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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.
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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 secon
dary particles, isotope yield, fission probability, angular momen
tum 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.
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1. Introduction

I

Stopped negative pion absorption in atomic nuclei occupies a s~e
cial place in modern physics due to intimate interweaning of various
problems of mesoatomic physics, 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 ~-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 experiments on meson factories were available,
we suggested a model to describe stopped lI-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 /2,)/ 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 X-meson
stopped in the matter is captured by the Coulomb field of the nucleus
thuB forming a highly excited pionic atom. De-excitation of the atom,
i.e. transitions of the pion to lower orbits involving emission of
Auger-electrons and x-rays, is terminated upon pion absorption by nuc
leus from one of the pionic orbits.
8

The understanding of the process as a whole requires the know
ledge of the radial dependence of the pion absorption probability
P b (r). For the probability of pion absorption from the state with
a s
the principal and orbital quantum numbers nand 1 prescribed, we
have

where, ph:) is the nuclear density; 't'",e (1) is the pion wave function •
Expression (1) needs summation over all of the mesoatomic states in
a~cordar.ce with their populations specified by the level width \n~
,
and initial distribution over nand 1 of the pions captured by the
Coulomb field of the nucleus.
The shape of the function Pabs(r) may be obtained without calcu
lating the population of mesoatomic states, by analysin, both the
experimental data on x-ray transitions in pionic atoms 41 and the
calculated 151 wave functions ~n~(~) • Based on the analysis such as
this the authors of 111 have supp~sed that for medium-weight and
heavy nuclei pion absorption takes place in the surface layer of the
nucleua. As a first approximation, the probability denSity of pion
absorption in the nucleus is taken in the form
(2 )

where 0 = 1.3.10-13 cm, and
sity distribution

c:

is the parameter in the nuclear den

() )

The values of the parameters in expression () are taken from the
experiments on electron scattering by nuclei as a = 0.545.10-1) cm
and c ::: 1.01 A 1/ ).10- 1) cm. The value of the parameter br ~ 0 speci
fies the nisplacement of the maximum of the Gaussian curve Pabs(r)
relative to the half-radius of nuclear denSity. In 111 the quantity
6 r
was found from the condition of the best fit to the experimental
data on pion absorption in nuclei.
Recently in IJI a consistent c~lculation of pion absorption pro
bability has been performed starting from the formation of a pionic
atom and ceasing with its de-excitation. The earlier assumption 111
on a surface nature of pionic absorption has been verified. Fig. 1
shows the parameter ~r
0, while the Gaussian curve width has a
lower value than in 111 6 = 0.18.10- 1) cm.*

=

In the present work the parameters
will be used in calculations.

br ::: 0 and

Fig, 1. Distribution of
the
density of
nuclear matter p (r ) /Po (left-hand scale)
and absorption probability
P b ( r )
(right-hand scale) for 181 Ta 'f,u~leus,
Thick solid curve.
calculation
for
p (r ) / Po
by formula ( 3); thin so lid curve,
calculation for P h (r) from [ 3]; dot
ted curve. calcul'aTi~n for P b (r)
by
formula (2) with L\ r = 0 (2) ~ 1~ relative
units) ,

f

It is worth noting that the function Pa bs (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 interaotion at the initial-stage of pion
transition from a oontinuous spectrum into a discrete one that were
ignored in /3/ cannot alter the conolusion that pion absorption oooure
in the surface layer of the nucleus.
An important aspect, i.e. surfaoe nature of pion absorption,_ is
taken into account by'the modelp suggested in /1,3/.
2.2. Pion Absorption in the Nucleus
Since the law of energy-momentum conservation forbids the absorp
tion of pion by a free nuoleon, this prooess will be strongly suppres
sed on the intranuolear nuoleon as well. A pion is therefore absorbed
by nuclear substruotures suoh as multinucleonic associations. It is
generally accepted that a pion is absorbed by a simplest two-nucleon
association. For the first time an absorption meohanism such as that
was suggested in /6/ dealing with pion absorption by (n,p) or (p,p)
pairs
(48)

(4b)
In the simplest case, neglecting spin effects, charge state of

two nucleons is speoified by the number of pairs of 8 given type and
then the probability of absorption on the n-p pair is equal to
(5)
N"C 1-.2.(2.-1)/2..

5

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 than by p-p pairs:
(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 0 < R < 10 (see, for example, the analysis
of the isospin effect on R in /)/). 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
h:a significant uncertainties and may range from 1.5 to 5 /7/.
Because of the uncertainties mentioned the quantity R must be
considered as a parameter whose value is found through the comparison
with the experiment. The calculations in this work as well as in /5/
were performed using formula (5)$ in ref. /2/ R '= 4~
Afte·r the absorption, the pion mass m1r has the form of kinetic
energy of seconrlary nucleons, each having the energy E = m1r /2 in
the centre of maaa system. In the c.m.s. secondary nuclemns fly apart
isotropically in opposite directions. In the laboratory system, the
energy of seconda~es will have certain deviation about the quantity
m /2 due to the moment~ of intranuclear nucleons. The models /1-)/
allow for "smearing" over IIquasideuteron"*momenta in th.e 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
of Pion Capture, in the Nucleus

~ucleons,

the Products

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 because 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" tharugh these words do not have quite the same
meaning.
8
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(

to ordinary nuclear reaction when an intermediate energy nucleon
incident on the nucleus initiate intranuclear cascade in it.
To describe those processes in /1,)/ the model of intranuclear
cascades is used that works rather well when
100 MeV nucleons impin
ge on nuclei leee, ror example, review /B/). It should be noted, that
no additional parameters are introduced as all the parameters of the
cascade model are determined independently from the analysis of nuc
leon-nucleus interactions. Detailed description of the intranuclear
cascade model may be found in review /B/. Therefore, only its basic
assumptions 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 ().
In ref. /2/ two "parallel" intranuclear cascades are described in
terms of the exciton model (see review /9/). One of the difficulties
involved in calculation of ordinary nuclear reactions 'is ~o choose the
initial configuration of the system, i.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-1h with the energy of 10 MeV. The subse
quent competition of d~fferent modes of decay of an intermediate sys
tem in a cascade process is specified by partial width for particle
emission and exciton-exciton interaction, whose calculation details
are given in review /10/.

).4. Establishment of Statistical Equilibrium in the
Residual NUcleus
Following the intranuclear cascade, "holes" are formed in dege
nerate Fermi-gas due to collisions between cascade particles and
intranuclear nucleons. Besides, some of the cascade nucleons cannot
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 tbe exiton model /9/, for whicb
the initial 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 cascade stage
is important for the model. To this end, a standard model includes tbe
7

cutoff energy E t below which particles are considered to be absorbed
by the nucleus
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 111/. In 1111 it
is suggested to use another criterion acoording 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
cascade model to the appropriate experimental value Wopt.exp.(r). This
value is characterized by the parameter

?gt.

P ...

Wopt.mod. - Wopt.exp.
W

•

(7 )

opt.exp.

The modified intranuclear cascade model better describes inelastic
interactions of 30-100 meV protons with nuclei 112/. In what follows,
the value P • 0.3 is used extracted from the analysis of the experimen
tal proton-nucleus data 112/.
The effect of pre-equilibrium particle emission on some integral
oharacteristics of pion absorption in nuclei (for example, mean multi
plicity and energy spectra of emitted nucleons, isotope yield) is insig
nificant and can be ignor~d in the first approximation in models 11,3/.
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 distinotly, and for this case the calculations will
be given allowing for particle emission at the stage of establishing
of the thermodynamic equilibrium in an excited nucleus.
As to the model 12 /, it implies .the equilibration stage because
of the exciton formalism chosen to describe the nuclear reaction.
2.5. Particle Emission and Fission of an Excited "Compound" Nucleus
Once thermodynamic equilibrium has been established, a highly ex
cited residual nucleus either gradually "evaporates" particles or under
goes fission. De-excitation and fission of the residual nuoleus proceed
in the same way as in an ordinary oompound nucleus formed in reaotions
with low-energy particles or heavy ions*. In describin, such a process.
the statistical theory is used developed by Weisskopf 131 for particle
emission and by Bohr and 'Hiller /141. for fission.

, Here compound nucleus
equilibrium.
8

is the one with established thermodynamic

In /1-3/ particular calculations of the de-excitation of compound
nuclei are performed by the method developed by Dostrovsky et al /15,16/.
The use is made of trle level dens~ T.y t'unct~on tor tne model at' noninter
acting particles (Fermi-gas model):
(8)

=

I
r

where a
O.1MeV- 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,3 He and cJ.. • The method of Dostrovsky et al. /15,16/ has
been extended to fission in ref. /'1/.
Thus, stopped pion absorption is complicated and versatile pro
cess combining in itself the features of both low-energy nuclear reac
tions and those initiated with intermediate-energy particles. This is
exactly why the Monte-Carlo method is preferred for calCUlations in
/1-3/. It is noteworthy that despite bulky computatian~. 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 residual nucleus.
Before we start the analysis of the experimental data, lets summarise 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 approach allows
calculation of the characteristics which exhibit most distinctly the
surface character of pion absorption by the nucleuse These are, for
example, high spin of residual nuclei and different correlations of
emitting high-energy particles.

.

3.

Analysis of Experimental Data

3.1. Energy Spectra of Neutrons
Neutron emission following pion absorption is an important type 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 tJr--absorption in 59 Co and 191 AU targets. The spectrum has
a specific feature attributed to the existence of cascade ana evapora
tive stages of
1i-- absorption. Two components, "evaporative" and fast
9

Fi~.

2.
Energy spectra for neutrons .( in N I rr-. Mev units) following slow
negative
absorption in 59Co and 197Au nuclei. Points. expE'rimental data of (211;
grams present authors
calculation; solid curve, calculation from [22].

pion
histo

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 tbe nucleus without collisions witb
intranuclear nucleons.
The surface character of absorption results in weak dependence of
high-energy portion of the spectrum on the atomic number of tbe nucle
us-target. Thus, mean multiplicity of fast neutrons for 59Co and 197Au
nuclei is 1,J8 and 1.32 neutrons per absorbed pion /21/. Tbe increasing
total multiplicity from 4.04 neutrons for 59Co nucleus to 6.,)1 neut
rons for 197AU nucleus indicates the dependence of the evaporated neut
ron multiplicity 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
1Tl.'Jl" 12. - En.. ~ 60 MeV (Bn 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
of nucleon distribution in nucleus /1,J/. The local density approxima
tionused in these stUdies gives small momenta of nucleons of the nuc

neu~rons,
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leus at its periphery and, hence, insignificant "smearing" of the neut
ron spectrum.
This may be proved by a simplified calculation of the fast compo
nent in the neutron spectrum /22/ made on the assumption 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

r

where the value 13 MeV ~ d..?- /21t\. ~ 20 MeV (1I1n is nucleon mass) allows
better description of the high-energy part of the spectrum of secondary
particles. The remaining discrepancy for 110 MeV ~ En (: 140 MeV may
presumably be explained by the contribution of other mechanisms of pion
absorption, single-nucleonic mechanism among them.
).2. Eoergy Spectra of Charged Particles

Energy spectra of charged particles emitted after absorption of
stopped pions in different nuclei were measured in /2)-29/. In Pi@9.J
and 4 experimental spectra of protons, deuterons, tritium, helium-J and
~ -particles from /27,29/ are presented.
The above remarks concern.ing neutron spectra hold also for proton
spectra. Only the evaporation component of the proton spectrum for heavy
nuclei is poorly distinct due to the effect of the Coulomb barrier. The
fast component of the proton spectrum is fc:rmed to reaction (4b), 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. J also shows the
proton spectrum calculated within the framework of the exciton model /2/.
The spectrum is taken from later work /27/. To eliminate the discrepan
cy with experiment for E > 60 MeV, the authors have to allow for the
"smearing" over the Permi momenta of intranuclear nucleons /30/.
Of great interest is the measurement of spectra of cbarged 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
rast 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 mechanisms. In this case a
charged particle is emitted by a highly-excited nucleus at the last
stage of the process. The calculations /)1/ have shown that none of the
spectra of Pig. ) and 4 can be obtained in this case either in shape
or in absolute value.
11
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It is shown in 1311 that pre-equilibrium processes make an impor
tant contribution to the spectra of complex charged particles. With no
assumption on tbe existence of complex particle-clusters prepared in
tbe nucleus a priori. the emission rate for a pre-equilibrium particle
of type B with energy e from tbe nucleus with the excitation energy
E* and tbe number of particles and boles nap+b will be written as 132/,

(10 )

Here 56 t rna
BE.
and
<51.1'\'\f
are spin, mass, binding energy
and cross-section of inverse reaction for an emitted particle, respec
tively; U) is the density of particle-bole states; ~B is tbe density
of one-particle states in the equidistant spectrum approximation. The
factor
R~(p) specifies a correct isotopic composition. wbile the pa
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rsmeter 0''8 describes probability of grouping of V! nucleons into a
complex particle. I f the quantity ts is defined as the oTerlapping
integral for the wave functions of independent nucleons ~t ,and the
cluster wave function ~R ,then the simplest estimation will give

..

As seen from Figs. J 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 points. It is possible that
the discrepancy in this region may eliminate both the above mechanism
of direct emission following pion capture on multinucleonic associa
tions, and the mechanism of complex-particle emission at the stage of
intranuclear cascade. The latter processes may involve intranuclear
nucleon pickup with a fast nucleon'ae well as knocking-out of preli
minarily prepared clusters in nucleus by fast nucleons.
18

It should be noted that the considered mechanisms of complex char
ged particle emission (pre-equilibrium emission, 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 ~ - 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 IJJ/,
72 MeV IJ41 and 90 MeV 1351 have shown that spectr~ of d,t 3He and d 
particles in proton-nuclear and pion-nuclear interactions have similar
shape. This points to a great contribution of secondary processes to
complex particle emission.

J.J. Correlation Between Emitted Particles
An important information on the mechanism of pion absorption in
nuclei has been obtained from the measurements of, energy and angular
distributions of various particles in coincidence 121,)6-4)/. 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 59Co and 197 Au (see Fig. S). The picture such as that
corresponds to a ~wo-nucleon mechanism of pion absorption and is fairly
described in the approach dsing the model of intranuclear cascades. The
energy spectrum of one ~eutron in coincidence with another one 1211 has
a wide maximum for the nucleus 12c at 50-60 MeV, which also indicates
a two-nucleon absorption mechaniem. In kinematically complete experi
ments for ( Tl- , 2n) reaction on nuclei 9 Be , lOB, 12C , 14 0 , 40 0a 141-4)/
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 1421 that pion is
mainly absorbed in a pair of nucleons being in the ls-state relatively
each other.

).4. Isotope Yield
This is an important characteristic of pion absorption in nuclei,
dealt with in many experimental stUdies 13,)0,40,44-59/.
The experimental data obtained show that pion absorption is accom
panied with strong nuclear spallation. Thus, in the caee of medium or
heavy nucleus the number of emi';ted nucleons may achieve 15-17 1),)0,
47,50,58/, which corresponds to the excitation energy ClOS8 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
11,)/. Indeed, since the energy of cascade particles ranges widely (Fig.
14
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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 measured from the Fermi level.
Then, from the energy balance, we have
(12 )

Ti is the kinetic energy of the i-th cascade nucleon in the labo
ratory system; BN • 7 MeV is the mean binding energy of a nucleon in
the nucleus.
In Fig. 6 the distribution of the excitation energy for residual
nuclei before the evaporation stage is given as an example. Por the
heavy Pb nucleus, the excitation energy varies in a wide range from se
veral KeV to 140 MeV, that corresponds to full absorption of all cascade
particles and transformation of the whole pion mass into the excitation
...
energy of the nucleus. For a light nucleus ~(E ) distribution becomes
...
narrower and its maximum shifts to lower values of E •
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Fig.6.
Distribution of residual
nuclei
formed
after pion absorption by 31 p (dots) and
208 Pb (solid histogram) with respect to
excitation energy E" (in MeV).

Fig.7.
MRan excitation energy E" (MeV)
of
residual nuclei in 1f- -capture vs. mass
number A of the nucleus target. Smooth
curve is dl'awn
through
calculation
points by eye.

Mean excitation energy increases with increasing mass number A of
the nucleus-target (eee Fig. 7). Therefore, the heavier is the nucleus
-target, the wider the isotope yield curve.
In Figs. (8-1;;;) experimental yields of reactions ( qj'-, 'Xn ~p
)
are compared with the ca~culations performed by modele /1-)/. The models
are equally successive in describing the main feature of nuclear disin
tegration following ~--absorption. This may presumably 'be explained by
a grea~ contribution of the evaporation stage, which is present in all
models and is equally described, to the production of tbe given final
isotope. It is therefore natural that the differences in various models
must affect most greatly the yields of rea~tions with emission of small
number of particles. In approaches /1,)/ considering the surface nature
of absorption these yields must exceed the results of the exciton model
/2/. In the case of reaction ( Jr- ,Art ), the data calculated by the
cascade-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 ~-particleabsorption 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 process
and the reaction ( 'Ji-, 'In ) prevails here .. The ( 'i\- t \l'Xn ) yield in tbe
region of heavy nuclei will be less than the ( 'Jt-. 'In ) :yield but com'DaFi~. 9.
59
:.
Isotope yi01d follo •.ving pion absorption by
Co nUClei. Experimental data are taken
frnm [2')]. Histogram, authors
calculation; solid curve, calculation by the exciton
model [30].
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Isotope yield foUowing pion absorption in
Ta nuclei. Experimental
data
are
taken from [3] (triangle) and 1.58] (circles). Histogram. authors calculation; solid
curve, calculation [3].

rable in value, since the Coulomb 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
problem requires in addition more exact experimental data and more de
tailed investigation of the effect of different model parameters on
the ( 1r-, 'Aft )- and ( j\' - , 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
18
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Fig. 11.
197
Au nuclei. For notations, see Fig. 9.
Isotope yield upon pion absorption in

f

Fig. 12.
Isotope yield upon pion absorption in 209 Bi nuclei. Experimental points are taken
from [301 (triangles) and [S8] (circles). For notations, see Fig. 9.
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Table 1
Experimental and theoretical yields (%) of different
reaction channels in the absorption of stopped negative
pions by 59 Co arid 197 Au nuclei
59 Co
Reaction

( :n--,xn)
(TC- ,pxn)
(1f ,C!pxn)

('Jt-,3px.n)
(1i- ,4 pxn)
ejf ,5pxn)

experiment present
/)0/
work
24 + 3
32 + 3
24 + 3
12 +
-4
6 + 2
1.. 5=0.2

-

23 .. 2
25.4
30.9
9.75
9,34
0.86

197 Au
calcul.
/30/

experim.
/30/

present
work

calcul.
/30/

34.0
35.9
16.1
9.3
3.4
1.2

74 + 8
20 + 7

69.0
2).6

73.6
18.9

10-200 are excited intensively. These experiments excite great interest.
It was unclear how such high angular momentum of residual nuclei appear,
if the orbital momentum, t , of the pion on the mesoatomic orbit from
which absorption occurs, is small ( {~ 31\.). Therefore, a great number
of experiments /),30,50-52,55,56,58,61,62/ 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 /3,64,65/. It is shown that most nucleons
,emi tted 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. I f we make the most unfavorable assumptions, i.e.
neglect the orbital pion momentum and spins of the nucleus and partic
les, we shall obtain
(13 )

from the law of angular momentum concervation.
Here M is the angular momentum of the residual nucleus; mt 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 15-171\ , are produced following
intranuclear cascade stage. So, with regard for spin and orbital momen
tum due to the pion, the spins of residual nuclei may exceed 20~ • High
angular momenta of residual nuclei such as these are comparable with
the value of M obtained in reactions with heavy ions. While in reac
tions with heavy ions the angular moment"..un is introduced by an incident
20
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then in reactions with pions the additional angular momentum
is created due to emission of fast particles from ~he 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 Fig. 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
,,18"\\ 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 regio~ of small M. In Pig. 14
mean angular momentum of residual nuclei and the atomic number of the
nucleus-target are related by the law M ~ O.92A 1/3 , 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
par~1cLe,
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sion of fast particles from the nucleus. First of all, it is K--meson
and antiproton absorption from the orbits of badronic atoms which mainly
proceeds in the surface layer. Higb-spin states of residual nuclei must
be excited as well in reactions of nuclear spallation by intermediate
energy particles.
It sbould be noted, bowever, that total distribution of residual
nuclei with respect to the angular momentum cannot be considered as
rather a sensitive characteristic wbose study may give information on
the mecbanism of absorption of various particles in nuclei. This state
ment was supported in /66/ by comparing two similar reactions, i.e.
absorption of stopped pions and '0 -quanta with energy E J =m 1i • The
-quanta absorption at sucb energy is well known to be
mechanism of
quasideuteronic, but unlike pions, q -quanta absorption proceeds uni
ibrmly over tbe whole nuclear volume. Calculations /66/ bave sbown that
in both reactions angular-momentum distributions of residual rtuclei are
similar (see Fig. 15). Theoretical study /3/ of proton-nucleus inter
ac tion with E:. m~ /2, which is similar to pionic absorption, bas also
indicated similarity in nucleus distribution with respect to the value
of M •
Experiments /7/ bave sbown that tbe value of isomeric ratio de
pends both on the sp1ns of ground and isomeric states, and on the number
of emitted particles. It is Yberefore difficult to determine tbe sbape
of the angular momentum distribution of residual nuclei from fragmenta
ry measurements. In /1,66/ it is suggested to use the dep.endence of the
average angular momentum M (or consequently, the isomeric ratio ~
for rather large fixed nuclear spin) on tbe number, x, of particles
emitted in order to study the absorption mechanism. It can be easily
shown that not all tbe x values are equally effective for the popula
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Fig. 15.
Distribution of residual nuclei
fonned
following absorption of slow pions (so
lid curve) and y -quanta
with
E •
'" 140 MeV (dots) with respect to
the
angular momentum M.

tion or'bigh-spin states. As an example, consider reaction ( ~ ,xn ).
The case of maximum
x
when all of tbe cascade particles are absorbed
in a nucleus and then only neutrons are evaporated from it isotropically,
corresponds to' low values of M (see formula (13». Anotber 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 tbe surface layer, one fast
nucleon goes away without colliSiOns, wbile tbe second is absorbed in
the nucleus. In this instant, the compound nucleus witb tbe excitation
energy E* = mr./2 will emit, on tbe average, 5-6 evaporation neutrons.
Thus, in the case of surface absorption tbe dependence of the mean an
gular momentum M(x) will have its maximum at x 6-7 (see Fig. 16). For
the volume absorption of
-quanta, tbe dependence M(x) will bave ano
tber form at low
x (see Fig. 16).
Experiments bave shown that the probability of excitation of high
spin isomers depends really 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
10Bm In (7+) and 110m In (7+) on tbe number of neutrons emitted at ~-
absorption by 112Sn, 114 Sn , 116 Sn , 118Sn , 120 sn , 122Sn and 124 Sn nuclei.
'rhe values of isomeric ratio
6", / 6<;
in arbitrary units vs tbe num
ber of neutrons emitted are g~ven in Fig. 17. The isomeric ratio is
3
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Mean angular momentum !Vi 'ItS the num
ber of particles emitted in reactio n (".-.
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Solid curve, calculation [66] for
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reaction;
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Fig,. 17.
Is;meric ratio (1_1 (1 and mean angular
momentum -1\1 VB". theg number of emitted
particles in reaction Sn (11'-. % n ) •
Ex
perimental points are taken from [62l:
,108m
'
110m
Clrcles.
In (7T ;)
trIangles,
In
( 7+ ). Curve, calculation results.
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seen to increase w1th increasing multipliCity, and then to fall with
further increase of x. The data obtained give clear manifestation of
the surface nature of stopped pion absorption in two-nucleon associa
tions.
The etudies /1,),6)-65/ seem to indicate that fast nucleons emit
ted at the etage 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
may acquire high value of M after emission of a complex oharged particle
with the energy above 50 MeV. As seen from Fig. ), 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, eome hints as to such a mecha
nism may be found in /58/ where it is observed that emission of 13 neut
rons following pion absorption in 1B1 Ta nucleus excite .the states with
the apin 16ti(with the probability"" 10-3 per 1 pj,on) ..
Thus, 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 ~nergy particles, no systematic 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
in the nucleus. Momentum ? 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 nucleoIlS emitted A A.
For the simplest reaction ( '~-, ~ ) the nucleus momentum may be
extracted from the analysis of the kinematically complete experiment
involving measurement of the energies of two neutrons /41-43/. Measu
rement of nuclear momentum in terms of the Doppler effect may be used
in general for a wider eet of residual nuclei 752,59,67-69/.
In modele /1,)/ the nucleus momentum is determined by the simple
relationship
24
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Pi 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
nucleus-target and is equal to 15""" 220 MeV/c. In contrast to the angular
momentum 9 distribution of the momentum of residual nuclei slightly de
pend on the nucleus-target (see Pig. 18).
In Pig. 19 the calculated dependence of the mean nucleus momentum
is vs the number 9 t::.A , of nucleons removed from the target following
pion absorption in itt is compared with experiment. For small values of
t::. A " 4, the momentum increases with increasing
AA and then is
slightly dependent on t::.A. Tbe results of calculation in the case of no
W(PI
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Momentum distribution for residual nu
clei formed after 'fT- - absorption in 31p
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pre-equilibrium emission and evaporation lie below the experimental P
values at high ~A. The consideration of tbe momenta of pre-equilibrium
and evaporated particles improves the agreement with tbe experiment (see
Fig. 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 prescribe the shape
of the momentum distribution of the nucleus. target when extracting 15 •
For easier estimation of P by formula (14), it is worth noting that
the momentum of the nucleon with En ~ m~ is 510 MeV/c, while for
En = m'1l"/2, the nucleon momentum is )60 MeV/c.
The 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 based
on the Doppler effect, the dependence of ? on the angular momentum of
the nucleus may be determined.

3.7. Nuclear Fission Following Absorption of Stopped Pions
Highly excited comp~und nuclei can de-excite not only through par
ticle emission but by flssion as well. When stopped ~--mesons are ab
sorbed, not only highly fissionable nuclei with mass 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
/70-75/ both heavy and medium-weight nuclei undergo fission by stopped
pions.
For highly fissionable 235u~ 238 U and 232 Th 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 /1/, fission must cause drastic
contraction of the isotope yield curve. Since nuclear fissility increa
ses markedly with decreasing number of neutrons /17/. 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/ must 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
has not been measured yet. The only experimental point /54/ on the
curve of the isotope yield from the thorium target agrees with the cal
culations and supports the general trend to 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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Fig. 20.
Actinium isotope yield per one ~bsor
bed pion in reaction
232'I'h (TT , .. n )
232-x
.
A c. Solid and dotted histograms,
calculation with neglect of and with re
gard for fission (ala .. 1.07).
Experi
mental point is taken from [541.
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Nuclear fissility with slow pions decreases with decreasing ato
mic number A of the nucleus target (see Fig. 21). The A-dependence of
the fissibility has been analysed in 11,22,76/. It is shown that exper~
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 fissio~'by intermediate energy protons 111 or the
fission barriers Bf taken from the experiments with low-energy particles
122,76/. It is shown in 122,761 that 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 a.f/ Q • In order to desc
ribe the experimental data, the authors of 1221 applied afla -1.2, while
in 176/, a~/a = 1.1 was obtained. It should be noted that similar values
of afla are obtained in experiments of fission of highly excjtad com
pound nuclei formed in reactions with low-energy ct -particles 177,78/.
These conclusions ars in agreement with the results of theoretical
analysis of nuclear fissility with intermediate energy protons 179/,
where high sensitivity of fissility to the value of afla is also empha
sized. The value afla • 1.05 founded in 1791 for 150 MeV protons agrees
with the results of /76/. The value of afla = 1.2 from 1221 seems to be
overestimated possibly due to very simplified model used for descrip
tion of the pion absorption in the nucleus.
Por the time being. however, when pion absorption in nuclei is
well-studied, another statement of the problem becomes more topicals
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.
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Fig. 21.
.
Nucleus fissility Wf as a function of Z2/ 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, 8l) for af/aa 1.1. Dots, calcu
lation for the> same parameters with neglect of the shell effects.
Dotted-dashed
curve, calculation for at! a- 1.2 and with allowance for pre-equilibrium
particle
omission. Right-hand side; solid curve, calculation with the barriers of Swiatecki
et al. [80,811 for ad 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 (or "thermal" effects.

~n the first place, the analysis of nuclear fissility by pions
may give information on the value of fission barriers in the unstudied
region of medium and light nuclei. Up-to-d~+~ fission models predict
that with a decreasing mass number A the h~~ght of the fission barriers
must increase achieving its peak Bf max at A ~ 80-100 and then decrease
in the region of light nuclei (see Fig. 22). In view of this, in /84/
it bas 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 fissilities, a great number of expe
riments have been performed on nuclear fission by intermediate energy
'6 -quanta, protons and d.. -particles. These works, however , involve
great difficulties due to great contribution of backgroundprocessBs
like fragmentation of nuclei-targets. At the same time, the studies
with stopped negative pions have great advantages eince in these case
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Fig. 22.
Nuclear fission barrier heights (MeV) along the beta-stability line. Solid curves,
calculation by the liquid drop model of Swiatecki et a1 [80.811 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 [821
and by the modified liquid drop model of Krappe and Nix [831 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 ( Z2/A ~ 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~gic
.208 pb nucleus appreoiable disorepanoy with the experiment ind~oates the
neceBB~ty of more rigorous allowanoe for the shell effects ~n the dens~-

*

It is of interest to extend the pioneer experiments on nuclear
fragmentation w~th 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
parameter is obtained in 1861
Q.

(E",A,c) ~

a[

h

- 0 061 E

U - e'

) AM / E40

1

(15)

a..

where .6 M is a shell correction for the nuclear mass;
0.134 
4
- 1.21'10- . A is an asymptotic value of the level density parameter.
As has been shown in 11,79/, 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, henoe. decreases the
probability of its fission. 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-weight nuclei.
In the region of medium-weight nuclei the higher value of afla = 1.2
must be taken in order to compensate the fissility decrease.
However in the region of nuclei with z2/A ~ 27 the calculated fissi
lities lie below experimental values. The above uncertainties of the mo
del may only incr~ase this discrepancy. 'rhe latter may be due to the fact
that the parameters of ~he iiquid drop model are fixed insufficiently
reliably which leads to high values of
Be
when extrapolating to the
unknown region of light and medium weight nuclei. In the,model of 180,81/
the maximum fission barrier Bf msx = 52 MeV, while in the model of /82/,
Bf msx = 56 MeV (see Fig. 22). For better description of experimental
fissilities, modified liquid irop model of 1831 with Bf max = 43 MeV·
must be preferred. Such a decrease in fission barriers leads to about
50-fOld increase in the pionic fissility for light and medium weight
nuclei (see Fig. 21).
Another physical effect that may probably eliminate the discrepancy
is reduction of the fission barrier height with increasin, energy of ex
citation. The calculations by the methods of Tomas-Fermi 88/ and Hartree
-Fock /89/ predict that "thermal" effects must lead to Bf decrease. This
ia most appreciable for medium weight and light nuclei with the energies
of excitation above 50 MeV (see Fig. 23). "Thermal" effects may cause
about 10-fold increase in nuclear fissility with Z2/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 Bf max • 80 MeV 187/.
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Fig. 23.
Variation of the nuclear fission barrier
(MeV) in the liquid drop model
along
the beta-stability line with increasing
excitation energy.
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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 (Z2/A> =
19.8, while the modified liquid drop model /83/, at (z2/ A> =23.8 an~r
/87/
2
cr
droplet model
, at(Z /A)cr=.32.0. The verification of this predic
tion requires more reliable experimental methods to measure the kinetic
energies of fission fragments in coincidence.

4. Contributions of Various Mechanisms of Pion
Absorption in the Nucleus
The comparison between the experiment and calculations based on the
quasi-deuteron absorption mechanism shows the predominance of this
mechanism. However, a number of characteristics e~ibit discrepancy bet
ween theory and experiment that can be considered as indication of some
possible contribution of other absorption mechanisms.
Single nucleon absorption may manifest itself in the energy spectrum
of nucleons, since in this case a nucleon must posses maximum energy as
compared to nucleons formed in other mechanisms. In the case of light
nuclei, single nucleon absorption gives rise to a peak in the high-energy
"tail" of the spectrum. The probability of single nucleon absorption
measured in this way /90/ is _10-.3. In the region of heavy nuclei, due
to high density of excited states of residual nuclei, it is impossiblp
to identify the peak corresponding to single nucleon absorption. The pro
bability for single nucleon absorption may be estimated 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.
81
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More accurate estimates for the probability of single nucleon ab
sorption in heavy nuclei may be obtained by the activation methods. The
yields of reactions ( ryr-, ft ) and ( 'It-, P ) measured in /91 t 92/ also
prove to be small and equal to ~ 10 -3 - 10 -4* •
d - particle absorption. In general, pion can be absorbed not only
by a two nucleon but also by any other multi-nucleon associations,for
example, by 3He , 4He ; 411 , etc. At present, for the region of light nuc
lei, the
~ -particle absorption mechanism suggested in /93/ is most
compI"ehensively studied. The analysis of experimental data /94/ 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 ci.. -particle mechanism is not studied yet.
For the time being, only one estimation /1/ of the contribution of
the ~ -particle mechanism of pion absorption by complex nuclei has been
performed. In this case the follovdng channels for reaction with rela
tive probability ~ are possible /95-96/

"He

-

t+n

-ul2, = ( 19 + 1)%

( 16a)

"\if\!

-- d. Zrt.

ul'l= (58 + 1)%

(16b)

- ... "He - p;- 3n

1.S4 = (26 + 6)%

(16c)

1\- +

-+

1T

'l"r

't

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

...

Detailed discussion of the nature of single nucleon absorption
is beyond the scope of the present work.
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Thus, in order to determine the contribution of the d-particle .
absorption mechanism, it is important to study in more detail the isoto
pe yield 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 d-particle absorption as the channels (16a) and
(1Gb) contribute to the spectra. It is, therefore, necessary to generali
ze the simplified analysis of the d -particle mechanism in /1/ by intro
ducing the channels with 2 and J particles in a final state.
As the calculations /1/ have shown, excitation of high-spin states
must also be observed in ~ -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 Et = 35 MeV, while neutron energy En = 105 MeV. Hence,
the escape of the neutron of such a high energy from the ~urface nuclear
layer and absorption of relatively slow tritium by the nucleus-target
must involve as much as 1.25-fold higher values of angular momenta of
residual nuclei than for quasi-darteronabsorption. Here, the dependence
of the mean angular momentum on the number of particles emitted will
have maximum at xz4 but not at x=7 as is the case of quasi-deuteron
absorption.
Thus, even the example of ~-particle absorption shows that esti
mation of the contribution of various multi-nucleon absorption mechanisms
requires both new more complica~a~ 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 also
allows to obtain a new unique information. For example, discovAry of
the phenomenon of the excitation of high-spin states in residual nuclei
/60/ yielded new evidence for the surface nature of pion absorption in
nuclei. The use of stopped pion absorption in the study of fission of
medi~ Reight nuclei ensures large advantages. As compared to nuclear
fission by intermediate energy particles, in the case of stopped pions
the contributi9n 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 do~at
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 nuclei. One is based on the exciton model /2/, the

other, on the model of intranuclear cascades /1,)/. The assumption 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
residual nucleus. Thus, the pre-equilibrium emission has the greatest
effect on the energy spectra of charged complex particles and fission
probability 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
angular 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 experimental data performed in this work shows that
in pion absorption two-nucleon mechanism is the main one. The probabi
lity for s~ngle nucleon absorption does not exceed 10-) ~ 10-4 either
in ~ne region of light or heavy nuclei. The problem of the contribution
of more complicated absorption mechanisms, for example, ~ -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 spectra of charged complex particles.
In this respect, it would be of interest to detect the excitation of
high spin of a residual nucleus with small number of emitted particles.
The estimation of pion absorption by various multf.-nucleon associations
requires both new experimental information and development of the exis
ting models.
The authors are thankful to V.M.Lobashev and V.S.Butsev for nume
rous discussions and valuable comments.

34

References
1. A.S.Iljinov, V.I.Nazaruk and S.E.Chigrinov, Preprint of INR 11-0022,
M., 1975; Proc. 26 All-Union Cont. Nuclear Spectroscopy & Nuclear
structure, Nauka, L., 1976, p. 260.
A.S.Iljinov, V.I.Nazaruk, S.E.Chigrinov, Nucl.Phys., A268, 513
(1976 ).
2. E.Gadioli, E.Gadioli Erba, Nucl.Phys., A256, 414 (1976);
E.Gadioli, E.Gadioli Erba, G.Tagliaferri,.Proc. Int. Cont. Nuclear
Reactions Mechanisms, Varenna, Italia, June 13-17, 1977, p. 24.
3. C.J.Orth, W.R.Daniels, B.J.Dropesky, R.A.Williams, G.C.Giesler,
J.N.Ginocchio. Preprint LA-UR-78-2686, Los Alamos. 1978.
4. Y.N.Kim, Mesic Atomc and Nuclear Structure, North-Holland Pub.
company, Amsterdam-London, 1971.
5. D.A.Arseniev, G.G.Bunatyan, JINR P4-8835, Dubna, 1975.
6. K.H.Bruckner, R.Serber, K.M.Wataon, Phys.Rev., 84, 258 (1951).
7. V. S.ButS8V, Izv. AN SSSR, se;-. fiz., il, 131 (1979).
8.

A.S.Iljinov, N.M.Sobolevsky, V.D.Toneev. 'Usp. Fiz.
31 (1973).

V.S.Baraahen~ov,

Nauk,

lit

9. M.Blann, Ann.Rev.Nucl.Sci., 25, 123 (1975).
10. E.Gadioli, E.Gadioli Erba, G.Tagliaferri. Nuovo Cim. Riv.,.2"

1

(1976) •
11. K.K.Gudima and V.D.Toneev, JINR E4-9489, Dubna, 1976.
12. K.K.Gudima, S.G.Mashnik and V.D.Toneev., In "Calculations of Nuclear
Structure and Nuclear Reactions", Shtiintsa, Kishinev, 1977, p. 12.
13. V.Weisskopf, Phys.Rev.,

2£,

295 \1937).

14. X.Bohr, J.A.Wheeler, Phys.Rev.,

2&,

426 (1939).

15. I.Dostrovsky, Z.Fraenkel, G.Friedlanoer. Phys.Rev.,
16. I. Do strovsky , H.Gauvin, M.Lefort, Phya.Rev.,

~,

~,

683 (1959).

836 (1965).

17. V.S.Barashenkov, F.G.Gereghi, A.S.Iljinov, V.D.Toneev, Nucl.Phys.,
A206, 131 (1973).
35

18. H.L.Anderson, E.P.Hincks, C.S.Johnson, K.Rey, A.M.Segar, Phys.Rev.,
112, B392 (1964).
19. G.Campos Venuti, G.Fronterotta, G.Mathiae, Nuovo CilD.,
(1964).

li, 1446

20. P.M.Hattersley, H. Muirhead , J.N.Woulds. Nucl.Phya., 67, 309 (1965).
21. R.Hartman, H.P.lsaak, R.Engfer, E.A.Hermes, H.S.P.ruys, W.Dey, H.J.
Pfeiffer, U.Sennhauser, H.K.Walter, J.Morgenstern, Nucl.Phys.,
A)08, 345 (1978).
22. N.S.Mukhopadhyay, J.Hadermann, K.Junker. SIN preprint PR-77-017,
1977; Uucl.Phys., A319, 448 (1979).
23. Yu.G.Budyashov, B.G.Zinov, A.D.Konin, N.B.Rabin, A.M.Chatrchyan.
JBTF, 62, 21 (1972).
24. P.J.Castleberry, L.Coulsoo, R. C.Minehart , K.O.H.Ziock, Phys.Lett.,
;g8, 57 (1971).
25. J.C.Camiso, F.Meyer,
.12., 13 (1975).

F.~chleputz,

K.O.H.Ziack. Phya.Rev.Lett.,

26. W.Dey, R.Engfer, H.Guyer, R.Hartman, E.A.Hermes, H.P.Issak,
J.M~ngestren, H.Muller, H.S.Pruys, W.Reichart, H.K.Walter. Helv.
Phys.Acta, ~, 778 (1976).
27. H.S.Fruys, R.EDgfer, R. Hartman , B.A.Hermes, H.P.lssak, H.J.P.reiffer,
U.Sennhauser, H.K.Walter. Coni. on Nuclear Reaction Mechanism,
Varenna, 1977.
28. G.Mechtersheimer, G.Buchee, U.Klein, W.Kluge, H.Matthay, D.Munchmeyer,
A.Moline, Phys.Lett., 73B, 115 (1978).
29. F.W".Schleputz, J.C.Camsa, 'r.C.Meyer, K.O.H.Ziock. Phys.Rev.,
19C, 135 (1979).
30. H.S.P.ruys, R.Engfer, R. Hartman , U.Sennhauser, H.J.Pfeiffer,
H.K.Walter, J.Morgenstern, A.Wyttenbach, E.Gadioli, E.Gadioli Brba.
Nucl. Phys., A316, 365 (1979).
J1. A.S.Iljinov, V.I.Nazaruk, S.G.Mashnik, S.E.Chigrinov. Short Communi
cations in Physics, FIAN, ~, 14 (1979).
36

32. B.Betak, P.Oblozinsky, Contribution presented at the V Int. Symp.
on Interactions of Fast Neutrons with Nuclei Gausing (GDR), 1975.
33. F.E.Bertrand, R.W.Peelle, Phys.Rev.,

~,

1045 (1973).

34. Z.Lewandowski, E.Loeffler, R.Wagner, H.H.Mueller, VI. Reichart ,
P.Schober, H.Jasicek, P.Reihs. Phys.Lett., 80B, 350 (1979).
35. J.R.Wu, C.C.Chang, H.D.Holmgren, Phys.Rev., 19C, 698 (1979).
36. S.Ozaki, E.~Veinstein, G.Glasse, E.Loh, L.Neirnala, A.Wattenberg,
Phys.Rev.Lett., i, 5J3 (1960).
37. M.E.NoFdberg, K.F.Kinsey, R.L.Burman, Phys.Rev., 165, 1096 (1968).
38. D.M.Lee, R.C.Minehart, S.E.Sobotka, K.O.Ziock, Nucl.Phys., A197,
106 1.1972).
39. D.M.Lee, R.C.Minehart, S.E.Sobotka, K.O.Zioek, Nucl.Phys.,
20 (1972).

~,

40. H.K.Walter, W.Dey, H.J.Pfeiffer, U.Sennhauser, R.Engfer, R.Hartmann,
E.A.Hermes, H.P.Issak, H.Mul~er, H.S.Pruys, F.Schleputz, J.Morgen
stern, A.Wyttenbach, Helv." Phys. Acta, 50, 561 (1977).
41. B. Bassalleck, H.D.Engelhard t, M. :'uric, E. L. Haase, W.D. Klotz,
C.W.Lewis, F. Ttakeutchi , H.Uiirich, Phys.Lett., 65B, 128 (1976).
42. R.Bassalleck, W.D.Klotz, F. Takeuchi , H.Ullrieh, M.Furik, Phys.Rev.,
16C, 1$26 (1977).
43. B.Bassalleck, W.D.Klotz, F. Takeuchi , H.U11rich, M.Furik, Z.Phys.,
A286, 401· (1978).
44. T.T.SUgihara,

W.F.L~oby,

Phys.Rev., 88, 587 (1952).

45. A.Turkevich, J.B.Niday, Phys.Rev., 90, 342 (1953).
46. A.Turkevich, Si Chang Fung, Phys.Rev., 92, 521 (1953).
47. L.Winsberg, Phys.Rev., 95, 198 (19';4).
48. H.Ullrich, E.T.Bbosvhitz, H.D.Engelhardt, C.'IV.Lewis, Phys.Rev.Lett.,
ll, 433 (1974).
49. B.Coupat et al. Phys.Lett., SSE, 286

(1~75).

37

50.

Ya.Vandlik. Ts.Vylov, Zh.Ganzorik, L.Tumnerov8,
N.G.Zaitaeva, S.M.Polikanov, O.V.Savchenko, D.Chultem, JIBR P6-8541,
Dubna, 1975.
V.S~Butsev,

i

I

I

51. V.S.Butsev, D.Chultem, Yu.K.Gavrilov, Dz.Ganzoring, V.Presperin,
JINR E15-10210, Dubna, 1976.
52. H.D.Engelhardt, C.WLewis, H.Ullrich, Nucl.P.hys., A29B, 480 (1976).
53. V.M.Abazov, V.S.Butsev, Yu.K.Gavrilov, V.Presperin, D.Chultem,
JINR P15-10684, Dubna, 1977.
54. V.S.Butsev, L.Vaaharoshg, Zh.Ganzorig, Yu.V.Norseev, D.Chultem,
JINR P15-10665, Dubna, 1977.
55. H.S.Pruys, R.Hartman, R.Engfer, U.Sennhauser, W.Dey, H.J.Pfeiffer,
H.K.Walter, Helv. Phys.Acta. ~, 199 (1977).
56. P.Eberaold, B.Aas, W.Dey, R.E1chler, H.J.Leisi, W.W.Sapp, H.K.Walter,
Phys.Lett., 58B, 428 (1977).
57. Y.Cassagnou, H.~.Jackson& J.J.Julien, R.Legrain, L.Roussel,
S.Barbarino, A.Palmeri, Phys.Rev., 16C, 741 (1977).
58. R.Beetz, F.W.N. de Boer, J.K.Panman, J.Konijn, P.Pavlopoulos,
G.Tibell, K.Zicutas, I. Bergstrom, K. Fransson , G.Backenstoss,
L.Tauscher, P.Blum, R.Guigas, H.Koch, H.Poth, L.M.Simons, Z.P.bysik,
~, 215 (1978).
59. C.E.Stronach, H.S.Plendl, H.O.Funsten, W.J.Kossler, B.J.Lieb,
V.G.Lind, Nucl.Phys., A)08, 290 (1978).
60. V.S.Butsev, Zh.Ganzorig, S.M.Poilikanov, D.Chultem. Proc. 25
Conference on Nuclear Spectroscopy and Nuclear Structure, Leningrad,
1975.
61. V.M.Abazov, S.R.Avramov, V. S• .Butsev, E. P. Cherevatenko, D. Chultem,
W.D.Fromm, Dz.Ganzoring, Yu.K.Gavrilov, S.M. PolikanoY, JIBR
E15-9659, Dubna, 1976.

,.

62. V.S.Eutsev, D.Chultem, E.P.Cherevatenko, Yu.K.Gavrilov, S.M.Poli
kanov, JIlffi E15-9825, Dubna, 1976.
63. V.S.Butsev, JINR P45-10847, Dubna, 1977.
38

.,
«

64. M.P.Locher, p.Myhrer, Helv.Phys.Acta,

~,

123 (1976).

65. S.S.Gershtein, Usp. Piz. Nauk~ ~, 455 (1978).
66. A.5.njinov, V.I.Nazaruk, Froc. All-Ultion Seminar on the Program
o£ Experiments on Meson Factory. Zvenigorod, 1977.
67. W.J.Kossler, H.O.Funsten, B.A. MacDonald , W.F.Lankford, Phys.Rev.,
ill, 1551 (1971).
68. C.W.Lewis, H.Ulrich, H.D.Engelhardt, E.T.Boschitz, Phys.Lett.,
47B, 339 (1973).
69. C.E.Stronach, W.J.Kossler, H.O.Funsten, W.F.Lankford, B.J.Leib,
Phys.Rev., 1iQ, 984 (1977).
70. W.John, W.F.Fry. Phys.Rev., 21, 1234 (1953).
71. N.A.Perfilov, O.V.Lozhkin. V.P.Shamov. JETF

~,

655 (1955).

72. G.E.Belovitsky, T.A.Romanova, L.V.Sukhov, I.M.Frank, JETF,
537 (1955).
73. N.A.Perfilov, N.S.Ivanova,

~,



.JE~F 29, 551 (1955).

74. Yu.A.Batusov, Zh.Ganzorig, O.Otgpnsuren, D.Chultem. JINR P15-8917.
Dubna, 1975.
75. U.MOser, A.Fluckiger, B. Hahn , E.Hugentobler, H.Kaspar, G.Viertel,
R.P.Redwine (to be published); See ref. /22/.
76. E.Gadioli, E.Gadioli Erba, A.Morolti, Z.Phys.,

~,

39 (1978).

77. L.S.Moretto, S.G.Thompson, J.Routti, R.G.Gatti, Phys.Lett., JaB,
471 (1972).
78. A.V.Ignatyuk, M.G.Itkis, V.N.Okolovich, G.N.Sm1renkin, A.S.Tish1n,
Yad.Fiz., £1, 1185 (1975).
79. A.S.Iljinov, E.A.Cherepanov, E.E.ChigrinoY, Z.Phys., ~, 37 (1978).
80. W.D.Myers, W.J.Swiatecki, Ark.Fys.,

~,

343 (1977).

81. J.R.Nix, Nucl.Phys., A130, 241 (1969).
82. H.C.Pauli, J.Ledergerber. Nucl.P.hys., A175, 545 (1971).
83. H.J.Krappe, J.R.Nix, Froc. 3-rd IAEA Symp. on the Physics and
Chemistry of Fission. 1971. Paper IAEA-SM-174/12, Vol. 1.
59

84. J .R.Nix, E. Sassi, Nucl. I'hys., §.1, 1 (1966).
85. N.T.Porile, B.J.Dropesky, R.A.Williams, Phys.Rev.,
86. A.S.Iljinov,

E.A.Chere~anov,

~,

2231 (1978).

Preprint INR 11-0064, Moscow, 1977.

87. R.W.Haase"Ann.I'hys., 68, 377 (1971).
88. R.W.Hasse, W.Stocker, Phys.Lett., 44B, 26 (1973).
89. G.Sauer, H.Chandra, U.Mosel, Nucl.Phys., A264, 221 (1976).
90. B.Bassalleck, H.D.Engelhardt, W.D.Klotz, F. Takeutchi , H.Ullrich,
M.Furic, CERN preprint, Geneva, 1978.
91. V.S.Butsev, D.Chultem, I'hya.Lett.,

ill,

33(1977).

92. V.M.Abazov, V.S.Butsev, M.Milanov, N.Nenov, D.Chultem, JINR
D6-11574, Dubna, 1978.
93. I.S.Shapiro, V.M. Kolybasov , JETF 44, 270 (1963).
94. 'r.I.Kopaleishvili, Particles and Nuclei, Atomizdat,

£, 439 (1971).

95. R.Bizzarri,E.DiCapua, U.Dore, G.Gialanella, P.Guidoni, I. Laakso ,
Nuovo Cim., ll,' 1497 U9~4).
96. M.M.Block, T.K1kuchi, D.Koetke, J.Koperman, C.R.Sun, R. Walker,
C.Culligan, V.L.Telegdi, R.Winston, Phys.Rev.Lett., 11, 301 (1963).

