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The inelastic scattering and absorption of ( 195 ± 15) Mev 1r+ mesons with carbon and lithium 
nuclei were investigated using the method of the Wilson cloud chamber in a magnetic field. The 
total and differential cross sections for inelastic scattering and the summed total cross section 
for charge exchange scattering and pion absorption were determined. A comparison of the ex
perimental data obtained with the results of the cascade calculation in the carbon nucleus was 
made, and it was shown that the inelastic scattering of mesons is satisfactorily described on 
the basis of the pair collision hypothesis. It was established that only two nucleons in the nu
cleus take part actively in the absorption of ( 195 ± 15) -Mev pions; here the probability of 
meson capture by n, p pairs is 2 or 3 times greater than that of capture by pairs of like 
nucleons. 

THE experimental data relating to the inelastic 
scattering of pions with complex nuclei is in sa tis
factory agreement with the pair interaction model 
developed in the papers of Serber and Goldberger. 1•2 

Of special interest from the point of view of verify
ing this model are the processes of inelastic scat
i:ering of incident pions in their first interaction 
with the nucleons in the nucleus (called afterward 
the primary processes of inelastic scattering) in 
which the scattered pion and the recoil nucleon 
leave the nucleus without further collisions. How
ever, as a result of the fact that the majority of 
the experiments previously carried out studied the 
interaction of negative pions with heavy nuclei, the 
experimental material on the primary inelastic 
scattering processes is very scanty. 

In the present work with positive pions, thanks 
to the use of the light nuclei carbon and lithium as 
targets, such processes of the interaction were de
tected with a measurable probability, so that the 
values of the cross sections and angular distribu
tions for them could be determined. Besides this, 
observations of the positive pion capture processes 
in which fast nucleons formed left the nucleons with
out undergoing collisions made it possible to con
struct a picture of the absorption of fast pions by 
light nuclei. 

The experimental data obtained were compared 
with the results of a cascade calculated for the 
carbon nucleus which included 560 separate trials.* 

*The cascade calculation for the carbon nucleus was car
ried out by Yu. A. Budagov, V. G. Ivanov, and N. I. Petrov. 
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In that calculation the carbon nucleus was consid
ered as a degenerate Fermi gas of nucleons with a 
maximum kinetic energy E == 25 Mev contained in 
a square well potential 34 Mev deep; the well radius 
was 3.2 x 10-13 em. Pion absorption was treated 
on the basis of a quasi-deuteron model, where the 
coefficient connecting the pion capture cross sec
tion by n, p pairs in the nucleus and by free deu
terons was chosen such that the calculated inelas
tic scattering cross section was equal to the ex
perimental cross section. The value of this coef
ficient was 5. The initial energy of the pions in 
the cascade calculation was taken as 230 Mev, 
applicable to the data in the work of V. P. Dzhele
pov et al. 3 with negative pions.* 

The work was carried out on the synchrocyclo
tron of the Joint Institute for Nuclear Research by 
bombarding carbon and lithium targets set in a 
Wilson cloud chamber with ( 195 ± 15) -Mev posi
tive pions. The experimental procedure has been 
described in a separate communication,• in which 
data are given on the inelastic scattering of posi
tive pions by the same nuclei. 

RESULTS OF THE EXPERIMENT 

In the bombardment of the chamber by the pion 
beam 693 acts of an inelastic interaction with car
bon and 508 with lithium were detected. The meas-

*Although the calculated data refer to an initial meson 
energy of 230 Mev, the majority of them are reasonable for 
195-Mev mesons. In some cases, where unavoidable, the cal
culated data are related to the 195 Mev initial energy. 
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TABLE I 

I 
Sign of Energy, 

Nucleus 
I 
I pion Mev 

I 
I 

c I !()5 
Li 

I 
HJ5 

ured total cross sections are given in Table I. 
The inelastic scattering data refer to the angu

lar interval 10 -180°. The measurement errors 
include only the statistical deviation and the errors 
in separating the elastic and inelastic scattering. 

Inelastic scattering. In Figs. 1 and 2 are given 
the experimental angular distributions of inelastic 
scattering for both nuclei and also the calculated 
distribution for carbon nuclei and the angular dis
tribution for the elastic scattering of 200 Mev posi
tive pions from free protons; 5 here the two last 
distributions were normalized to the value of the 
experimental total cross section for inelastic scat
tering by a carbon nucleus. Comparing these fig
ures we see that on going over from free to bound 
nucleons a change takes place in the form of the 
angular distribution, included in the increase of 
the scattering cross section in the angular region 
near 180°. The general character of this change 
is correctly shown by the calculated distribution. 
The calculation also shows that the effect of the 
increase of the backward scattering cross section 
should become weaker in direct proportion to the 
growth of the energy (as long as the range of the 
mesons in the nuclear substance increases ) . This 
conclusion is strengthened by the experimental 
data for 250 - 270 Mev positive pions, 6 according 
to which the inelastic scattering distribution for 
carbon differs little from the corresponding elas
tic scattering from free nucleons. It must be 
noted, however, that there is no rigorous quan
titative correspondence between the experimental 
and the calculated angular distributions: in com
parison with experiment the calculation underes
timates the value of the cross sections in the large-
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FIG. 1. Angular distribu
tion of inelastic scattering of 
mesons on carbon nuclei. The 
dotted line shows the calcu
lated angular distribution for 
inelastic scattering of posi
tive pions with initial energy 
E0 = 230 Mev on carbon nu
clei; the solid line shows the 
angular distribution for the 
elastic scattering of positive 
pions with energy E = 200 
Mev from free protons. 
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FIG. 2. Angular dis
tribution for positive pion 
inelastic scattering from 
lithium nuclei. 
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and small-angle scattering regions. This circum
stance can be looked at as an indication of the dif
ference between the angular distributions for pion 
scattering from free and bound nucleons, which, 
according to the work of Watson and Zemach, 7 can 
depend on the influence of the potential that de
scribes the interaction of particles with atomic 
nuclei in the framework of the optical model on 
the pion -nucleon collision in the nucleus. 

The calculated and observed energy distribu
tions of the mesons inelastically scattered in the 
angular intervals 0 - 60° and 120 - 180° are shown 
in Figs 3 and 4. Since the average energies (see 
Table II) of the scattered particles for carbon and 

a 

0 4[} 80 120 160 [,Mev 0 40 80 120 !50 I,Mrv 

FIG. 3. Energy spectrum of positive pions inelastically 
scattered in the angular interval f\..0 = 120-180°. a- total ex
perimental spectrum. b- calculated spectrum for E0 = 230 Mev 
mesons. 
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FIG. 4. Energy spectrum of positive pions inelastically 
scattered in the angular interval f\..0 = 0-60°. a- total experi
mental spectrum. b- calculated spectrum for E0 = 230 Mev 
mesons. 
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TABLE II 

Average energy, Mev 

Nucleus 
Initial t.e = 0~60" I Lle = 12U~180° 

an~:~:on Experiment I Calculation I Experiment I Calculation 

c 
Li 

C["] 

185 (+) 
1 u;; ( -i- l 
2:30 (~) 

107 
104 
107 

lithium practically coincide, the sum of the data 
has been used in constructing the histogram. 

As can be seen from Figs 3 and 4 and Table II, 
there is satisfactory agreement between the dis
tributions and the corresponding values of the av
erage energy. This testifies that energy exchange 
from the incident pions to the nucleons in the nu
cleus proceeds essentially via quasi -elastic colli
sions with individual nuclei. Our data on the acts 
of the primary inelastic scattering of positive pions 
constitute further and more descriptive proof of 
this energy-exchange mechanism. Altogether 44 
primary inelastic scattering acts were observed, 
out of which 25 were from carbon and 19 from 
lithium. As a criterion for selection we used the 
requirement that the sum of the energies of the 
scattered pion and of the recoil proton was not 
more than 30 - 35 Mev smaller than the energy 
of the incident pion. In Figs 5, 6, and 7 the distri
butions of the indicated interaction events (cor
rected for efficiency of observation) are given by 
tneson scattering angle, by angle of separation, and 
by the difference in azimuthal angle of the scattered 
pion and the recoil proton. The corresponding cal-
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FIG. 6. Distribution of pri
mary quasi-elastic scattering 
processes by angle of separa
tion of the scattered pion and 
the recoil proton. The calcu
lated distribution is shown 
dotted. 
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FIG. 7. Distribution 
of primary quasi-elas
tic scattering process
es by difference of azi
muthal angle between 
the scattered pion and 
the recoil proton. The 
calculated distribution 
is shown dotted. 
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culated distributions are alsq given. The average 
values of the noncoplanarity of the angles, observed 
and calculated, are respectively 15° and 13°. The 
agreement between the calculation and the experi
mental data is satisfactory, considering the poor 
statistics. This shows that the collision of a pion 
with a nucleon in the nucleus proceeds in appro xi
mately the same way as with a free but moving 
nucleon. On this basis one finds, in particular, an 
explanation of the fact that the curve of the angular 
distribution for the selected primary inelastic scat
tering processes drops faster, beginning at a scat
tering angle of 180°, than the corresponding curve 
for the entire inelastic scattering. In fact, together 
with the decrease of the scattering angle, the en
ergy given to the proton and correspondingly the 
length of its path in the nuclear substance de
creases. This fact leads to a fall in the probabil
ity of the emission of a proton from the nucleus 
without collision, and so to a corresponding de
crease in the cross section for primary inelastic 
scattering processes accompanied by the emission 
of energetic protons. However, even here, as for 
the entire inelastic scattering, the experimental 
scattering cross sections diverge significantly 
from those calculated in the angular region close 
to 180° (see Fig. 5). The indicated discrepancy 
is lessened if the calculated distributions are 
corrected for the influence of the optical potential, 
using the results of reference 7. 

Table III shows the values of the calculated and 
experimental probabilities* for the selected events 
of primary inelastic scattering in relation to the 
total number of inelastic interactions and also in 
relation to the total number of inelastic scatterings. 
The satisfactory agreement between the experi
mental and calculated probabilities indicates not 
only that the hypothesis of quasi -inelastic colli
sions is useful but also that the scattering cross 
sections for pions with bound nucleons do not dif
fer greatly from the scattering cross sections for 
these particles with free nucleons. In this connec
tion it is interesting to compare the data on in
elastic scattering from carbon for positive and 

*The calculated probabilities are corrected for the stop
pings of recoil protons in the target. 
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TABLE III 
Probability, '7o 

Nucleus 

c 
Li 

In relation to the inelastic 
scattering eros s section 

Experiment 

Hi 
25 

i Calculation 

21 

! In relation to the cross section 
1 for inelastic interactions 

~~Experiment Calculation 

5,5 
7 

7,5 

--------- -------~'--~~~~~~~~~~_:_ __ 

TABLE IV 

Nucleus 
Energy in 

1
1 

Mev and 
meson sign I 

~~~- -~~-

c 
c 

2:l0 (-) 
1D5 (+) 

negative pions. A comparison of the quantity ( N2 ) 

of inelastic scattering processes accompanied by 
the emission of a recoil proton from the target 
relative to the total inelastic scatterings (N1 ) for 
the scattering angle interval 120 - 180° is given in 
Table IV.* 

Considering that the calculated ratio changes 
little in going from 230 Mev to 195 Mev, we see 
that there is good agreement between the data for 
positive and negative pions. This fact also confirms 
the qualitative agreement between the experimental 
and calculated data obtained by Fry and Takeda8•9 

for the primary quasi-elastic scattering of 220-
Mev pions by photoemulsion nuclei. For additional 
confirmation we can point out the agreement be
tween the calculated and experimental cross sec
tions for exchange scattering. The calculated ex
change scattering cross section for carbon nuclei 
is ( 15 ± 3 )%, and the experimental cross section 
for the same reaction, found for the elements con
tained in freon, 10 is ( 10 ± 3 )% for a wide range of 
energies. To these numbers can be added the ex
perimental estimate of the contribution of the ex
change scattering of 125-Mev negative pions by 
carbon nuclei, obtained by Kessler and Lederman.11 

The data on the average number of pion collisions 
in the nucleus also testify to the usefulness of the 
hypothesis that the pion scattering cross sections 
for free and bound nucleons are not greatly differ
ent from each other. According to the calculation, 
the average number of pion collisions in a carbon 
nucleus is 1.5. This means that more than half of 
the inelastically scattered pions undergo only one 

*The geometry of the experiment is the same for both 
cases, and the number of inelastic scattering processes is 
therefore given without corrections for efficiency of observa
tion. 
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collision in the nucleus. An estimate of the rela
tive contribution of single scattering in the angular 
interval 120 -180°, made for primary scattering 
acts (in which energy balance holds), is 60%. This 
obviously agrees with the calculated estimate and, 
in particular, strengthens the conclusion stated in 
reference 3 that the inelastic scattering of 230-
Mev negative pions from carbon nuclei in the an
gular interval 120 -180° proceeds predominantly 
as the result of single collisions of incident pions 
with nucleons in the nucleus. To end this section 
we indicate that the value of the momenta of the 
residual nuclei formed in the primary inelastic 
scattering of pions (determined for each process 
as the difference between the vectors of the initial 
momenta and of the total momentum of the scat
tered pion and the recoil proton) are included in 
the limits 0 to 400 Mev I c and are predominantly 
directed into the forward hemisphere. It must 
also be noted that, among all the primary inelastic 
scattering acts for pions from carbon and lithium 
nuclei, only one was found which could be interpre
ted as the direct knocking out of a deuteron by an 
incident pion. 

Absorption of Pions. In investigating the mech
anism of the absorption of pions in the low energy 
region from 0 to 60 Mev, it was found that small 
complexes of nucleons inside the nucleus, consist
ing mainly of one neutron and one proton, take part 
in the act of absorption. For example, according 
to the data of Byfield, Kessler, and Lederman12 

and Tenney and Tinlot, 13 60 - 70% of the total ab
sorption is contributed by the capture of pions by 
n, p pairs in the nucleus. Lately two papers 6•10 

appeared in which the process of pion absorption 
was studied for the energy region 80 to 300 Mev; 
however, contradictory results were obtained for 
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TABLE V 

I Number of protons, tJ.B - 0-60° Number of protons, tJ.B = 120-180° 

. I Pion 
Total I me~~~red IE> 100 Mev I 

With 

I 
Rea chon, energy Total measured £>100 Mev 

N 
14 
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FIG. 8. Distribution 
of two-pronged stars by 

• emission angle of the 
protons, for carbon nuclei. 

140 tbO J, deg. 

FIG. 9. Distribution 
of two-pronged stars by 
the difference of the 
proton azimuthal angles 
for carbon nuclei. The 
distribution for stars 
with y > 120° is shown 

21/ 40 60 80 100 !lO 140 160 tJrp, deg dotted. 

the mechanism of the capture reaction. In particu
lar, to explain the observed distribution of stars 
by number of prongs, reference 6 draws on the 
hypothesis that the nucleus as a whole took part 
in the capture of 250 - 270 Mev pions in carbon. 

In the present experiment 432 stars were de
tected in carbon and 344 stars in lithium.* As a 
basis for analysis of these data we determined 
the relative cross sections for the capture of posi
tive pions by pairs of like and unlike nucleons and 
also found the relative contribution to the absorp
tion by these particles in the first interaction with 
the nucleons in the nucleus. Table V shows the 
numbers of fast protons in the scattering angle 
interval 0 - 60° and 120 -180°, including the for
merly unpublished data from the experiments with 
negative pions. 

It is evident from this table that a sharp ani so
tropy is seen in the angular distribution of fast pro
tons, which is hard to explain from the point of 
view of the many-nucleon mechanism of pion ab
sorption. A direct qualitative estimate of the con
tribution of pion capture by n, p pairs in the nu
cleus does not agree e~ther with the supposition of 
the predominant role of the many-nucleon absorp
tion mechanism. 

When a positive pion is captured by a proton 
and neutron, producing fast protons scattered at 

*For the analysis here all observed stars are used regard
less of their distribution in the exposed region. 

I energy 

I 
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I 
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,, 
']/ 

I 
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i 

an angle close to 180°, the difference of their azi
muthal angles is also close to 180°, but the angle 
of noncoplanarity lies in a relatively narrow angu
lar interval about 0°. In Figs. 8 and 9 are given 
the distributions of the protons by scattering angle 
and by the difference in their azimuthal angles for 
97 two-pronged stars observed in carbon.* They 
show that among all the stars there are a consid
erable number (called by us, from here on, pri
mary) both of whose protons leave the nucleus 
without experiencing collisions with other nucle
ons. It can also be seen from the distributions 
that the contribution of primary stars begins at 
the angle of emission y > 120° and at the azi
muthal difference D..cp > 120°, where the average 
value of the angle of noncoplanarity is 12°. (A 
calculation taking account of the intranuclear mo
tion of nucleon pairs gives identical regions of 
the distribution for the angles indicated. ) To 
determine the true quantity of primary stars in 
the distribution of Fig. 9, all the stars with D..cp 
:::: 120° can be looked at as a background of non
primary stars which have to be subtracted from 
the number of two-pronged stars with D..cp > 120°. 
If the indicated selection rule for primary stars 
(one of whose prongs is included in the interval 
120 - 180°) t is used and the calculated probability 
of counting primary stars, the correction for stars 
with prongs below the angle considered, and the 
contribution to the stars from the pion exchange 
scattering (equal to 32, 40, and 15%, respectively) 
are taken into account, we get that 65% of all the 
carbon stars and 44% of all the lithium ones de
pend on the absorption of pions by n, p pairs in 
the nucleus. The value of the cross section ob
tained for lithium nuclei is probably underesti
mated, since for them the exchange scattering con
tribution to the stars may be greater than for car
bon nuclei because of the relative abundance of 
neutrons. Here, however, the possibility is not 
excluded that some decrease in the cross section 
for pion absorption by n, p pairs in lithium is con
nected with the increase of the relative contribu-

*The distribution is analogous for lithium nuclei. 
tThe emission angle interval 120-180° is excluded from the 

.,examination because the true proton spectrum is distorted there 
by ionization braking in the target. 
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tion of pion absorption by n, n pairs and by more 
complicated complexes of nucleons. The observa
tion of one pion capture process by a deuteron and 
a neutron in lithium serves as an indication of the 
last situation. 

We made an estimate of the contribution to me
son absorption by pairs of identical nucleons by 
comparing the energy spectra of protons in stars 
formed by positive and negative pions in carbon.* 
The observed and calculated ratios for the number 
of fast protons in stars for negative pions and the 
analogous number for positive pions is given below 
for ·the emission angle interval 0 - 60°. 

Energy of protons E, Mev >70 >100 >120 >150 

Experimental ratio, ,-. 21 25 22 19 

Calculated ratio for 100,-. 11, 12 11 5 
absorption by n, o pairs, 7o 

Calculated ratio for 7o,-. absorption 
by n, p pairs 'and 307o absorption 
by pairs of identical nucleons, 7o 29 28 27 26 

From this it is evident that pion absorption by 
pairs of identical nucleons takes place in carbon, 
but it takes place with a probability 2 - 3 times 
less than capture by pairs of unlike nucleons. It 
is obvious that the presence of a many-nucleon , 
absorption mechanism exercises an influence on 
the size of this estimate especially in the case 
when the energy realized by the capture of the 
pion is divided very unevenly between the nucleons. 
However, if this mechanism were responsible for 
30 -40% of the whole absorption, a group of very 
fast, isolated protons would appear in the energy 
spectrum: at the same time, a difference between 
the energies of the fast particles from one- and 
two-pronged stars was not observed. Besides, 
for positive pions in the emission angle interval 
120 - 180°, out of 65 protons whose momenta were 
measured, only two particles with energies greater 
than 120 Mev were found. Therefore, the contri
bution of the many-nucleon absorption mechanism 
is not great and so cannot markedly change the 
value of the estimate made. 

An answer to the question about the relative 
contribution to the positive pion scattering by the 
first interaction with nucleons was obtained from 
the data on the measured total energies of the pro
tons in the primary two-pronged stars. For ex
ample, for the carbon nucleus, out of 27 primary 
stars where the total momenta of both protons 
were measured, ten stars had a total energy of 
the protons as an average of 60 Mev less than the 
total energy of the incident pion. Keeping in mind 
that the emission of an n, p pair from a carbon 
nucleus necessarily takes up not less than 30 Mev, 

"'For negative pions we used the data we got in 1956. 

these facts must relate to the absorption of a pion 
in the first interaction. According to the calcula
tion, the relative part of the absorption coming 
from the first interaction (in which one of the 
protons falls in the interval 120 - 180°) is 50%; 
the experimental ratio, 37%, is evidently in agree
ment with it. The same result is got by compar
ing the number of energetic protons in stars (by 
experiment and by calculation) for the interval 
0 - 60°, applied to the identical number of stars. 
For example, the number of protons with energy 
E > 150 Mev, related for the greatest part to the 
first interaction, was observed to be 64 in the ex
periment, while calculated to be 80. 

CONCLUSION 

1. A comparison of the experimental data ob
tained with the results of a cascade calculation for 
the carbon nucleus shows that the inelastic scatter
ing of (195 ± 15) -Mev positive pions from carbon 
is satisfactorily explained, within the limits of ex
perimental error, by the hypothesis of pair colli
sions. This is expressed in the following: 

a) the calculation gives correctly the general 
character of the change of the angular distribution 
of the elastic scattering of pions by free nucleons 
in the transition to the inelastic scattering of these 
particles by atomic nuclei; 

b) the experimental energy distributions for in
elastic scattering and the average values of the 
energy of inelastically scattered pions is in sa tis
factory agreement with the corresponding calcu
lated data; 

c) the relative cross sections for the primary 
inelastic scatterings accompanied by fast outgoing 
recoil protons is equal to the relative cross sec
tions found in the calculations, within the limits of 
experimental error; ' 

d) the kinematics for the experimentally ob
served processes of primary inelastic scattering 
(the angular distribution, and also the distribution 
by separation angle and difference of azimuthal 
angles of the scattered mesons and recoil protons ) 
agree with the calculated kinematics for quasi
elastic pion scattering by moving nucleons. 

2. A basic mechanism of the absorption of pions 
at 195 Mev is their capture by n, p pairs of nu
cleons. For carbon, this mechanism gives a con
tribution of 60 - 70%. 

The contribution to the absorption cross section 
from meson capture by pairs of identical nucleons 
is % to 1/ 2 that from capture by pairs of unlike 
nucleons. 

3. The proportion of captures of incident pions 
in the first interaction is not less than 35 -40% 

j 
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