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Abstract
New experimental data on stopped negative pion absorption by complex nuclei (energy
spectra and angular correlations of secondary particles, isotope yield, fission probability,
angular momentum of residual nuclei) are analysed within the framework of the earlier model
suggested by the authors /1/. Comparison is made with other up-to-date models of the process.
The contributions of different pion-absorption mechanisms are considered.

We reproduce here this 1980 INR Report as it was never published in a journal but represents
a historical interest of using the Modified Exciton Model (MEM) to account for
preequilibrium processes in stopped pion absorption by nuclei. MEM was later incorporated
in the Cascade-Exciton Model (CEM), and was and still is used in dozens of countries all over
the world. E.g., the current CEMO03.03 and LAQGSMO03.03 event-generators of the latest
LANL Monte Carlo transport code MCNP6 have today modified parts from the FORTRAN
code of that old version of MEM/CEM.
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New experimental data on stopped negative pion absorption by
complex nuclei (energy spectra snd angular correlations of sscon-
dary particles, isotope yield, fission probability, angular momen-
tum of residusl nucleil) are analysed within the framework of the

earlier model suggested by the authors

/1/. Comparison is made

with other up-to-~date models of the process, The contributions
of different pilon-absorption mechanisms are considered.
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1. Introduction

Stopped negative pion absorption in atomic nuclei occupies a spe-
cial place in modern physics due to intimate interweaning of various
problems of mesoatomic physicas, pion-nucleus interaction, nuclear reac-
tions and nuclear structure. The study of this phenomenon was started
about three decades ago, just as pion beams were obtained, Since that
vast experimental information has been accumulated and a lot of theore-
tical works performed that allow understanding of the main features of
the process. The progress has been most appreciable for some recent
years upon putting in operation of "meson factories"™ in the USA, Swit-
zerland, Canada and creation of new intensive pion beams in JINR and
CERN. A considerable portion of experimental and theoretical researches
dealt with the study of the mechanism of W -absorption in light nuc-
lei, However more complicated but not less important reactions on
medium-weight and heavy nuclei were studied in less detail, Some years
ago, when no results of experimehfé on meson factories were available,
we suggested a model to describe stopped & -meson absorption .in me=-
dium-weight and heavy nuclei /1/. |

The aim of the present work is to analyse new experimental data
within the framework of the model developed and to compare it with
later models 72,3/ of pion absorption.

2. The Main Principles of Absorption and Ways of Its
Description

2.1. Formation and De-excitation of a Pionic Atom

Up~to~-date models consider the absorption of negative pions by
a nucleus to be a multistage process, At the first stage, the &N -meson
gtopped in the matter is captured by the Coulomb field of the nucleus
thus forming a highly excited pionic atom. De-excitation of the atom,
i,e., transitions of the pion to lower orbits involving emission of
Auger-glectrons and x-rays, is terminated upon pion sbsorption by nuce
leug from one of the pionic orbits.




The understanding of the process as a whole requires the know-
ledge of the radiasl dependence of the pion absorption probability
Pabs(r). For the probability of pion absorption from the state with
the principal and orbital quantum numbers n and 1 prescribed, we
have

P (0 ~ 1Q5>('~z) l \\’n,z (’c)\z (1)

where mP(T) is the nuclear density: 4@3(?) ig the pion wave function .
Expression (1) needs summation over all of the mesoatomic states in
accordance with their populations specified by the level width Y;X
and initial distribution over n and 1 of the pions captured by the
Coulomb field of the nucleus. '

The ashape of the function Pabs(r) may be obtained without calcu-~
lating the pepulation of mesoatomic states, by analysingé?oth the

and the

calculated /57 wave functions ‘Vne(%) . Based on the analysis such as
this the authors of /1/ have suppbsed that for medium-weight and
heavy nuclel pion absorption takes place in the surface layer of the
nucleus. Ag a firgst approximation, the probability density of pion
absorption in the nucleus is taken in the form ‘

experimental data on X-ray transitions in pionic atoms

’PQ%S('X} ~ e.xp{~[*1 - (cva’z)]a/i’.dz} (2)
where ¢ = 1.3°10"13 ¢cm, and ¢ is the parameter in the nuclear den-
gity distribution

-1
S)(’Z}= ?°{4+pr[(‘1ﬂ2)/a]} . (3)

The values of the parameters in expression (3) are taken from the
experiments on electron scattering by nuclei as a = 0.545‘10"13 cm
and ¢ = 1,07 A1/3.10'13 cm. The value of the parameter ar » O speci-
fies the displacement of the maximum of the Gaussian curve Pabs(r)
relative to the half-radius of nuclear density. In 1/ the quantity
ar was found from the condition of the best fit to the experimental
data on pion absorption in nuclei. ,

Recently in /37 a congistent calculation of pion absorption pro-
bability has been performed starting from the formation of a pionic
atom and ceasing with its de-excitatibn., The earlier assumption /17
on a surface nature of pionic absorption has been verified., Fig. 1

shows the parameter Ar = O, while the Gausasian curve width has a
lower value than in /1/ S = 0.78°10"13 cm.*

" In the present work the parameters ar = O and d = 1.3+10"13cm
will be used in calculations,
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. Fig. 1. Distribution of the density of Forelr)
nuclear matter p(r }fp, (leit-hand scale)
and absorption probabilit P (r)
{right-hand scale) for 1gl’l‘a MRieus. as
; Thick solid curve, calculation for
e{r }po by formula {3); thin solid curve, a4
calculation for P (r) from [ 3]; dot-
ted curve, calculaiion for P bf-‘;{ r) by a3
formula {2) with Ar=0 (2) {i8 relative
) units ). a2
t Qa1
i
i
i
[ It is worth noting that the function Pabs(r) does not practically

change with wide-range variation of the initial distribution over

for pions captured by the Coulomb potential of the nucleus. In other
words, the effects of valent electrons and other minute details on
pion - atomic electron shell interaction at the inifial’stage of pion
transition from &8 continuous spectrum into a discrete one that were
/3/ cannot alter the conclusion that pion absorption occurs
in the surface layer of the nucleus.

ignored in

An important aspect, i.e. surface nature of pion absorption, is

taken into account by ‘the models auggested in /1’3;,

2+2. Pion Absorption in the Nucleus

Since the law of energy-momentum congservation forbids the absorp-
tion of pion by a free nucleon, this process will be strongly suppres-
sed on the intranuclear nucleon as well. A pion is therefore absorbed
by nuclear substructures such as multinucleonic associations. It is
generally accepted that a pion is absorbed by a simplest two-nucleon
asgociation, For the first time an absorption mechanism such as thai
was suggested in /8/ dealing with pion absorption by (n,p) or (p,p)
pairs

T o+ (np) — nwn  (4a)

™o+ (pp) — prn (4v)

In the simplest case, neglecting spin effects, charge state of
two nucleons is specified by the number of pairs of a given type and
then the probability of absorption on the n-p pair is equal to

~ - NZ ' (5)
QO“P‘ NE +Z(2-1)/2




where N and Z are numbers of neutrons and protons, respectively, in
the nucleus. Expression (5) implies that in this case pion is absorbed
more often by n-p rather then by p-p pairs:

Ro= W/ = 2N/@-1) >1. (6)

It should be noted that allowance for spin effects may appreciably
change the value of the ratio R. Different theoretical estimations of
this quantity lay within O < R < 10 {(see, for example, the analysis

of the isospin effect on R in /BX). For the time being neither experi-
mental data allow the value of R to be fixed, since the measured ratio
R: for the number of outgoing n-n pairs to the number of p-p pairs
has significant uncertainties and may range from 1.5 to 5 7 o

Because of the uncertainties mentioned the quantity R must be
congidered as a parameter whome value is found through the comparison
with the experiment. Thé calculations in this work as well as in /5/
were performed using formula (5)s in ref. /2/ q . 4.

After the absorption, the pion mass m, has the form of kinetic
energy of secondary nucleons, each having the energy E =m, /2 in
the centre of mass system. In the c.m.s. secondary nucleans fly apart
isotropically in opposite directions. In the laboratory system, the
energy of secondaries will have certain deviation about the quantity
m '/2 due to the momentum 6f intranuclear nucleons. The models /1-3/
allow for "asmearing" over "quaeideuteron“"homenta in the nucleus: a
quasideuteron momentum is equal to the sum of the momenta of two intra-
nuclear nucleons determined from the appropriate Fermi-~distribution.

2.3. Rescattering and Absorption of Fast Nucleons, the Products
of Pion Capture, in the Nucleus

Thus, pion absorption in the diffuse layer of the nucleus results
in two nucleons with energy 50 ¢+ 100 MeV. Depending on their direc-
tions and the point at which pion is absorbed, nucleons may escape
from the nucleus either without interaction or undergoing one or se-
veral collisions with intranuclear nucleons. This stage is similar

Re € R Dbecause the nucleon emitted from the nucleus may under-
go rescattering with charge exchange.

* %
In what follows the term "two-nucleon association" is replaced

by "quasideuteron" though these words do not have quite the same
meaninge.




to ordinary nuclear reaction when an intermediate energy nucleon
incident on the nucleus initiate intranuclear cascade in it.

To describe those processes in 1,3/ the model of intranuclear
cascades is used that works rather well when 100 MeV nucleons impin-
ge on nuclei {(see, ror example, review XB/). It should be noted, that
no additional parameters are introduced as all the parameters of the
cagscade model are determined independently from the analysis of nuc-
leon-nucleus interactions., Detailed description of the intranuclear
cascade model may be found in review 8 . Therefore, only its basic
agsumptions will be considered here., In this model the nucleon-nucleus
interaction is reduced to a series of successive nucleon-nucleon colli-
sions. The nucleus is considered as a degenerate Fermi-gas of free
nucleons enclosed in a spherical potential well. Density distribution
for intranuclear nucleons is taken in the form of (3).

In ref. 72/ two "parallel" intranuclear cascades are described in
terma of the exciton model (see review /9/}. One of the difficulties
involved in calculation of ordinary nuclear reactions is to choose the
initial configuration of the system, l.e. the number of particles p

‘and holes h. Eventually, it is varied to achieve best agreement with
experiment. As the initial configuration for each of the cascades,

the authors of 2/ applied 1p-th with the energy of 70 MeV. The subse-
quent competition of different modes of decay of an intermediate sys-
tem in a cescade process is specified by partial width for particle
emisgion and exciton-exciton interaction, whogse calculation details

are given in review Z1OX.

3.,4. Establishment of Statistical Equilibrium in the
Residual Nucleus

Following the intranuclear cascadé, "holes"™ are formed in dege-
nerate Fermi-gas due to collisions between cascade particles and
intranuclear nucleons. Besides, some of the cascade nucleons cannoct
overcome nuclear potential and will be in a bound states above Fermi
energy., Since the system formed is nonequilibrium, particle emission
from the residual nucleus is possible before the "evaporative" stage
of the process.

To estimate the role of pre-equilibrium emission of particles
from a residual nucleus, one may use the exiton model 9/, for which
the initisl state will be given by the preceeding stage of rescat-
tering of fast neutrons. In the present study of equilibration stage is

described more successively than in /1/.

The condition specifying the termination of the fast camcade stage
is important for the model. To this end, a standard model includes the




cutoff energy E below which particles are considered to be absorbed
by the nucleus ?g}. A sharp cutoff such as that causes irregularities

in a number of reaction characteristics in the vicinity of this point,
for example in the energy spectra of the secondaries /11/. In Y it

is suggested to use another criterion according to which a secondary
particle is considered as a cascade one, namely the proximity of an ima-
ginary part of the optical potential wopt.mod.(r) calculated in the

canscade model to the appropriate experimental value wopt.exp.(r)’ This
value 1s characterized by the parameter
P = wopt.mod. - wopt.exy¢
. (7)

wopt.exp.

The modified intranuclear cascade model better deacribes inelastic
interactions of 30-100 meV protons with nuclei /12/. In what follows,
the value P = 0.3 is used extracted from the anelysis of the experimen-
tal proton~nucleus data {12/.

The effect of pre~equilibrium particle emission on some integral
characteristics of pion absorption in nuclei (for example, mean multi-
plicity and energy spectra of emitted nucleons, isotope yield) is insig-
nificant and can be ignoppd in the first approximation in models /1’3/.
As a rule, in the present paper experimental data are compared to cal-
culations performed with neglect of pre-equilibrium emission. However,
in some details of the phenomenon pre-equilibrium processes may show
themselves rather distinetly, and for this case the calculations will
be given allowing for particle emission at the stage of establishing
of the thérmodynamic equilibrium in an excited nucleus.

Am to the model /2/, it implies the equilibration stage because
of the exciton formalism chosen to describe the nuclear reaction.

2.5. Particle Emission and Fimsion of an Excited ™Compound™ Nucleus

Once thermodynamic equilibrium has been established, a highly ex-
cited residual nucleus either gradually "evaporatea®™ particles or under-
goes fission, De-excitation and fission of the residual nucleus proceed
in the same way as in an ordinary compound nucleus formed in reactions
with low-energy particles or heavy ions*. In describing such a process,
the statistical theory is used developed by Weisskopf 13/ for particle
emission and by Bobr and Willer /14/. for fission.

¥
Here compound nucleus is the one with established thermodynamic
equilibrium,
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In /1-3/ particular celculations of the de-excitation of compound
nuclei are performed by the method developed by Dostrovsky et al /15’16/.
The use is made of the level density function ror the model of noninter-
acting particles (Fermi-gas model):

g(e‘) ~ exp ( 2VaAE® ) - (8)

where a = 0.1Me\i’"1 is the parameter of level density, A=Z+N. The cal~
culations allowed for possible emission of the particles of 6 types:
n, p, d, t,BHe and £ . The method of Dostrovsky et al. 715,16/ has
bsen extended to fission in ref, /1?X.

Thus, stopped pion absorption is complicated and versatile pro-
cegd combining in itself the features of both low-energy nuclear reac-
tions and those initiated with intermediate-energy particles. This is
exactly why the lMonte-Carlo method is preferred for calculations in
/1-3/. It is noteworthy that despite bulky computationé, this method
makes it possible to obtain, within the framework of one approach, the
most consistent and detailed description of various process characte-
ristics connected both with emission of secondaries formed following
pion absorption by a multinucleon association and with the properties
of an excited resmidual nucleus.

Before we start the analysis’of the experimental data, lets gumma-
rige different theoretical approaches available. One of them 11,3/ is
based on the model of intranuclear cascades, another /2/, on the exci-
ton model, Por the time being the former possesses great potentiali-~
ties, since in contrast to the exciton method this spproach allows
calculation of the characteristics which exhibit most distinctly the
surface character of pion absorption by the nucleus. These are, for
example, high spin of residual nuclei and different correlations of
emitting high-énergy particles. ‘

3. Analysis of Experimental Data

3.1. Bnergy Spectra of Neutrons

Neutron emission following pion absorption is an importsnt typé of
the decay of highly excited nucleus. Most detailed and persistent measu-
rements of the energy spectra of neutrons are performed in /18“21/. As
an example, in Pig. 2 the results /21/ are shown for the neutron spectra
formed after @i -absorption in 5900 and 197Au targets, The apectrum has
a gpecific feature attributed to the existence of cascade and evapora-
tive stages of I - absorption. Two components, "evaporative"™ and fast
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Fig. 2. _ .
Energy spectra for neutrons (in N /7=, Mev units) following slow negative pion
absorption in 59Co and 127Au nuclei. Points, experimental data of { 21]; histo-

grams present authors calculation; solid curve, calculation from [22].

-

neutrons, are distinct in the spectrum. The evaporative part of the
spectrum includes neutrons emitted by excited residual nuclei, while
the high-energy spectrum is composed mainly of fast cascade particles
emitted from the surface layer of the nucleus without collieions with
intranuclear nucleons.

The surface character of absorption results in weak dependence of
high~energy portion of the spectrum on the atomic number of the nucle-
us~target. Thus, mean multiplicity of fast neutrons for 5900 and 197Au
nuclei is 1,38 and 1.32 neutrons per absorbed pion /21/. The increasing
total multiplicity from 4.04 neutrons for 5900 nucleus to 6.31 neut-
rong for 197Au nucleus indicates the dependence of the evaporated neut-
ron multipiicity on the nuclear mass results from increasing excitation
energy of residual nuclei.

Theory fairly describes the evaporation part of the spectrum. At
the same time, the fast component proves to be much softer than the
experimental one. Though its maximum is situated at the energy
my /2 -8B = 60 MeV (B, is the nucleon binding energy), its ™smearing®
to the high-energy region seemo to be insufficient. This presumably
points to insufficiently correct description of high momentum component
cf nucleon distribution in nucleus /1’3/. The local density approxima-
tion used in these studieas gives small momenta of nucleons of the nuc-

10
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leus at its periphery and, hence, insignificant "smearing™ of the neut-
‘ron spectrum.

This may be pfoved by a simplified calculation of the faat compo-
nent in the neutron gpectrum = made on the asgumption that one of
the neutrons formed in reaction {(4a) goes out of the nucleus without
interaction, while the other is absorbed by it. Momentum distribution
of intranuclear nucleons in the form

i(p) ~ exp (-p2/ &%) (9)

where the value 13 MeV < ciz/ZMnSf 20 MeV (Mn is nucleon mass) allows
better description of the high-energy part of the spectrum of secondary
particles. The remaining discrepancy for 110 MeV g E < 140 MeV may
presumably be explained by the contribution of other mecbanlsms of pion
absorption, single-nucleonic mechanism among them.

3.2. Energy Spectra of Charged Particles

Energy spectra of charged particles emitted after absorption of
gtopped pions in different nuclei were measured in f23'29/. In Figa. 3
and 4 experimental gspectra of protons, deuterons, tritium, helium-3 and
d =particles from /21, 29/ are presented,

The above remarks concerning neutron apectra hold also for proton
spectra. Only the evaporation component of the proton spectrum for heavy
nuclei is poorly distinect due to the effect of the Coulomb barrier. The
fast component of the proton spectrum is foxmed to reaction (4%), there~
fore for the energies above E > 70 MeV, as is the case of neutrons, the
calculation yields more soft spectrum because of insignificant "smesr~
ing™ over the momenta of intranuclear nucleons. Fig. 3 also shows the
proton spectrum calculated within the framework of the exciton model /2/.
The spectrum is taken from later work f27/. To eliminate the discrepan-
cy with experiment for E > 60 MeV, the authors have to allow for the
"smearing™ over the PFPermi momenta of intranuclear nucleons /30}

Qf great interest is the measurement of spectra of charged complex
particles, as it is a common practice to consider that such particles
may be formed due to pion absorption in a more complicated, in cont-
ragt to two-nucleon, association. But before studying this problem for
complex nuclei, we must elucidate the contribution of other possible
mechanisms to the formation of those particles.

Evaporation is the simplest among those mechanisma., In this case a
charged particle is emitted by a highly-excited nucleus at the last
stage of the process. The calculations /31/ have shown that none of the
spectra of Fig, 3 and 4 can be obtained in this case either in shape
or in absolute value.,

11
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Fig. 3. .

Energy spectra of p, d, t, ‘3He and %He (in N/»—. Mev units) emitted by 590
and 197 Au nuclei following slow pion absorption., Pointg, experimental data of
[27); solid curves, calculation results of [ 31] ; histogram, resulits of calculation
by the exciton model (Gadioli et al, [27]), ’

It is shown inv/31/ that pre-equilibrium processes make an impor=-
tant contribution to the spectra of complex charged particles, With no
assumption on the existence of complex particle-clusters prepared in
the nucleus a priori, the emission rate for a pre-equilibrium particle
of type B with energy § <from the nucleus with the excitation energy
E and the number of particles and holes nap+h will be writien as 132/ 1

W, (p A de = [y, Relp) wlp=Pe.h.E'-By-g)
B p )/3 B P ‘-Q(P,g\.,f.t) (10)

WPy, 0,8pre)] Ao Tl S dp

Here Sg , my , B, and @&, 8ore spin, mass, binding energy
and cross-section of inverse reaction for an emitted particle, respec-
tively; w 1ie the density of particle-hole states; 9y is the density

<of one-particle atatea in the equidistant spectrum approximation. The

factor R, (p) specifies a correct isotopic composition, while the pa~-

12
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Fig. 4.
Energy spectra of protons, deuterons and a -particies (in Nf»~, Mev units) emit-

ted by Ca, In and Bi nuclei followingd slow pion absorption. Solid curve, experi-
mental resulis of [ 29]; dotted curve, calculation results,

rameter Y8 degcribes probability of grouping of Ps nucleons into a

complex particle, If the quantity Ya is defined as the overlapping
integral for the wave functions of independent nucleons Wﬁ , and the
cluster wave function Wg , then the simplest estimation will give

Yo = |5W L Y dF L AR, 1R (A (11)

] As seen from Figs, 3 and 4, the contribution of pre-equilibrium
particles to spectra is large. At the same time, at high energies the
calculated curves lie below the experimental pointas, It is pesseible that
the diserepancy in this region may eliminate both the above mechaniam
of direct emission following pion capture on multinucleonic assccia-~
tions, and the mechanism of complex-particle emission at the stage of
intranuclear cascade. The latter processes may involve intramucliear
nucleon pickup with a fast nucleon‘as well as knocking-out of preli-
minarily prepared clusters in nucleus by fast nucleons.

i8




It should be noted that the considered mechenisms of complex char-
ged particle emission (pre-equilibrium emissiom, pickup and knockout
process ) must also show themselves in the case of inelastic proton-
-nucleus interaction with E = m /2. Therefore, to estimate the fraction
of charged particles emitted following pion absorption by the multinuc-
leon association (for example, by the d - cluster), it would be advi-
sable to use the results of proton-nuclear experiments in the analysis.
Thus, the experiments performed at proton energy E = 62 MeV /33/,

72 MeV /34/ and 90 MeV /357 have shown that spectra of d,t 3He and o -
particles in proton-nuclear and pilon-nuclear interactions have similar
ashape. This points to a great contribution of secondary processes to
complex particle emission.

3.3. Correlation Between Emitted Particles

An important information on the mechanism of pion absorption in
nuclei has been obtsined from the measurements of senergy snd angulsr
distributions of various particles in coincidence [21’36‘43/. Angular
correlations of two neutrons or neutron and proton have a sharp maximum
at an angle of 180° for the carbon nucleus which becomes wider for
heavier nuclei 5900 and 1974au (see Fig. 5). The picture such as that
corresponds to a two-nucleon mechanism of pion absorption and is fairly
described in the approach using the model of intranuclear cascades. The
energy spectrum of one neutron in coincidence with another one /21/ haa
a wide maximum for the nucleus 125 gt 50-60 MeV, which also indicates
a two-pucleon absorption mechanism., In kinematically complete experi-
ments for ( W~ , 2n) reaction on nuclei gBe, 103, 120, 140, 4Oca /41-43/
it was possible not only to show the dominating role of a two-particle
absorption mechanism, but also to get information concerning the state
of an absorbing nucleon pair. Thus, it is shown in that pion is
mainly absorbed in a pair of nucleons being in the ts~state relatively
each other,

3.4, Iaotope Yield

This is an important characteristic of pion absorption in nuclei,
dealt with in many experimental studies /3,30,40,44-59/

The experimental data obtained show that pion absorption is accom-
panied with strong nuclear spallation. Thus, in the case of medium or
heavy nucleus the number of emitted nucleons may achieve 15-17 /3,30,
47’50’58/, which corresponds to the excitation energy close to the pion
mass., Here, multiplicity distribution is wide and ranges from 2 to
~ 16 particles. This distribution can be easily explained by the models
71,3/ Indeed, since the energy of cascade particles ranges widely (Fig.
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Fig. 5. )
Angular correlation of two neutrons detected in coincidence following r»~ -absorp-

tion by %9Co and 127Au nuclei (neutron detection threshold Epn= 20MeV), Histo-
gram, calculation results; points, experimental data of [ 21].

2), then the excitation energy distribution of residual nuclei will be
wide too. In this approach, the excitation energy of the nucleus is the
sum of "particle" and "hole" energies measursd from the Fermi level.
Then, from the energy balance, we have

*

E =~ m, -2 (T, -8 - (12)

nhere Ti is the kinetic snergy of the i-th cascade nucleon in the labo-
ratory system; BN = T MaV is the mean binding energy of a nucleon in
the nucleus, A

In Fig. 6 the distribution of the excitation energy for residual
nuclel before the evaporation stage is given as an example., For the
beavy Pb nuclsus, the excitation energy varies in a wide range from se~
veral MeV toc 140 MeV, that corresponds to full absorption of sll cascade
particles and transformation of the whole pion mass into the excitation
snergy of the nucleus. For a light nucleus W (E*) distribution becomes
narrower snd its maximum shifts to lower values of E*.

18
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Distribution of residual nuclei formed Mean excitation energy E* (MeV) of
: \ 31 : L ol
alter pion absorption by P(dots) and residual nuclei in 7~ -capture vs, mass
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Mean excitation energy increases with increasing mass number A of
the nucleus-target (msee Fig., 7). Therefore, the heavier is the nucleus~
~target, the wider the isotope yield curve.

In Figs. (B-12) experimental yields of reactions ( ﬂ",’Ih.SP )
are compared with the calculations performed by models 1'3/. The models
are equally successive in describing the main feature of nuclear disin-
tegration following &7 -absorption., This may presumably‘ba explained by
a great contribution of the evaperation stage; which is present in all
models and is equally described, to the production of the given final
isotope. It is therefore natural that the differences in various models
mugt affect most greatly the yields of reagtions with emission of small
number of particles. In approaches 1,3/ considering the surface nature
of absorption these yields must exceed the results of the exciton model
/2/ | In the case of reaction ( v~ , XN ), the data calculated by the
cagscade-evaporation model prove to be lower than the experimental ones
at x > 12 (see Figs. 10-12). As is shown in /1/ this may indicate a
possible contribution of d -particle abgsorption mechanism.

In the case of light and medium targets, emission of charged par-
ticles contributes greatly (Table I ). The Coulomb barrier of heavy nuc-
lei hinders emission of charged particles at last stages of the procese
and the reaction ( W , XN ) prevails here, The ( W , PXN ) yield in the
region of heavy nuclei will be less than the ( ™~ , XN ) yield but comva-

F‘,g. G, mt——————
I=otope vyield following pion absorption by 59(:0 nuctei, Experimental data are taken
from [20] . Histogram, authors calculation: solid curve, calculation by the exciton
mod el [30] .
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Fig. 10. 181

Isotope vield following pion absorption in Ta nuclei, Experimental data are
taken tfrom {3] (triangle) and {38] (circles). Histogram, authors calculation; solid
curve, calculation [3] .

rable in value, since the Coculomb barrier has no effect on the emitted
proton after pion absorption in the p-p pair, In general, the relation-
ship between xn- and pxn-yields on heavy nuclei may therefore give infor-
mation on the value of R = wn—p / Wp_p. However, the solution of this
problen requires in addition more exact experimental data and more de-
tailed investigation of the effect of different model parsmeters on

the ( ™ , XN )= and ( &, pXn )-yields.

3.5. Excitation of High Spin States and Angular Momenta of
Residual Nuclei

It is found in /60/ that following pion absorption in heavy nuc-
leus-target. metastable states of residual nuclei whose spin achieves
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Table 1

Experimental and theoretical yields (%) of different
reaction channels in the absorption of stopped negative
pions by 59Co and 197Au nuclei

590 97,0

Reaction

experiment present calcul. experim., present calcul,

/30/ work /30/ /30/ work /30/

(s ,xn) 24 T 3 23.2 34.0 74 8 69.0 73.6
(7 ,pxn) 32 %3 25.4 35.9 20 £ 7 23.6 18.9
(w,apxn) 24 3 30.9 16.1 ,
(x,3pxn) 12 %4 9.75 9.3
(7" ,4pxn) 6 %2 9.34 3.4
(& ,5pxn)  1.5%0.2 0.86 1.2

10-20h are excited intensively. These experiments excite great interest.
It was unclear how such high angular momentum of residual nuclei appear,
if the orbital momentum,-e , of the pion on the mesomtomic orbit from
which absorption occcurs, ig small { {<3R). Therefore, a great number
of experiments /3’39’50'5%’55’56'58’61’62/ dealing with this phenomenon
have been performed for a short time.

This phenomenon has been explained in /1/. Later its similar inter-
pretation has been given in f3’64’65/. It is shown that most nucleons
emitted from the surface layer of the nucleus at the stage of an intra-
nuclear cascade are responsible for the large angular momentum of the
residual nucleus. If we make the most unfavorable assumptions, i.e.
neglect the orbital pion momentum and spins of the nucleus and partic-
les, we shall obtain

M = -T{f_ﬁa ~ (13)

from the law of angular momentum concervation,

Here M is the angular momentum of the residual nucleus; m; is the
angular momentum carried away by a cascade particle. In Fig. 13 distri-
bution of residual nuclei over the absolute value of the angular mo-
mentum is given., In the case of heavy nuclei-targets, residual nuclei,
whose angular momentum may achieve 15-17H , are produced following
intranuclear cascade stage. So, with regard for spin and orbital momen-
tum due to the pion, the spins of residual nuelei may exceed 20h .’High
angular momentas of residual nuclei such as these are comparable with
the value of M obtained in reactions with heavy ions. While in reasc-
tions with heavy ions the angular momentum is introduced by an incident
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particle, then in reactions with pions the additional angular momentum
is created due to emission of fast particles from the surface nuclear
layer. '

It is known that during particle evaporation the initial angular
momentum of the compound nucleus changes insignificantly. Therefore, to
the first approximation the distribution given in PFig. 13 may be related
to the nuclei produced after the evaporation stage. Then it becomes clear
why in reactions of pion absorption in heavy nuclei isomers with spin
~ 18R are populated. The heavier the nucleus, the higher spin states
of the residual nucleus may be populated, since distribution over M in
the case of light nuclei shifts to the region of small M. In PFig. 14
mean angular momentum of residual nucleli and the atomic number of the
nucleus-target are related by the law M = 0.92A1/3, which is a direct
reflection of the surface nature of stopped pion absorption in the nuc-
leus.,

The excitation of the high-spin state may be observed not only in
pion absorption by nuclei, but also in other processes involving emis-
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sion of fast particles from the nucleus, First of all, it i K -meson
and antiproton absorption from the orbita of hadronic atome which mainly
proceeda in the surface layer. High-spin states of reasidual nuclei must
be excited as well in reactions of nuclear spallation by intermediate
energy particles,

It should be noted, however, that total distribution of residual
nuclei with respect to the sngular momentum cannot be considered as
rather a sensitive characteristic whose study may give information on
the mechanism of absorption of various particles in nueclei. This state-
ment was supported in /66/ by comparing two similar reactions, i.e.
‘absorption of stopped pions and ¥ —quanta with energy Ez =M. . The
mechanism of §¥ -quanta absorption at such energy is well known to be
quasideuteronic, but unlike pions, 7Y =-quanta abaorgtion proceeds uniw
formly over the whole nuclear volume. Calculations 166/ bave shown that
in both reactions angular-momentum distributions of residual ruclei are
aimilar {(see Pig. 15). Theoretical study /3/ of proton-nucleus inter-
action with E==m,r/2, which is similar to pionic absorption, has also
indicated similarity in nuclsus distribution with respect to the value
of M .

Experiments 1/ have shown that the value of isomeric ratio de-
pends both on the spins of ground and isomeric states, and on the number
of emitted particles. It is therefore difficult to determine the shape
of the angular momentum distribution of residual nuclei from fragmenta-
ry measurements., In 1,66/ it is suggested to use the dependence of the
average angular momentum M (or consequently, the isomeric ratio 3
for rather large'fixed nuclear spin) on the number, x, of particles
emitted in order to study the absorption mechanism. It can be easily
shown that not all the x values are equally effective for the popula-

WM)

q15t

art

0os}:

Fig. 186.

Distribution of residual nuclei formed
following absorption of slow picns (so-
1id curve) and y ~quanta with E -
= 140 MeV (dots) with respect to the
angular momentum M., .
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tion of high-spin states. As an example, consider reaction ( ™ ,xn ).

The case of maximum x

when all of the cascade particles are absorbed

in a nucleus and then only neutrons are evaporated from it isoiropically,
corresponds to low values of M (see formula (13)). Another extreme case
x=2, when after absorption in n-p pair two neutrons fly apart in oppo-
site directions, also yields a low value for the angular momentum of
the residual nucleus. The maximum angular momentum will be presumably
realized when, following absorption in the surface layer, one fast
nucleon goes sway without collisions, while the second ie absorbed in
the nucleus. In this instant, the compound nucleus with the excitatinon
energy E* = mﬁ./2 will emit, on the average, 5-6 evaporation neutrons.
Thus, in the case of surface absorption the dependence of the mean an-
gular momentum M(x) will have its meximum at x 6-7 (see Fig. 16). For
the volume absorption of Y —quanta, the dependence M(x) will have ano-

ther form at low

X (See Figc 16}0

Experiments have shown that the probability of excitation of high-
gpin isomers depends reamlly on the number of emitted neutrons approxi-

mately in the same way as theory predicts. In

/62/ the study is made of

the dependence of the probability of producing high-spin indium isomers

108m

114 116

absorption by 1128n, 3n,
The values of isomeric ratio

Sn,

S’ 8,

In{7*) and 110mIn(7*) on the number of neutrons emitted at & =

120 122

Sn, Sn and 124511 nuclei.
in arbitrary units vs the num-

Sn,

ber of neutrons emitted are gived in PFig. 17. The isomeric ratio is

Ap | per v v - 4

Y
b

Fig. 16. _

Mean angular momentum M vs the num-
ber of particles emitted in reaction (=,
zn ), Solid curve, calculation [66] for

208 dots , for

2084, {(y , xn ) reaction. Statistical er-
rors of the calculation are shown in
this figure.

Pb {(r~, xn) reaction;
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o
e

Fig. 17.

Isomeric ratio o, [0, and mean angular
momentum N vs thé number of emitted
particles In reaction Sa{r™",zn), Ex-~-
perimental points are taken from [62]:

circles, 108mln (7*);triang1es, 110m1n

T*). Curve, calculation results.
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seen to increase with incressing multiplicity, and then %o fall with
further incresse of x. The data obtained give clear manifestation of
the surface nature of stopped pion absorption in two-pucleon associm-
tions.

The studies 7113463765/ goem to indicate that fast nucleons emit-
ted at the stage of intranuclear cascade present the main source of
high angular momentum for the residual nucleus in pionic absorption.
However, it would be rather captivating to investigate other mechanisms
of high angular momentum of residual nuclei, In particular, the nucleus
mey acquire high value of M after emission of a complex charged particle
with the energy above 50 MeV. As seen from Fig, 3, however, the proba-
bility of this process will be less than 10'4. Fluctuation is another
possible mechanism, when a large angular momentum of the residual nuc-
leus may be produced due to random addition of momenta carried away
by with evaporated particles., Perhaps, some hints as to such a mecha-
nism may be found in /58/ where it is observed that emission of 13 neut-
rons following pion asbsorption in 181’1'9. nucleus excite the states with
the spin 16 (with the probability ~ 10~2 per {1 pion).

Thua, the method of studying the mechanism of stopped pion absorp-
tion in nuclei through excitation of high-spin nuclear states is far
from exhausting all its possibilities. As to other nuclear reactions
initiated with intermediate energy particles, no systematlc studies of
the angular momenta for residual nuclei are available.

3.6, Momentum of Residual Nucleus

It is seen from the above that the study of nucleus angular momen-
\ tum presented valuable information on the mechanism of pion absorption
i in the nucleus, Momentum P is its another important characteristics.
Within the light nuclei region the absorption products are emitted ma~-
inly without interaction with intranuclear nucleons, therefore measu-
rements of the nucleus momentum make it possible to determine the mo-
mentum of multinucleon association absorbing a pion. Great contribution
of secondary processes accompanying pion absorption in complex nuclei
makes the situation more intricate. The momentum of the nucleus-target
will depend on different reaction characteristics as, for example, on
the number of nucleons emitted 4 A,

For the simplest reaction ( ", 2n ) the nucleus momentum may be
extracted from the analysia of the kinematically complete experiment
involving measurement of the energies of iwo neutronsﬂl41"43/. Measu-
rement of nuclear momentum in terms of the Doppler effect may be used
in general for a wider set of residual nuclei /52'59’67”69/.

In models 71,3/ the nucleus momentum is determined by the simple
relatiouship
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P . -ZF (14)

where P is the momentum of a secondary particle. The calculations

in the frameworks of model 1/ have shown that the mean momentum of the
residual nucleus does not practically depend on the mass number of the

nucleug~target and is equal to P=220 MeV/c. In contrast to the angular
momentum, distribution of the momentum of residual nuclei slightly de-

pend on the nucleus-target (see Fig. 18).

In Fig. 19 the calculated dependence of the mean nucleus momentum
P vs the numbér, aA , of nucleons removed from the target following
pion absorption in it, is compared with experiment. For small values of
aA < 4, the momentum increases with incressing aA and then is
glightly dependent on aA. The results of calculation in the casse of no

Fig.18.
Momentum distribution for residual nu-
clei formed after »~ -absorption in 31p
(dots Yand 208pb (solid histogram )
nuclei,
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Fig.19. _ 4004
Mean momentum P of the residual nu-
cleus vs the number of nucleons emit-
ted from the nucleus-target., Experimen- 00+t
tal data for 31P nucleus-target (circles)
40 . 200}
and Ca target {trianglez) are taken
from [82, 59]. Solid curve, calculation
for 4oCa. dots, for 31?. Dotted-dashed 100}
curve, calculation for 40Ca with &allo- 0 - L -
wance for pre-equilibrium particle emis- o * 5 10 2 A

sion and evaporation.
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pre-equilibrium emission and evaporation lie below the experimental P
values at high aA. The consideration of the momenta of pre-equilibrium
and evaporated particles improves the agreement with the expsriment (see
Pig. 19), some of the points, however, remaining above the theoretical
curve., But one cannot neglect that the possibility of the experimental
data to be overestimated since it is necessary to praescribe the shape

of the momentum distribution of the nucleus target when extracting P.
For easier estimation of P by formula (14), it is worth noting that
the momentum of the nucleon with En = my is 510 MeV/c, while for

E. = m_ /2, the nucleon momentum is 360 MeV/c,

? ng experiments started in /52,59,67-69/ require further elabora-
tion concerning both methods and measurements of other nuclear reac~
tion characteristics. For example, when measuring the mean nucleus mo-~
mentum for the states with different fixed values of the spin M |Ybased
on the Doppler effect, the dependence of P on the angular momentum of
the nucleus may be determined.

347+ Buclear Fisgion Following Absorption of Stopped Plons

Highly excited compound nuclei can de-excite not only through par-
ticle emisaion but by fission as well. When stopped ¢ -mesons are ab-
sorbed, not only highly fissionable nuclei with mmgs A > 230, but also
slightly fissionable nuclei with A < 200 can undergo fission since the
excitation energy can reach a value of 140 MeV. Really, in experiments
/T0-T5 both heavy and medium-weight nuclei undergo fission by stopped
pions.

For highly fisgionable ZBSU, 238U and 232Th nuclei, whose fissi-
lity is about several tens percent, the competition between particle
evaporation and fission affects various reaction characteristics. One
of these is isotope yield, As shown in A , Tiepion must cause drastic
contraction of the isotope yield curve., Since nuclear fissility increa-
ses markedly with decreasing number of neutrons /172, the fraction of
neutron-deficient nuclei escaping fission decreases sharply (see Fig;
20}, Therefore the broadening of the isotope yield curves for the tar-
gets with 62<¢ A< 209 observed in 30/ nust cease with further growth
of the mass number replaced by their narrowing in Th and U region.
Unfortunately, the isotope yield curve for highly fissionable targets
hag not been measured yef. The only experimental point /54/ on the
curve of the isotope yield from the thorium target agrees with the cal-

culations and supporits the general trend fo decreasing yield of neut-

ron-deficient isotopes. Thus, fission greatly restricts production of
neutron~deficient isotopes on uranium and transuranium targets.
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Nuclear fisgility with slow pions decresses with decreassing ato-
mic number A of the nucleus target (see Fig. 21). The A~dependence of
the fissibility has been analysed in /1722+78/ 1t jg ghown that expers~
mental fissilities of nuclei by pions may be described within the frame-
work of the quasideuteron absorption mechanism using either methods of
calculation of nuclear fisaion‘b§ intermediate energy protons /1/ or the
fisgion barriers Bf taken from the experiments with low-energy particles
722,76/, 1t 18 shown in /22+7®/ tnat calculated fissilities of nuclei
by pions are rather sensitive to the ratio of the level density para-
meter for the saddle point and excited state dy/a . In order to desc-
ribe the experimental data, the authors of /22/ applied af/a =1,2, while
in /76 , 8¢/8 = 1,1 was obtained, It should be noted that similar values
of af/a are obtained in experiments of fission of bighly excited com-
pound nuclei formed in reactions with low-energy d -particles /77,78f.
These conclusions are in agreement with the results of theoretical
analysis of nuclear fisgility with intermediate energy protons f79!,
where high sensitivity of fissility to the value of affa ia also empha-
sized. The value af{a = 1.05 founded in /79/ for 150 MeV protons agrees
with the results of /76f. The value of af/a = 1.2 from 22/ geema to be
overeatimated possibly due to very simplified model used for descrip-
tion of the pion absorption in the nucleus.

For the time being, however, when pion absorption in nuclei is
well-studied, another statement of the problem becomes more topical:
what kind of new information may be obtained by analysing the results
of nuclear fissility measurements? This is closely connected with the
answer to the question what other details of the process may affect the
value of the fissility,. k
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Nucleus fissility Wy as a tunction of 22]A for the nucleus-~target. Experimental po-
ints, data of [ 741 (circles) and [75] (triangles). Left-hand side;- Solid curve,
calculation with the barriers of Swiatecki et al [80, 81] for af/a- 1.1. Dots, calcu-
lation for the same parameters with neglect of the shell effects, Dotted ~dashed
curve, calculation for ag/a= 1.2 and with allowance for pre-equilibrium particle
emission. Right-hand side; solid curve, calculation with the barriers of Swiatecki
et al. {80,81] for af/a=1.1 with neglect of shell effects. Dots, calculation with

the same set of parameters but with the barriers of Krappe and Nix [83]. Dotted-
dashed curve, calculation with allowance for '"thermal' effects.

in the first place, the analysis of nuclear fisgility by pions
may give information on the value of fission barriers in the unstudied
region of medium and light nuclei, Up~to=der+e fission models predict
that with a decreasing mass number A the height of the fission barriers
must increase achieving its peak Bfmax at A ~ 80-100 and then decrease
in the region of light nuclei (see Fig., 22). In view of this, in /84/
it has been predicted that nuclear fissility must diminish to some mi-
nimum value at A *80-100 and then grow again in the region of light
nuclei, To discover this growth of f189111tles, a great number of expe—
riments have been performed on nuclear fission by intermediate energy
¥ =-quanta, protons and « -particles. These works, however, involve
great difficulties due to great contribution of background processes
like fragmentation of nuclei-targets. At the same time, the studies
with stopped negative pions have great advantages since in these case
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Fig, 22,

Nuclear fission barrier heights (MeV) along the beta-stability line. Sdlid curves,
calculation by the liquid drop model of Swiatecki et al [80,81] with regard for
and with neglect of the shell correction. Dotted and dotted-dashed curves, calcu-
lation by the liquid drop model with the parameters of Pauli and Ledergerber [82]
and by the modified liquid drop model of Krappe and Nix [ 83] with neglect of
shell corrections.

the transfer of high excitation energy to the nucleus involves minimum
contribution of such processes as fragmentation *.

In Fig. 21, the results are presented of the analysis of nuclear
fissility with pions obtained in the framework of model /1/. To describe
the fissility for heavy and medium-weight nuclei ( 22/A3>27) based on
the widely-used liquid drop model of Myers, Swiatecki 80 , the ratio
a,/a = 1.1 must be taken as in /76/. In the region of the double-magic
2 8Pb nucleus appreciable discrepancy with the experiment indicates the
necessity of more rigorous allowance for the shell effects in the densi-

It is of interest to extend the pioneer experiments on nuclear
fragmentation with pions /85/ to the region of low energies where no
data are available.
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ty of nuclear levels. A convenient approximation for the level density
paremeter 1s obtained in /86/

- 0,061 E"
a(e"A2) = al1+h-e

) aM/ €] (15)
where AM 18 a shell correction for the nuclear mass; d = 0.134 -
- 1.21’10-4- A is an asymptotic value of the level density parameter.

As has been shown in /1’79/, the medium-weight nuclei fissility is
greatly affected by the pre-equilibrium emission of particles from the
residual nucleus. Those nuclei undergo fission at first stages of the
evaporation cascade when the compound nucleus still possesses high exci-
tation energy. Emission of a pre-equilibrium particle appreciably lowers
the excitation energy of the compound nucleus and, hence, decreases the
probability of its figsion. It follows from Fig. 21 that uncertainties
in describing thermalization of the residual nucleus may cause as much
as 10~fold change in the fissility of medium and light-welght nuclei.

In the region of medium-weight nuclei the higher value of ap/a = 1.2
must be tsken in order to compensate the fissility decrease.

However in the region of nuclei with 22/A € 27 the calculated fiassi-
lities lie below experimental values. The above uncertainties of the mo-
del may only increase this discrepancy. The latter may be due to the fact

: that the parameters of the iiquid drop model are fixed insufficiently

: reliably which leads to high values of B¢ when extrapolating to the

; unknown region of light and medium weight nuclei., In the model of /80,81/
the maximum flssion barrier Bfmax = 52 MeV, while in the model of /82/,
BfmBx = 56 MeV (see Fig., 22). For better deacription of experimentai
fissilities, modified 1iquid drop model of 723/ with B8 = 43 eV

must be preferred. Such s decrease in fission barriers leads to about
50-fold increase in the pionic fissility for light and medium weight
nuclei (see Pig., 21).

. Another physical effect that may probably eliminate the discrepancy
is reduction of the fission barrier height with increasin§ e?ergy of ex~
88

citation. The calculations by the methods of Tomas-Fermi

and Hartree
/83/

~Fock predict that "thermal" effects must lead to Bf decrease. This
is most appreciable for medium weight and light nucleil with the energies
of excitation above 50 MeV (see Fig. 23). "Thermal" effects may cause
about 10-fold increase in nuclear fissility with 2°/A < 27 (see Fig. 21).

The measurement of nuclear fission with slow negative pions makes
it possible to verify an another prediction of the liquid drop model,

*

The description of experimental fissilities for light and medium
weight nuclei is the most difficult in the case of droplet-model giving
the maximum fission barrier height B,7®% = 80 uev /577,
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Fig. 23,

Variation of the nuclear fission barrier Br T Y T T T
(MeV) in the liquid drop model along £ J
the beta-stability line with increasing 850 |- =0
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namely, the existence of a critical point where fission of light nuclei
is replaced by the process similar to fragmentation. The liquid drop
model /80,81/ specifies the position of the critical point at (zzfa) =
19.8, while the modified liquid drop model /83/, at (z2/a)_,=23.8 and.
droplet model /87/, at (ZZ/A)cr=32.O- The verification of ghis predic-
tion requires more reliable experimentsl methods to measure the kinetic
energies of fission fragments in coincidence.

4. Contributions of Various Mechanisms of Pion
Absgorption in the Nucleus

The comparison between the experiment and calculations based on the
quasi-deuteron absorption mechenism shows the predominance of this
mechanism. However, a number of characteristics exhibit discrepancy bet-
ween theory and experiment that can be considered as indicstion of some
possible contribution of other abgorption mechanisms.

3ingle nucleon absorption may manifest itself in the energy spectrum
of nucleons, éince in this casge 8 nucleon must posses maximum energy =as
compared to nucleons formed in other mechanisms. In the case of light
nvclei, single nucleon absorption gives rise to a peak in the high-energy
"$ail" of the spectrum. The probability of single nucleon absorption
measured in this way 90/ is 4,10“3. In the region of heavy nuclei, due
to high density of excited states of residual nuclei, it is impossible
to identify the pesk corresponding to single nucleon absorption. The pro-
bability for single nucleon absorption may be egtimated only indirectly
as a deviation of experimental data from the calculations based on the
two nucleon absorption mechanism. As is seen from Fig. 2,. rough esti-

mation gives for the value of the single nucleon absorption probability

< 10-3, ‘
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More accurate estimates for the probability of single nucleon ab-
gorption in heavy nuclei may be obtained by the activation methods. The

yields of reactions ( @, M ) and ( T ,pP ) measured in 791,92/
prove to be small and equal to ~ 107> - 1074%,

also

& - particle abgorption. In general, pion can be absorbed not only
by a two nucleon but also by any other multi-nucleon associations, for
4He; 4Li, ete. At presgent, for the region of light nuc-
/93/ is most
comprehengively studied. The analysis of experimental data /947 implies
that in light nuclei the probability for  -~particle absorption can
amount to -~ 20-~30%. For the region of medium weight and heavy nuclei
the role of the o -particle mechanism is not studied yet.

1/ of the contribution of
the o ~particle mechanism of pion sbsorption by complex nucleil has been

example, by BHG,
lei, the « -particle abgorption mechanism suggested in

For the time being, only one esgstimation

performed. In this casge the fﬁllowing channels for reaction with rela-

tive probability S are possible /95-96/ ‘ |
K+ “He — ten W, = (19 £ )% (16a)
7+ “He — d +2n W, = (58 I 7)% (16b)
o+ ‘He — b+3n a5, = (26 % 6)% (16c)

In // a simplification is used according to which only the channel
{16c) is realized. In terms of kinematics, reaction (16c¢) is an extreme
one with respect to reaction (4) (the pion mass is converted to the kine-

“tic energy of four rather than two nucleons). It is natural that nucleons

formed in reaction (16c) will have lower energies than in reaction (4)
and will be absorbed in the nucleus with higher probability.

As a result, the o« -particle absorption converts the pion mass
m, into the excitation energy, E‘, of a compound nucleus more effecti-
vely than the quasi-deuteron one 1 . Therefore the contribution of the
A ~particle mechanism is most distinct on the curve of the isotope
yield in the region of maximum possible number of emitted particles x
corresgponding to the conversion of the pion mass into E*. It should be
noted that it is the case when the results of caleculation in terms of
the quasi~deuteron mechanism lie below the experimental data (gee Figs.
10-12). Besides, for heavy nuclei, the maximum of the distributions over
the number of particles emitted in reaction ( ®¥~, xn ) are distinctly
divided as follows. For the d-particle mechanism it is located at x=12,
and for quasideuteron mechanism, at x=7 1/.

*
Detailed discussion of the nature of single nucleon absorption
is beyond the scope of the present work.
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Thua, in order to determine the contribution of the o -particle
abgorption mechanism, it ig important to study in more detail the isoto-
pe yleld at large number of emitted neutrons for heavy nuclei with A= 200.

The spectra of charged complex particles (d,t) are another source
of information about o -particle absorption as the channels (16a) and
(16b) contribute to the spectra. It is, therefore, necessary to generali-
ze the simplified analysis of the « -particle mechanism in /1/ by intro-
ducing the chamnnels with 2 and 3 particles in a final gstatse.

As the calculations /7 have shown, excitation of high-spin states
must also be observed in d -particle absorption of pion. In this res~
pect, channel (16a) is of interest. For this case, in the c.m.s. tritium
energy will be E, = 35 MeV, while neutron energy En‘s 105 MeV. Hence,
the escape of the neutron of such a high energy from the wurface nuclear
layer and absorption of relatively slow tritium by the nucleus-target
must involve as much asg 1.25-fold higher values of angular moments of
residual nuclei than for quasi~deuteron absorption. Here, the dependence
of the mean angular momentum on the number of particles emitted will
have maximum at x=~4 but not at x=7 as is the case of quasi-dsuteron
abgorption.

Thus, even the example of -particle absorption shows that esti-
mation of the contribution of various multi-nucleon absorption mechanisms
requires both new more complicaﬁed‘experiments and improvement of the
theoretical models available.

5. Conclusion

The investigation of stopped pion absorption in complex nuclei not
only contributes to similar investigations with light nuclei, but alsc
allows to obtain a new unique information. For example, disgcovary of
the phenomenon of the excitation of high-spin states in residual nuclei
/60/ ylelded new evidence for the gurface nature of pion absorpiion in
nuclei. The use of stopped pion absorption in the study of fission of
mediur weight nuclei ensures large advantages. As compared to nuclear
fission by intermediate energy particles, in the case of stopped pions
the contribution of background processes must be minimum. It should be
noted that for the moment no measurements of fragmentation of nuclei with
stopped pions are known. The further experiments would enable to choose
between the fragmentation models with large input momentum as a dominat-
ing factor and those with high excitation energy of residual nuclei as
a dominating factor. ‘

For the time being two approaches are known to describe stopped
pion absorption in nueclei. One is based on the exciton model /22, the
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other, on the model of intranuclear cascades /1’3/. The agsumption of
the quasi-deuteron pion absorption mechanism allows both approaches
to describe successfully the primary reaction characteristics such as

- energy spectra of secondary particles, isotope yield and fission proba-

bility. However the possibilities of the second approach are greater.
The allowance for the surface nature of absorption makes it possible,

in addition, to describe the angular correlations of secondary particles,
angular momentum and momentum of residual nuclei. Some of the characte-
ristics require more correct calculation of the thermalization of a
regidual nucleus. Thusg, the pre-equilibrium emission has the greatest
effect on the energy spectra of charged complex particles and figsion
probablllty of the residual nucleus.

In the frameworks of the cascade approach /1/, explanation was
given to the phenomenon of excitation of high-spin states following
pion absorption. Since high angular momenta of residual nuclei are con-
nected with the emission of fast nucleons from the surface nuclear layer,
excitation of high-spin states may be expected as well during absorption
of slow K -mesons and antiprotons. Also residual nuclei obtain high
engular momenta at spallation of the nucleus-target by high-energy par-
ticles. The experiments on excitation of high-spin states can give
valuable information on the mechanism of such nuclear reactions.

The analysis of expefi@ental data performed in this work shows that

~in pion absorption two-nucleon mechanism is the main one. The probabi-

lity for single nucleon absorption does not exceed 10 -3 10 -4 either
in tne region of light or heavy nuclei. The problem of the contribution
of more complicated absorption mechanisms, for exsmple, J -particle one,
is still open. The presence of these mechanisms may be indicated by the
discrepancy observed between theory and experiment for the yields of
highly neutron~deficient isotopes and specira of charged complex particles.
In this respect, it would be of interest to detect the excitation of
high spin of a residuasl nucleus with small number of emitted particles.
The estimation of pion absorption by various mulii-nucleon associations
requires both new experimental information and development of the exig-
ting models.

The authors are thankful to V.M.lobashev and V.S.Butsev for nume~
rous discussions and valuable comments.
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