculated by our
model ~ The agreement appears sufficiently good for the
calculation of inclusive particle spectra and spallation resi-
due yields.

A more indirect check of the results of our calculation
is afforded by the analysis of the angular correlation of
the primary n-n pairs shown in Fig. 9. Also in this case
a reasonable reproduction of the data is obtained.

The composite nucleus deexcites by means of two in-
dependent cascades characterized by the one-
particle —one-hole initial configuration. ' ' ' The ratio
R between the number of absorbing n-p and p-p pairs was

The width for pion absorption is given by

d I = 2w M
~

5(P —p~ —pq)5(E; Ef—)d P dp, dp2 .

P, p~, and p2 are, respectively, the recoil momentum of
the core and the momenta of the primary nucleons after
absorption,
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FIG. 8. Spectra of nucleons emitted in coincidence with a
second nucleon with E)E*, at 180', after 77. absorption on ' C.
Left, n-n coincidences, E*=20 MeV; right, n-p coincidences,
E*= 15 MeV. The measured spectra (Ref. 1) are given by open
(neutrons) and black (protons) circles. The calculated spectra are
given by the solid and dashed lines.
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FIG. 9. Angular correlation of primary n-n pairs emitted
after ~ absorption on ' C. Experimental values (Ref. 1) are
given by the open circles, the calculated distribution by the solid
line.

treated as a free parameter. During the preequilibrium
deexcitation phase, neutrons, protons, and a's can be em-
itted. The a particles are supposed to be emitted as a
consequence of the interaction of excited nucleons with
preformed a substructures. The possibility of up to four
preequilibrium emissions in sequence is considered; how-

ever, one particle emission in each cascade is the most
likely occurrence. The decay rates for particle emission
are reported elsewhere; ' those for exciton-exciton
two body residual interactions are reported in Table I and
are calculated as described in Ref. 63.

The expression of the decay rates utilized to describe

TABLE I. Decay rates for exciton-exciton interactions utilized in the present work (units of 10 s).

E
(MeV)

20
24
28
32
36
40
44
48
52
56
60
64
68
72
76
80
84
88
92
96

100
104
108
112
116
118

1, 1

Weq

0.82
0.93
1.02
1.10
1.16
1.20
1.24
1.26
1.28
1.29
1.30
1.31
1.31
1.32
1.32
1 ~ 32
1.32
1.31
1.31
1.31
1.30
1,30
1.30
1.29
1.29
1.28

W2, 2
eq

0.53
0.73
0.92
1.09
1.25
1.39
1.51
1.61
1.70
1.78
1.85
1.91
1.96
2.00
2.05
2.08
2. 1 1

2.14
2. 17
2.19
2.21
2.23
2.25
2.26
2.27
2.28

W3, 3
eq

0.41
0.56
0.73
0.91
1.09
1.27
1.44
1.60
1.75
1.88
2.00
2. 12
2.22
2.31
2.40
2.48
2.55
2.61
2.67
2.73
2.78
2.83
2.87
2.91
2.95
2.97

W44
eq

0.34
0.46
0.60
0.76
0.93
1.11
1.28
1.46
1.63
1.79
1.95
2. 10
2.24
2 ~ 37
2.50
2.61
2.72
2.82
2.92
3.01
3.09
3.17
3.25
3.31
3.38
3.41

w5, 5
eq

0.29
0.40
0.52
0.66
0.80
1.01
1.16
1.35
1.52
1.70
1.88
2.05
2.23
2.38
2.54
2.70
2.82
2.92
3.05
3.14
3.26
3.33
3.43
3.53
3.62
3.67

We, e
eq

0.26
0.36
0.47
0.60
0.73
0.91
1.06
1.22
1.40
1.59
1.77
1.95
2.15
2.34
2.50
2.71
2.87
2.99
3.14
3.26
3.38
3.48
3.58
3.67
3.75
3.79

W'
eq

0.24
0.33
0.43
0.54
0.66
0.81
0.96
1.13
1.30
1.49
1.68
1.87
2.06
2.25
2.43
2.61
2.78
2.95
3.11
3.26
3.40
3.53
3.65
3.78
3.89
3.94

W8, 8
eq

0.22
0.30
0.39
0.49
0.60
0.73
0.87
1.01
1.18
1.35
1.53
1.71
1.90
2.09
2.28
2.47
2.65
2.83
3.00
3.17
3.34
3.49
3.64
3.79
3.92
3.99

W9, 9
eq

0.21
0.28
0.36
0.46
0.56
0.67
0.79
0,93
1.07
1.23
1 ~ 39
1.57
1.75
1.93
2.12
2.31
2.50
2.68
2.87
3.05
3.23
3.40
3.56
3.73
3.88
3.96

W10, 10
eq

0.20
0.26
0.34
0.43
0.52
0.62
0.74
0.86
0.99
1.13
1.29
1.44
1.61
1.79
1.97
2.15
2.34
2.53
2.72
2.90
3.09
3.27
3.44
3.62
3.79
3.88
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the evaporation phase of the deexcitation may be found in
Ref. 64, where the computational technique (of Monte
Carlo type) is also described.

B. a-cluster absorption

If one assumes that absorption on a clusters occurs at
the surface of the nucleus, the following approximations
seem to be reasonable.

(a) A negligible amount of excitation energy is, initially,
provided to the hole degrees of freedom.

(b) If a deuteron or a triton is produced, they may sur-
vive and come out of the nucleus only if they are directed
outward (this happens in approximately one-half of the
cases); otherwise, they soon dissolve in their constituent
nucleons with a statistical partition of the energy among
them.

The branching ratios for the possible final channels,

the hole excitation energy due to the finite depth of the
potential well. '

(d) The ratio between N, the density of performed o.
particles, and g, the o, state density, necessary to evaluate
the decay rates for o. emission, which is taken equal to
=0.93 ' MeV.

(e) The inverse cross sections appearing in the expres-
sion of the decay rates for particle emission during the
preequilibrium deexcitation cascade, calculated as report-
ed in Ref. 67.

(f) The inverse cross sections in the decay rates for par-
ticle emission during the evaporation phase calculated by
the semiclassical expression and the parameters reported
in Ref. 64.

(g) Experimental nucleon and a particle binding ener-
gies, or, when unmeasured, those calculated by means
of Myers and Swiatecki mass formula.

(h) Pairing energies from Nemirowsky and Adam-
chuck.

+o:=p+3n,
+a =t+n,
+a =d+2n

(9)

(10) D. Dependence of the calculated results
on the percentage of absorptions on a substructures

are the experimental ones renormalized to unity (25%,
19%, and 56%, respectively).

In the case of reaction (9) a statistical partition of the
excitation energy (=Q) among the four nucleons is as-
sumed and a deexcitation cascade characterized by a four
particle (three-neutron —one-proton) initial configuration is
considered.

In the case of reactions (10) and (11), if the triton or the
deuteron are emitted, a cascade, characterized, respective-
ly, by one neutron and two neutron initial configurations,
is calculated. To evaluate, in these cases, the initial exci-
tation energy distribution for each cascade, one could cal-
culate the primary triton and deuteron energy distribu-
tions with the formulas reported by Kolybashov, howev-
er, in agreement with previous considerations, we decided
to utilize for them the distributions measured in the case
of a heavy nucleus like ' Au. ' If the triton or the deute-
ron dissolve in their constituents, a cascade characterized
by three-neutron —one-proton is considered, with excita-
tion energy equal to Q.

C. Calculation parameters

All the parameters entering the calculation except the
ratio R between n-p and p-p absorbing pairs have been
fixed a priori. These are the following.

(a) The percentage of absorptions on cx substructures,
taken equal to 25%, as previously discussed.

(b) The decay rates for exciton-exciton interaction, cal-
culated as discussed in Ref. 63 and tabulated in Table I.

(c) The single nucleon state densities g(e) that charac-
terize the particle-hole state densities, which are those cor-
responding to the Fermi gas for energies below the Fermi
energy eF (=20 MeV), and are taken to be constant
(= A/13. 16 MeV ') for energies above. The state densi-
ties have been calculated by a recursion technique which
allows one to take correctly into account the limitation in

In Figs. 10(a), 10(b), and 10(c) the neutron spectrum for
absorption on Al, and the proton spectra for ~ ab-

sorption on, respectively, Ca and ' Au, are reported.
The theoretical spectra are calculated either for 75%
two-nucleon and 25% o.-cluster absorptions, or by assum-
ing only one type of absorption mechanism. In the first
case, contributions resulting from the dissolution of the a
into four nucleons (3n-lp) and the emission of, respective-
ly, a deuteron (2n-d) and a triton (n-t) are separately re-
ported.

The contribution of two-nucleon absorptions to the
theoretical neutron spectrum from Al is calculated for
R =2.8; however, the result depends weakly on the values
assumed for this parameter.

The spectrum calculated for 25% o, -cluster absorption
(solid line) difIers very slightly from that corresponding to
two nucleon absorption alone (dotted line). Also, if the
comparison with the experimental neutron spectra, dis-
cussed in the next section, always favors the calculations
which take into account o,'-cluster absorption, indepen-
dently on the considered absorbing nucleus, the con-
clusion one draws from Fig. 10(a) is that the shape and
absolute value of neutron spectra depend very weakly on
the percentage of o;-cluster absorptions, at least for
reasonable values of this quantity, and, at the same time,
exclude the dominance of absorptions on o. clusters which
leads to spectra which are too soft (dashed line).

In the case of" Ca, the proton spectrum calculated con-
sidering only o, particle absorption (dashed line histogram)
overestimates slightly that measured by Schlepuetz
et al. " for proton energies ranging from = 15 to 50 MeV,
while the spectrum calculated for two nucleon emission
only, with R =4, is barely distinguishable from that evalu-
ated taking into account 25%%uo of o.-cluster absorption
(solid line histogram). The conclusion is that considera-
tion of proton spectra alone does not allow one to
deduce —with reasonable accuracy —a small percentage
of absorptions on o. clusters, if R is small.
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FIG. 10. (a) Comparison of the experimental inclusive spectrum of neutrons from ~ absorption on Al (Ref. 8), solid circles, with
spectra calculated assuming the following: (i) 75%%uo two-nucleon absorption and 25% a-cluster absorption, solid line. The contribu-
tions from a absorption and different reaction paths [dissolution in four nucleons (3n-lp), neutron emission accompanied by fast deute-
ron (2n-d), and fast triton emission (n-t)] are explicitly shown; (ii) two-nucleon absorption only, dotted line, and (iii) a-cluster absorp-
tion only, dashed line. (b) Comparison of the experimental inclusive spectrum of protons from m absorption on Ca, open (Ref. 9)
and solid (Ref. 11) circles with spectra calculated assuming the following: (i) 75% two-nucleon absorption (R=4) and 25% a-cluster
absorption, solid line histogram. The contributions from a absorption and diferent reaction paths are explicitly shown; (ii) a-cluster
absorption only, dashed line histogram. (c) Same as (b) for the inclusive proton spectrum from ~ absorption on ' 'Au. In the evalua-
tion of the two-nucleon absorption contribution, the value R =9 was utilized.
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FIG. 11. Spallation residue yields for vr absorption on ' Co. The experimental cross sections (Ref. 27) are given by the open cir-
cles. The theoretical distributions are calculated by assuming 75% two nucleon and 25% o; cluster absorption (solid line histograms),
two nucleon absorption alone (dotted line histograms), and a cluster absorption alone (dashed line histograms). In two nucleon ab-
sorption R was taken to be equal to 2.46. The dependence of the calculations on R is shown in Fig. 17.
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In the case of ' Au, the spectrum calculated consider-
ing only o.-cluster absorption, dashed line histogram,
significantly overestimates the measured one. Qualitative-

ly, this indicates the presence of two nucleon absorptions
and a quite high value for R. However, the analysis of
the proton spectrum alone does not allow, also in this
case, an unambiguous determination of both R and the
percentage of e-cluster absorption. It would be possible
to obtain a satisfactory reproduction of the measured
spectrum by considering only two nucleon absorption
with an R value lower than that (=9) obtained by consid-
ering 25%%uo of a-cluster absorptions.

To conclude, the analysis of neutron and proton spectra
shows that two-nucleon absorption is more important
than a-cluster absorption. Proton spectra may be repro-
duced also without considering e-cluster absorption by
using R values lower than those necessary when this ab-
sorption mode is taken into account. Neutron spectra are
reproduced slightly better by considering a small percen-
tage of a absorption, but even in this case it is impossible
to deduce with reasonable accuracy the importance of this
absorption mechanism.

Similar conclusion are also reached through the
analysis of spallation residue yields. In Fig. 11 a typical
result is shown. The spallation residue yields predicted
by assuming only two nucleon absorption (dotted line his-
tograin) differ slightly from those calculated by assuming
a 25% probability of a cluster absorption (solid line histo-
gram), and both afford a reasonable reproduction of the
data. Then, it appears impossible to utilize data of this
kind to deduce a small percentage of a cluster absorp-
tions. On the other hand, the yield distributions calculat-
ed by assuming only a absorption (dashed line histogram)
in the case of (ir, xn) and (ir,pxn) residues differ quite
considerably from the experimental ones.

According to our calculations, one must resort to con-
sideration of a-cluster absorptions to explain emission of
fast deuterons and tritons, and the yield of neutron-triton
coincidences, as discussed in Sec. III A, but not to repro-
duce neutron and proton spectra and spallation residue
yields.

V. COMPARISON OF EXPERIMENTAL DATA
WITH THEORY

A. Neutron spectra

side. The theoretical spectrum corresponds to R =3.8, the
value obtained by a best fitting of the proton spectrum;
however, as previously stated the neutron spectra depend
very weakly from the value chosen for this parameter.
The code we dispose of was not considered sufficiently ac-
curate to evaluate the evaporative contribution in the case
of a nucleus as light as carbon, which may really dissolve
into smaller pieces as soon as the energy delivered in the
absorption is no longer concentrated on the primary nu-
cleons, so only the preequilibrium contribution is shown,
which is in satisfactory agreement with the data from
Madey et al. '

Due to the weak 3 dependence of neutron spectra,
shown in Fig. 1, both the measured neutron spectra from

Co (Ref. 5) and natural copper (Ref. 18) are reported in

Fig. 13. The two sets of experimental data are in better
agreement among themselves than in the case of ' C. The
calculated spectrum holds for both Co and Cu. The cal-
culation is made for R =R„,t ——2.46, the value obtained
by a best fitting of proton spectrum on Co. Also in this
case the spectrum from Madey is reproduced quite satis-
factorily, also taking into account that experimental and
calculated spectra differ by about 30% at energies around
20 MeV.

In Fig. 14 experimental spectra from ' Au, ' 'Ta and
Pb, ' and ' Ho (Ref. 23) are reported. The calculated
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Q)

Q)~ D.
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Experimental and theoretical neutron spectra are com-
pared in Figs. 10(a) and 12—14. Except if explicitly stat-
ed, all the calculations discussed in this section are made
by assuming 75% and 25% of, respectively, two-neutron
and a-cluster absorptions.

In the case of ' C, the data are from Refs. 5 and 18.
The experimental spectra differ quite considerably below
=60 MeV. The possible origin of the discrepancy is dis-
cussed by Madey et al. ' The arrow shows the maximum
energy available for the emitted neutrons. Also taking
into account the experimental energy resolution, which al-
lows some neutrons to be detected with apparent energy
above this limit, it appears likely that the experimental
spectra are somewhat overestimated at the high energy

10 i

50
E (MeV)

100 140

FIG. 12. Comparison of experimental and theoretical neutron
and proton spectra for ~ absorption on ' C. The neutron data,
in the upper part of the figure, are from Ref. 5, solid points, and
Ref. 18, open points. The calculated spectrum is given by the
solid line. The proton data, in the lower part of the figure, are
from Ref. 12, solid points, an Ref. 13, solid line. The calculated
spectrum is given by the solid line histogram.
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spectrum is for ' Au and corresponds to R=9. Also in
this case the experimental results are rather satisfactorily
reproduced except for energies around 20 MeV where,
also in this case, a disagreement of up to about 30%%uo is
found between theoretical prediction and data. Both in
this and in the previous case it is not easy to quantify ex-
actly the amount of disagreement. Part of the disagree-
ment could be due to a systematic overestimation of the
experimental neutron yield, or to a systematic underes-

timation of the theoretical yield all over the spectrum.
Nevertheless, though the qualitative features of the experi-
mental data are correctly reproduced, there is definite evi-
dence of some underestimation in the theoretical neutron
yield at energies around about 20 MeV. Two possible ori-
gins for the disagreement are (a) an underestimation of
secondary nucleon emission, and (b) the approximation of
neglecting the possibility of providing energy to the holes
in the case of a-cluster absorption. We found it impossi-
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FIG. 13. Comparison of experimental and theoretical neu-
tron, proton, and a-particle spectra for ~ absorption on ' C.
The neutron data, in the upper part of the figure, are from Ref.
5, open points, and Ref. 18 referring to Cu, solid points. The
calculated spectrum is given by the solid line. The proton data,
in the rniddle part of the figure, are from Ref. 12, open points.
Calculated spectra are given by the solid (R=2.46) and dashed
line (R=9.5) histograms. The a-particle data, lower part of the
figure, are given by the solid points (Ref. 12). The calculated
spectrum is given by the solid line histogram.

FIG. 14. Comparison of experimental and theoretical neu-
tron, proton, and a-particle spectra for ~ absorption on ' 'Au
and heavy nuclei. The neutron data, in the upper part of the
figure, are from Ref. 5 (' Au, open squares), Ref. 18 (Ta, solid
points; Pb, triangles), and Ref. 23 (' 'Ho, open points). The cal-
culated spectrum is given by the solid line. The proton data, in
the middle part of the figure, are from Ref. 12, open points. Cal-
culated spectra are given by the solid (R=9) and dashed line
(R=18) histograms. The a-particle data, lower part of the
figure, are given by the solid points (Ref. 12)~ The calculated
spectrum is given by the solid line histogram.
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Neutron multiplicities have been measured by Isaak
et al. in the case of Ni isotopes' to check the theoretical
prediction of a strong dependence of evaporated neutron
and proton multiplicities on X —Z for these isotopes. In
Fig. 16 the experimental neutron multiplicities and the
multiplicities of neutrons with E) 20 MeV are compared
with the theoretical prediction, which may be seen to
afford an accurate reproduction of these data.
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FIG. 15. Total neutron multiplicities (lower part) and pre-
equilibrium neutron multiplicities (upper part) for m absorp-
tions on various nuclei. The data are from Ref. 5, open squares
Ref. 14, solid triangles, Ref. 18, open circles, Ref. 22, solid
squares, and Ref. 27, diamonds. Calculated values are given bgiven y
the solid circles connected by the dashed line.
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ble to increase, with acceptable variations of the calcula-
tion parameters, the emission of secondary neutrons. As
far as the second possibility is concerned, it is, at present,
under consideration.

Measured total multiplicities and multiplicities of pre-
equilibrium neutrons deduced from the experimental data
by subtraction of the evaporation component evaluated b
means of the Le Couteur formula are reported in Fig. 1571

e y

together with the theoretical estimates. The absolute
value and the 3 dependence of these multiplicities are
well reproduced.
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FIG. 16. Ex
and th

perimental (Ref. 14), solid circles with erro berror ars,
an t eoretical, solid triangles, total neutron multiplicities (lower
part) and multiplicities of neutrons with energy exceeding 20
MeV (upper part) for ~ absorptions on nickel isotopes.

FIG. 17. Proton spectra from Ca [upper part of the figure:
open points (Ref. 9), solid points (Ref. 11), solid line (Ref. 15)];
In and Cd [middle part: open points (Ref. 9), solid points (Ref.
11)];Bi [lower part: open points (Ref. 9), solid points (Ref. 11)].
For Ca, theoretical spectra corresponding to three different
values of R are reported: R=4, solid line histogram; R=8,
dashed line; R=20, dotted line. The calculated spectrum for
In-Cd corresponds to R=11. For Bi, the solid line histogram
corresponds to R =7.5, the dashed to R = 18.
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B. Proton spectra

The results of analyses of inclusive proton spectra, for
nuclei ranging from ' C to Bi, are reported in Figs.
10(a), 10(b), 12—14, and 17. The absolute value of proton
yield depends on the value assumed for R. This depen-
dence is quite sensible in the highest energy part of the
spectra where primary protons mostly contribute. In the
intermediate energy range (=20—SO MeV) the depen-
dence is weaker due to the relevant contribution of secon-
dary emissions to proton yield and the fact that most of
the secondary protons are knocked out by primary neu-
trons. So, R also influences the spectral shape, though
not in a very sensible way.

For each spectrum, by a 7 procedure, the value of R
which provides the best reproduction of the data was
selected. In all cases, 25% of a-cluster absorptions was
assumed. As was discussed in Sec. IV D, consideration of
two-nucleon absorption alone would lead to R values
somewhat smaller than those deduced when o.-cluster ab-
sorption is considered, especially when high values are
found for this parameter.

The spectrum of protons from ' C has been measured
by Pruys et al. ' and Mechtersmeyer et ai. ' The two
sets of experimental data, reported in Fig. 12, are in
reasonable agreement, except in the highest energy part.
The theoretical calculation satisfactorily reproduces both
set of data, being halfway between the two measured spec-
tra at the highest energy side. The best fit R value is
equal to 3.8, a numerical value in good agreement with
that found in coincidence experiments. '

The spectrum of protons from Co, ' shown in Fig.
13, is reproduced less satisfactorily. The best fit R value
is equal to about R„.„(=2.46). The theoretical yield is
lower than the exprimental one in the energy interval
= 15—40 MeV, with a maximum discrepancy of about
30%%uo. Also shown in the figure is the result of a calcula-
tion corresponding to the much higher value R =9.5.
Also, if the spectral shape is reproduced more satisfactori-
ly, the calculated yield is too low, being smaller than the
experimental one by approximately a factor of 2.

The spectrum of protons from ' Au (Ref. 12) is shown
in Fig. 14. The calculation corresponding to R=9 repro-
duces satisfactorily the highest energy part of the spec-
trum, but underestimates the measured yield below = 30
MeV. Also shown in the figure is the result of a calcula-
tion corresponding to the higher value R=18. In this
case one may appreciate how the value obtained for R de-
pends on the value reported for the absolute proton multi-
plicity: if the absolute proton yield measured by Pruys
et al. ' is reduced by about 20%, a very satisfactory
agreement with the calculation corresponding to the
higher R value is obtained.

The analysis of the two previous spectra, from Pruys
et al. ,

' could indicate a systematic underestimation of
the measured proton yield at energies where secondary
emission mostly contributes, a result qualitatively similar
to that already found in the analysis of neutron spectra
from medium-heavy and heavy nuclei. However, this
conclusion is not substantiated by the analysis of proton
spectra from different laboratories. ' " In fact, the
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FIG. 18. Experimental (Ref. 14), solid circles with error bars,
and theoretical, solid triangles, total proton multiplicities (lower
part) and multiplicities of protons with energy exceeding 20 MeV
(upper part) for 77 absorptions on nickel isotopes.

analysis of the spectra of protons from Ca, " In, and
Bi measured by Schlepuetz et al. " seems to indicate

that the calculated spectra reproduce accurately the mea-
sured ones in the energy interval where a systematic
disagreement with the data from Pruys et al. ' was found
(see Fig. 17). This is also true when the spectra from Ca,
Cd, and Pb, measured by Budyashov et ah. , are con-
sidered. These authors did not report the absolute yield
of the measured proton multiplicities that we have arbi-
trarily normalized to the values measured by Schlepuetz
et al. ,

" for the same or neighboring nuclei. These nor-
malized proton spectra are also reported in Fig. 17. The
best reproduction of the experimental spectra was ob-
tained in the case of Ca, Cd-In, and Pb-Bi with values of
R equal to, respectively, 4, 11, and 7.S (solid line histo-
grams). In the case of Ca, the experimental proton spec-
trum reported by Randoll et al. ' and theoretical spectra
corresponding to R = 8 and 20 (the dashed and dotted line
histograms, respectively) are also reported. The yield
measured by Randoll et al. is 1ower by approximately a
factor of 2 than that reported by Schlepuetz et al. , and
the spectrum shape cannot be reproduced all over the pro-
ton energy interval, even by taking R =20. In the case of
Pb/Bi, the theoretical spectrum corresponding to R=18
is also shown (dashed line histogram).

Isaak et al. ' have investigated, for Ni isotopes, the
variation with N —Z of the total proton multiplicities and
the multiplicities of the fast protons (E)20 MeV). Their
results are reported in Fig. 18, where it is shown how ac-
curately the theory may reproduce these data. The calcu-
lations have been made by assuming R =R„„.

The analysis of proton spectra indicates a substantial
agreement between theory and experiment. However, the
lack of agreement between data from different laboratories
does not allow one to conclude if the agreement extends
all over the proton energy interval or if some systematic
disagreement exists which may indicate the need for fur-
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ther refinements in the theoretical model. In many in-

stances, as shown in Figs. 14 and 17, the value deduced
for R depends quite sensitively on the measured absolute
yield of emitted protons.

C. a-particle spectra

In Figs. 13 and 14 the comparison between experimen-
tal' and theoretical e-particle multiplicity distributions is
shown for, respectively, ' Co and ' Au. The theory
reproduces rather satisfactorily, both in shape and abso-
lute value, the data with essentially the same parameters
used for evaluating alpha spectra in proton induced reac-
tions on the same nuclei at E„=70MeV.

D. Spallation residue yield distributions

ton spectrum. In the case of ' 'Ta (Fig. 21) the calculated
distributions correspond to R = 18.5.

In all the cases considered, a very satisfactory agree-
ment between theory and experiment has been found, ex-
cept perhaps in the case of 3pxn residues from ~ absorp-
tion on ' 'Ta. Nevertheless, the discrepancy between data
and theoretical prediction is, also in this case, within the
limits of the accuracy expected a priori in predicting the
experimental distributions, and, most presumably, the ma-
jor source of disagreement has to be found in the difficulty
of evaluating accurately the branchings for rare events in
the evaporation phase of the deexcitation process.

Satisfactory results, that are not discussed here, have
also been found in the case of other nuclei. These im-
proved calculations confirm the conclusions reached in
our previous works.

In Figs. 19—21 experimental and theoretical distribu-
tions of the yields of spallation residues are compared in
the case of Co Bi ' and ' 'Ta

In Sec. IVD it was already shown that the calculated
distributions depend weakly on the presence of some con-
tribution from a-cluster absorption. In this subsection we
show how much the calculated distributions depend on
the value assumed for R. In Fig. 19, where Co is dis-
cussed, the solid line histograms correspond to R=9.5
and the dashed line histograms to R=2.46, the value
from the best fit of inclusive proton spectrum. The calcu-
lated distributions depend very little on the value assumed
for R, except, essentially, in the case of one-proton —one-
neutron-out products. This is confirmed also by the re-
sults obtained in the case of Bi in Fig. 20. Here the
solid line histogram corresponds to R = 18 and the dashed
to R=7.5, the value from the best fit of the inclusive pro-

E. Yield of two-neutron
and one-neutron —one-proton-out products

These data are those reported by Orth et al. measur-
ing the ratio R * between the yields of two-neutron-out
and one-proton —one-neutron-out products for nuclei
ranging from Mg to ' Yb.

As anticipated in Sec. III B, the calculation shows that
(i) in a rather sizable fraction of the cases two nucleon
emission occurs also following o.-cluster absorption, and
(ii) even in the case of two-nucleon absorption, not always
the two emitted nucleons are both primary nucleons. As
a consequence, R * does not represent a direct measure of
R.

The small yield of 1p-1n residuals cannot be repro-
duced very accurately by our model with the use of a set
of average parameters, like the ones we utilize. Also, the

1
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FIG. 19. Comparison of experimental (Ref. 27), open circles, and theoretical distributions of the yields of the spallation residues
from m absorption on ' Co. In evaluating the contribution of two-nucleon absorption, two values of R have been considered: 9.5,
solid line histograms, and 2.46, dashed line histograms.
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10

I I I I I I I I I I I I I I I

PtL

TABLE II. Comparison of experimental (Ref. 30) and
theoretical ratios of the yield of two-neutron-out and one-
neutron —one-proton-out products in stopped m. absorption. In
the first column the absorbing nucleus is reported; in the second
the experimental value; in the third and fourth the theoretical
values corresponding to R =25, assuming, respectively, 25% of
a-cluster absorption and two-nucleon absorption alone.

~ 10
0

D
~
Q)

—1
10

Nucleus

'4Ge

Mo
114Cd
142C

4Yb

R,*„p,

11.0+0.6
12.1+1.2
12.4+ 1.0
16.2+0.9
18.2+0.9

I

R theor

10.7+4.3
13.2+5.3
9.4+3.8

11.5+4.6
17.1+6.8

tl

R theor

14.6+ 5.8
21.3+ 8.5
13.5+ 5.4
18.3+ 7.3
28.5+ 11.4

10'
1 3 5 7 9 11 13 15 1 3 5 7 9 11 13

X

FICJ. 20. Comparison of experimental [open circles (Ref. 27),
solid triangles (Ref. 32)] and theoretical distributions of the
yields of the spallation residues from ~ absorption on Bi. In
evaluating the contribution of two nucleon absorption, two
values of R have been considered: 18, full line histograms, and
7.5, dashed line histograms.

statistical uncertainty which affects the numerical values
of these cross sections, calculated by a Monte Carlo pro-
cedure, is far from negligible. Then, the 1p-1n residue
production rate cannot be estimated with an accuracy
greater than =30—50%. Ef one further takes into ac-
count the uncertainty in the calculated yield of 2n prod-
ucts, one may conclude that it is quite unrealistic to think
that one may deduce accurate values for R from the
analysis of these data. Nevertheless, some qualitative con-
clusions may be reached. The results by Orth et al.
seem consistent with R values systematically higher than
those obtained from coincidence experiments, in the case

1
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FICx. 21. Comparison of experimental (Ref. 29), open circles, and theoretical distributions (R=18.5) of the yields of the spallation
residues from m. absorption on "'Ta. C means cumulative production of a given residue.
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of light nuclei, and from the analysis of inclusive proton
spectra. In Table II the values calculated for R ' either in
presence and absence of a-cluster absorptions, by using as
input datum R =25 for all the nuclei investigated by these
authors (except Mg, for which the expected uncertainty
of the theoretical prediction is too high) are reported. One
may conclude that such a high value of R is consistent
with the measured values of R * in the case of 25% +-
cluster absorptions and that the value of R one deduces
from these data depends quite sensitively on this percen-
tage, being much smaller than the value above reported in
presence of only two nucleon absorption.

VI. SUMMARY AND CONCLUSIONS

The experimental information on reactions induced by
absorption of ~ at rest has been reviewed. The uncer-
tainties in experimental results which may prevent one
from reaching an accurate quantitative understanding of
the absorption and deexcitation mechanism have been dis-
cussed.

The analysis of the data establishes the dominant con-
tribution of the two-nucleon absorption mechanism; how-
ever, =25%%uo of absorptions on u clusters seems necessary
to explain the relevant deuteron and triton emission. Cal-
culations of particle spectra and spallation residue yield
distributions made in the framework of the exciton model
have been shown to be able to reproduce the existing data
satisfactorily.

Though some of the conclusions reached in this work
have been anticipated in previous papers, we deem to have
provided here additional evidence for them and to have
presented calculations which take account of e-cluster ab-
sorption more accurately than what has been previously
done.

Further investigations are necessary, in our opinion, to
obtain more accurate estimates of R (the ratio between the
number of neutron-proton and proton-proton pairs that
may absorb the pion in the case of two-nucleon absorp-
tion) and to establish its variation with A.

This work was partly supported by the Italian Ministry
of Public Instruction.
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