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1. I n t r o d u c t i o n 

Though pion-nucleus interactions play a special role in the inter
mediate energy nuclear physics and these reactions have been under 
investigation during about four decades, un unambiguous interpreta
tion of the observed phenomena has not been found yet [1, 2]. So, up 
to now there is no common point of view in literature on the question: 
how many nucleons are involved in pion absorption in nuclei? This 
problem is still open for both stopped and in-flight pion absorption. 
Even in the particular case of two-nucieon stopped pion absorption by 
nuclei there is a serious discrepancy between estimates made by dif
ferent authors for the ratio R of the probabilities of absorption on up 
and pp pairs, both for a separate nucleus [3, 4] and as a function of 
tiie atomic number A of the target [5, 6]. For in-flight pion absorption 
there is no sufficient information about the dependence of R on the 
pion energy and on nucleus-target [2]. 

Various efforts have been recently made to understand the mech
anisms of fast backward nucleoli production in the cumulative (i.e., 
kinematically forbidden for quasi-free intranuclear projectile-nucleon 
collisions) region (see the last reviews [7]). The role oi pion absorption 
on nucleoli pairs of a target, in pi idnrtion of a f;ist, backward miclcoii is 
still being under intensive discussion during fifteen years [7, 8. 9j. There 
is not a common point of view also i.n the mechanisms of cumulative 
and subthreshold pion production. The influence of nuclear medium 
on pion production like the Fermi motion and production on effective 
targets or cluscers with masses larger than the nuclcon mass and the 
importance of Д intermediate states have recently been discussed by 
many authors (see, e.g., [10, 11, 12]). 

The aim of my talk is to clear up these questions using results ob
tained in our Cascade-Exciton Model (СЕМ) of nuclear reactions [13]. 

2. Basic a s s u m p t i o n s of t h e С Е М 

A detailed description of the СЕМ may be found in [13], therefore, 
only its basic assumptions will be outlined here. The СЕМ assumes 
that the reactions occur in three stages. The first stage is the in
tranuclear cascade in which primary particles can be rescattored sev
eral times prior to absorption by. or escape from the nucleus. The 
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excited residual nucleus remaining after the emission of the cascade 
particles determines the particle-hole configuration that is the starting 
point for the second, pre-equilibrium stage of the reaction. The sub
sequent relaxation of the nuclear excitation is treated in terms of the 
exciton model of pre-equilibrium decay which includes the description 
of the equilibrium evaporative third stage of the reaction. We include 
the emission of n, p, d, t, 3He and *He at both the pre-equilibrium 
and the evaporative stages of reaction. 

In a general case, the three components may contribute to any ex
perimentally measured quantity. In particular, for the inclusive particle 
spectrum to be discussed later, we have 

a(p)dp = am{N^(p) + Л^ ' ( р ) + N^(p)}dp. 

The inelastic cross section ст,„ is not taken from the experimental data 
or independent optical model calculations, but it is calculated within 
the cascade model itself. Hence the СЕМ predicts the absolute values 
for calculated characteristics and does not require any additional data 
or special normalization of its results. 

The cascade stage of the interaction is described by the Dubna ver
sion of the intranuclear cascade model [14]. All the cascad'! calculations 
are carried out in a three-dimensional geometry. The nuclear matter 
density is described by a Fermi distribution with the two parameters 
taken from the analysis of electron-nucleus scattering data. The en
ergy spectrum of nuclear nucleons is estimated in the perfect Fermi 
gas approximation with the local Fermi energy. For characteristics of 
the hadron-nucleon interactions we employ the approximations given 
in [14]. In our calculations all the СЕМ parameter values are fixed and 
are the same as in [13]. 

3. Nucleon-induced reactions 

3.1. The role of nuclear pion absorption in production of 
cumulative nucleons. Let me begin to show our results with a short 
comment on nucleon-induced cumulative nucleon production. More 
than fifty different models involving exotic objects in a nucleus (mul-
tiquark bags, fluctons, hard core, nucleus - as a quark-gluon system, 
etc.) have been proposed to interpret the cumulative nucleon produc
tion (see the reviews [7]). Note should be made that the majority of 
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these models lias been proposed specially to interpret cumulative parti
cle production by means of particular mechanisms and emission of fast 
backward nucleons from a two-step process of pion-production followed 
by absorption on nucleon pairs in a target is usually not taken into ac
count. They consider only single-particle scattering processes and ne
glect the effects of rescattering and final s tate interaction, nevertheless, 
they succeeded in fitting shapes of experimental particle spectra. 

It is of interest to estimate the contribution of "background" or 
conventional nuclear mechanisms in the framework of models that are 
not specially proposed for the description of cumulative particle pro
duction. Such a model is our СЕМ [13] proposed initially to describe 
nucleon-nucleus reactions at bombarding energies below ~ 100 MeV 
and developed subsequently [5] for the description of stopped negative 
pion absorption by nuclei. The СЕМ has been applied [8] without any 
modifications to analyze practically all the existing da ta on proton-
and neutron-induced cumulative nucleoli production for nuclei from С 
to Bi in the bombarding energy range- from several tens of McV up 
to several GeV. It has been found that the energy spectra of inclu
sive1 cumulative nucleons as well as their .4 and angular dependences 
are qualitatively reproduced by our model. The main aspects of the 
analysis [8] are the following: 

a) Cumulative nucleons arise at, the cascade stage mainly from a two-
step process, i.e., pion production in collisions of incident or cascade 
particles with nuclear nuclcons 

(ЛГ ОГ 7Г) + ЛГ -» 7Г + • • • , (1) 

followed by pion absorption on nucleon pairs within this target-nucleus 

* + [NN\^N' + N". (2) 

while multiple elastic scattering of the projectile is found to be unessen
tial for cumulative- nucleoli emission. (Process (2) has been approxi
mates! by using experimental elata for absorption cross section of pions 
on deuterium). This mechanism <lcx's not degenerate with the- increase 
of bombarding energy for ejectile energies less than several hundreds 
of MeV. 

b) Only a small number (3-5) of collisions occurs during the cascade 
development and this number is practically independent of the target 
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mass number A (according to the processes (1) and (2), at least 3 target 
nucleons must be involved in the cascade process). 

c) The pre-equilibrium component contributes essentially to the 
hard part, of backward emission spectra of nucleons and complex parti
cles. For heavy nuclei, the fraction of fast nucleons emitted at the pre-
equilibrium stage is comparable with the cascade component (at least 
for moderate nucleon energies) and the slope of the pre-equilibrium 
spectrum is close to the experimental one. 

Our СЕМ calculations have shown tha t statistical mechanisms play 
an essential role in inclusive cumulative particle production at bom
barding energies up to several GeV and for ejectile energies up to ~ 
300 MeV. But the inclusive spectra are not sensitive enough to the 
mechanisms of particle production and analysis of more "delicate" char
acteristics (e.g., correlations and polarizations) of nuclear reactions are 
required. 

3.2 . P i o n p r o d u c t i o n above and b e l o w t h e NN t h r e s h o l d . 
We have applied our СЕМ to analyze also practically all known da ta 
on nucleon-induccd pion production for intermediate and heavy nuclei 
and bombarding energies less than several GeV. As an example, Fig. 1 
shows a part of the recent da ta [10, l l j on neutron-induced hiclusive 
pion production along with our СЕМ calculation and the prediction of 
the Intranuclear Cascade Model (ICM) by Cugnon and Lemaire [15] 
and by Bertini [16]. 

Pions in our СЕМ arise only from intranuclear inelastic collisions 
NN -> TriVAT, NN — 7гь-• • ,7r;JViV, nN -+ тп, • • •, тг;Лг (г > 2) fol
lowed (or not) by additional elastic or charge-exchange rescattermgs 
7ГTV —• 7rJV during the cascade. In the version used here of the intranu
clear cascade model [14] the production of Д isobars in intermediate 
states is not taken into account. As one can see from Fig. 1, these con
ventional mechanisms of pion production can satisfactorily reproduce 
the shape and absolute value of pion spectra and the 7r~ to 7Г+ ratio. 
This reflects the influence of the nuclear medium by means of the Fermi 
motion and the СЕМ doesn't require production on effective targets 
or clusters with masses larger than the nucleon mass or other specific 
mechanisms for the description of pion production in these reactions. 
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I V . 1. Inclusive spectra of pions for separate charged states from reactions as indicated. 

U p p e r r o w : Points are the experimental da ta from Ref. [10]. The solid and dashed his

tograms are our СЕМ and ICM [15] calculations from Ref. [10], respectively; middle and 

u p p e r rows : double differential cross sections at angles 30°, 60", 80°, and 120° and angular 

distributions for pion energies greater than 32.2 MeV of three pion-charge states for 562.5 

MeV neutrons on Cu, respectively. The points are experimental data [11], the histograms 

and dashed lines arc our СЕМ and LA1IET [16] calculations from Ref. [11], respectively. 
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The C'EM without the A in an intcrnedia te state describes the da ta 
somewhat better than the Bertha 's [1G] or Cugnon's and Lemaire's [15] 
ICM with the A as a cascade participant. 

The СЕМ is able to describe also the main part of nucleon-induced 
subthreshold pion production (see, e.g. [8]). As an example, in Fig. 2 
the recent data [12] on subthreshold production of 7Г+ and 7г~ from 
proton-nickel interactions at 201 MeV are compared with our СЕМ 
calculations. Though the statistics of our Monte-Carlo simulation is 
poor, a general agreement between the calculation and the da ta is 
observed. This once again reflects the influence of the nuclear medium 
by means of the Fermi motion. 

" 10 * 
0) 

< Ю ' 
j ^ 

н 10 2 

с n 
У 0 20 40 60 0 60 120 180 
™"° T [MeV] в (degrees) 

Tig. 2. Double differential cross sections (left graph) and angular distributions (right 

graph J of the subthreshold production of two pion-charge states from proton-nickel collisions 

at 201 MeV. The histograms arc our СЕМ calculations, the circles are experimental da ta [12j 

as indicated. 

4. P i o n - i n d u c e d part ic le p r o d u c t i o n 

4 .1 . I n t e r m e d i a t e bombard ing energ ies . Various measure
ments of pion-induced reactions have been performed with the pur
pose to obtain information on different pion absorption mechanisms 
(see review [2]). So. McKoown et. al. have measured inclusive (n,p) 
cross sections on 1 2C, Л Л / , wNi and шТа at T„ = 100, 160 and 260 
MeV [18]. Assuming that high-energy protons arise only from absorp
tion reactions and neglecting the initial- and final-state interactions, 
McKeown et al. have analyzed their own da ta in a "hot spot" or a 
"slowly moving-source" representation and found that the number N^ 
of nucleons involved in the pion absorption is Nf/ ~ 3 for l 2 C and in-
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creases to Np/ ~ 5.5 for 181T«. This work had a large resonance in liter
ature: afterwards there were performed many theoretical investigations 
which demonstrated that McKeown's et al. da ta may be described by 
a 2N absorption mechanism, or on the contrary, only by multi-nuclcon 
absorption (see review [2]). Of great interest, are also the recent mea
surements of pion-induced inclusive proton production on copper at 
O.G, 0.8 and 1 Gev /c of Golubeva et al. [17]. By analyzing their own 
da ta and measurements by other authors in a "moving-source" rep
resentation, Golubeva et al. have found tha t the number of nucleons 
involved in pion absorption increases monotonically with pion energy 
from NN ~ 4 at T„ = 260 MeV to NN ~ 18 at T„ = 4 GeV. 

We have analyzed, in our СЕМ, inclusive production of different 
particles in the incident pion energy range from 100 Mev to 3 GeV 
(see, e.g., [8]). For our model there is no difference between nucleon-
and pion-induced reactions. The first s tep of the cascade stage of the 
reaction is simply induced by a pion instead of a nucleon. Let me recall 
tha t in the СЕМ we regard only the 2N absorption mechanism. As an 
example, in Figs. 3 and 4, a part of Golubeva's et al. [17] and McKe
own's et. al. [18] da ta is shown along with our СЕМ calculations. One 
can see tha t bo th the McKcown's et al. and Golubeva's et al. da ta 
may by described satisfactorily in the СЕМ only by the 2N absorption 
mechanism. (We obtained similar results for all other known da ta up 
to T„ ~ 3 GeV.) This indicates the importance of initial- and final-
s tate interactions neglected by Golubeva et al. and McKeown et al. in 
analyzing their da ta by the "moving-source" representation. 

4.2 . S t o p p e d p ion absorpt ion by nucle i . The СЕМ have been 
developed [5] to describe stopped negative pion absorption by interme
diate and heavy nuclei. We again take into account only 2N absorption 
mechanism. The point at which the pion is absorbed in the nucleus was 
determined from the distribution derived in [20] from calculations on 
pionic atoms P„;,s ~ exp[-(r — c)'2/2a2]. The value of constants с and 
a were determined by interpolating between the results given in [20] 
for nearby nuclei. 

The particle yield for these reactions in our 2N absorption model is 
given by 
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Fig. 3. Measured [17] inclusive proton spectra from ir+ and ir~ interactions with copper 

at l Gev/c (symbols), our СЕМ calculations (histograms) and results of the best fit [17] in 

the moving-source model (lines). Different emission angles are drawn with symbols as indi

cated. The histograms are sums of all three СЕМ (cascade, ore-equilibrium and evaporative) 

components. 

YCEM = {Y?EU + R Y?EM)/{R + 1), (3) 

where Ygp
EM and YQEM are the particle yields accompanying absorption 

of pp and np pairs, respectively. It is useful to extract from R the 
statistical factor taking into account the number of np and pp pairs in 
a nucleus containing N neutrons and Z protons, i.e., R = [2N/(Z — 
— 1)]R' = RoR' , where R! is the ratio of the absorption widths for the 
np and pp pairs: R' = T(n~np —• nn)/V(ir~pp —• np). 

A purely theoretical determination of R' is hardly possible at present. 
The up-to-date experimental data also can not clarify this question 
(see, e.g., [2, 5]). The interpretation of the value of the R is therefore 
dual in character. Thus, R can be regarded as a free parameter of the 
theory that can be used with (3) to normalize the theoretical particle 
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yields to the experimental data. The fact tha t this noimalization is 
possible is not at all trivial because the physical value of R must be 
positive, and this occurs only when the experimental yield lies between 
the theoretical yields calculated for absorption by pp (R = 0) and by 
7ip (R = со) pairs. The value of R obtained in this way and, con
sequently, the value of R! can probably be looked upon as a physical 
result characterizing the absorption process. 

Tp [MeV] 

Tig. 4. Measured [18] inclusive proton spectra (symbols) and СЕМ calculations (his

tograms). Different emission angles for different target-nuclei are drawn with symbols as 

indicated. The histograms are sums of all three СЕМ components. 

We have applied (sec, e.g., [5, G, 19, 21]) our model to analyze a large 
variety of experimental da ta on stopped negative pion absorption by 
nuclei from С to Bi: energy spectra and multiplicities of n, p, d, t, 
лНе, and лНе; angular correlations of two secondary particles; spectra 
of the energy released in the "live" 285г target on recording protons, 
deuterons and tritons in the energy range 40-70 MeV, 30-60 MeV and 
30-50 MeV, respectively; isotope yields; momentum and angular mo
mentum distributions of residual nuclei, etc. On the whole, the СЕМ 
satisfactory reproduces all the analyzed experimental data . This fact 
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indicates that the 2N absorption mechanism is the main one for medium 
and heavy nuclei. However we have obtained [19] a direct indication 
on the o-particlc absorption mechanism in 2bSi from the analysis of 
spectra of energy released in the target for reactions with emission of 
tritons. 

СЕМ predicts a noticeable yield of composite particles due to the 
pre-equilibrium emission mechanism. At the same time, our inves
tigations show that pre-equilibrium emission and evaporation are not 
the only mechanism of composite particles production. From the differ
ences observed in the experimental and СЕМ spectra of energy released 
in the "live" target on recording deutcrons and tr i tons, on the basis 
of the portion of events with small energy released, we have estimated 
the contribution of "direct" processes to the formation of composite 
particles to be at a level of ~ 20 - 40% for '2S5« target [19]. 

We have shown [5] that emission of particles at the pre-equilibrium 
stage of reaction is important, in the production of high angular and 
linear momenta of residual nuclei. 

Our СЕМ analysis [5] of the old experimental proton spectra mea
sured for various target by different authors has shown that cither R' 
is sensitive enough to the nuclear structure1 of targets, or there arc sig
nificant contradictions between the absolute normalization of proton 
spectra measured in different, experiments. The recent Gornov et al. 
experimental da ta [G, 19] are consistent with the assumption tha t R! 
remains constant in a wide range of nuclei from 6Li to 209Вг. The result 
R' = 3.5 ± 1 . 5 obtained from our analysis [G, 19] of different character
istics is very close to the value obtained by Blanklcider ct al. [22] for 
4le, i.e., the lightest nucleus for which absorption by both np and pp 
pairs is possible. 

G. S u m m a r y and Conc lus ion 

In this talk 1 have shown that without free parameters our СЕМ is 
able to describe the absolute value of various characteristics of pion-
and nucleon-induced reactions for medium and heavy target-nuclei and 
i'l'-ident energies less than several GeY. In all the considered reactions 
the main mechanism of pion absorption is a two-nucleon one. The prob
ability for single nucleoli absorption does not exceed K)--1 — 10- '1 [21]. 

I 
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The problem of the contribution of multi-nucleon absorption is still 
open for medium and heavy nuclei. 

I have demonstrated that McKcown's ct al. [IS] and Golubeva's ct 
al. [17] data (as well as other known measurements up to TV ~ 3 GeV) 
on pion-induced proton production may be satisfactorily described by 
the 2N absorption mccha-iism. 

The СЕМ describes the main part of cumulative and subthreshold 
pion production data by means of the Fermi motion and does not need 
production on effective targets or heavy clusters. At intermediate pri
mary energies the СЕМ without Д-resonances in intermediate states 
describes the pion spectra not worse than Bcrtini's [16] or Cugnon's 
and Lemaire's [15] ICM with the Д as a cascade participant. 

The two-step mechanism (1+2) determines the main part of pro
duction of cumulative nucleons at intermediate incident energies. For 
ejoctile energies less than ~ 100 MeV pre-equilibrium processes con
tribute also essentially to the fast backward nucleon and complex par
ticle emission. 

It was found that pre-cquilibrium processes are also of great im
portance for stopped-pion absorption reactions: they have the greatest 
effects on the energy spectra of charged complex particles and on the 
fission probability of the residual nuclei and play a significant part in 
the production of high angular and linear momenta of residual nuclei. 

These results do not imply, of course, that pion- and nucleon-nucleu^: 
interaction physics is completely described by the reaction mechanisms 
considered here. The agreement between experimental and present 
СЕМ calculations does not claim to be better than about 50%. The ac
curacy of the calculated cross section is about 40% originating from the 
limited accuracy of the pion absorption probability and uncertainties 
of the СЕМ parameters and from the statistical accuracy of Monte-
Carlo calculations. In other words, *he СЕМ calculations explain a 
major part of particle yields but admit some contributions from other 
reaction mechanisms. 

From my point of view, for medium and heavy nuclei and fcr ejectile 
energies less than several hundreds MeV, the conventional mechanisms 
considered here will contribute to the particle production also at higher 
bombarding energies (and for other projectiles), as a second stage of 
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the reaction, after specific fast mechanisms involving quark degrees 
of freedom of nuclei, or even a nucleus being a quark-gluon system. 
The recent Yuldashcv's ei al. measurements [D] of cumulative proton 
production in ;>+"u Ne interactions at 300 GeV may serve as a confir
mation of this: The authors of this work have found that even at 300 
GeY one can produce up to 37% of all protons emitted at 0/O6 > 90° 
from absorption of pious by quasi-two-nucleon systems in a nucleus. 
The contribution of specific mechanisms can be estimated as a differ
ence between experimental data and the calculated "background". 

I would like to thank the Physics Auxiliary Publication Service of 
the American Institute of Physics for the kind sending me the AIP 
document No. PAPS PHVCA-21-211-18 with the tabulations of McK-
eown's el al. data [IS] used here. 

It is a greal pleasure to thank the Organizers of the Cracow Confer
ence for inviting me to deliver these talk and kind hospitality, as well 
as for their efforts in maintaining a high standard of the meeting and 
very pleasant ambience. 
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