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FIG. 7. Dependence of optimum angle on accelerator 
parameter x.2 v 2 (n 1 + n2 = 0) for injector located be-

tween sectors, The ordinates are (2R/x.v p ) y 
2 2 0 opt. 
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accelerators. By means of this method one can 
easily compare the focusing of different types of 
accelerators and solve the problems associated 
with the achievenent of maximum efficiency of in
jection. 
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The interaction of 230-250 mev negative pions with carbon and lead nuclei was investi
gated by the method of the Wilson chamber in a magnetic field, The total and differential 
cross sections f_or both elastic and inelastic scattering were determined, as well as the 
total cross section for all the inelastic scattering processes. Within the experimental 
errors, the elastic scattering is in agreement with the diffraction pattern of an opaque 
nucle_us. The ~nergy spectrum of the scattered pions shows that the major part of the in
elastic scattenng between 60 ° and 180 ° is due to the collisions ofthe incoming pions 
with single nucleons in the nucleus. 

T HE most complete data on the different inter
action processes of pions with complex nu

clei have been obtained in experiments with thick 
layer photo-emulsions and Wilson chambers. Most 
data correspond to an energy range from 30 to 150 
mev; there have been only a few experiments done 
for nuclei in emulsion 1- 3 at higher energies, and a 

single experiment for the helium nucleus 4 at high
er energy. 

The present work has been carried out on the 
synchrocyclotron of the Institute of Nuclear Prob
lems of the USSR Academy of Sciences. The inter-
action of 230-250 mev pions with carbon and lead 
nuclei was investigated by the method of a Wilson 
chamber in a magnetic field. 

864 

EXPERIMENTAL ARRANGEMENT AND METHOD 
OF PROCESSING THE PHOTOGRAPHS* 

The experimental arrangement is shown schem
atically on Fig. l. The source of negative pions 
was a graphite target placed inside the accelera
tor in the circulating beam of 670 mev protons. 
The 230-250 mev pions ejected from the target in 
the focward direction were directed by a four meter 
collimator and by a deflecting magnet on the 
Wilson chamber; the Wilson chamber had a diameter 
of 400 mm and was placed behind a concrete 

* Adetailed description of the experimental arrangement 
is given in Ref, 5. 
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shield.** The sample plate was placed in the 
center of the chamber, at an angle of 90 ° with the 
incoming pion beam. In the case of graphite, the 
thickness of the plate was 4.29 gm/cm 2 , in the 
case of lead it was 4.6 gm/cm 2 • 

The chamber was placed in the 104 uniform mag-
metic field produced by the electromagnet-solenoid. 

The amount of non-uniform field did not exceed 3%. 
The chamber was synchronized with the acclerator 
in the so-called "single-hurst" state. During the 
working cycle of the chamber, which lasted for 
1.5 min, the accelerator emitted only a single 
hurst at the moment when the widening was con
cluded in the chamber. The magnetic field was 
increased to its nominal value only forthe time 
necessary for the action ofthe chamber. 

The ~otograph ofthe tracks was taken by a 
stereocamara from a distance of 1,000 mm on a nega
tive panchromatic film of 800-1,000 GOST units. 
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The stereocamera had a base of 120 mm and a dia
meter of 24 mm. The photographs were processed 
on a reprojector and a stereocomparator designed 
for the stereoc amera used. 

In the computing of the total flux of impinging 
pions, only such tracks were taken into account 
a) which intersected the plate at a point not less 
than 10 mm away from its edges, b) which entered 
the plate at an angle of 90 ± 10°, and c) which 
were bright enough to enable one to measure them 
on a projector and on the stcreocomparator. 
All the tracks chosen according to the above cri
teria were subjected to the following measurements: 
measurement of the magnetic curvature, and measure
ment of the height-with respect to a small rod in 
the plate- and of the coordinates of the point in 
the plate where a nuclear interaction took 
place. In the case of nuclear interactions, the 
curvatures and the emission angles of the scattered 

FIG. l. Experimental arrangement: ]-circulating proton beam; 
2-target; 3-rr--meson beam; 4-target; 5-Wilson chamber· 
6-deflecting magnet; 7-shield; 8-magnet.sollenoid; 9-s~intil
lators; 10-sollenoid coil. 

pions and secondary particles were also measured. 
The average error in the angular measurements was 
1-2 °. The error in the measurement of the radius 
of curvature of the incoming pions (taking into 
account the curvature due to multiple Coulomb 
scattering of the particles in the chamber gas and 
to the motion of the gas) was of 6-7%. The usual 
classification of nuclear interactions was used: 
star (stop), elastic scatter.ing, inelastic scattering 
and radiative absorption (exchange scattering). 
The cases of elastic and inelastic scattering were 
differentiated according to the magnitude of the 
energy release: if the energy release in the scat
tering was less than 45 mev, the scattering was 
considered elastic; if the energy release in the scat
tering was greater or equal to 45 mev. the scatter-
ing was considered inelastic. The magnitude of this 

**The number of p.-mesons and electrons mixed to the 
beam was 12.5 ± 3% of the total number of particles. 

limiting release was determined by the average 
error in the determination of the meson energy dif
ference before and after scattering. 

Geometry corrections were made on all the mea-
surements of elastic and inelastic scattering. The 
scanning of the photoplates, the measurements of 
the tracks and the identification of the nuclear in
teraction events were performed independently by 
two observers. The value of the total flux of par
ticles impinging on the plate was obtained by 
taking the average of the results ofthe two inde
pendent calculations. In the calculation of the 
cross sections, the errors on the determination of 
the total meson flux and on the differentiation be
tween cases of elastic and inelastic scattering were 
taken into account, in addition to the statistical 

deviations. 
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EXPERIMENTAL RESULTS 

During the exposure time of the camera to the 
negative pion beam, a total of 6,000 photographs 

were taken; they recorded 760 events of pion in
teraction with carbon and 629 events of interaction 
with lead. A few examples of nuclear interactions 
are given in Figs. 2 and 3. 

FIG. 2. Elastic scattering of the 77--meson: a-inci
dent 77--meson, b-scattered 77--meson; 2-star: c-inci
dent 77-meson, d-proton 

FIG. 3. Inelastic scattering of the 17-meson: a-inci
dent 17--meson; b-scattered 17--meson. 

The analysis of these data gives, for carbon 
and lead nuclei, a) the total and differential cross 
sections for elastic scattering at angles between 
lO and 180° ; h) the total and differential cross 
sections for inelastic scattering; c) the total 
cross section for all the inelastic interaction pro
cesses. All the measured cross sections for car
bon nuclei refer to the energy of 230 ± 30 mev; for 
lead nuclei- to the energy of 250 ± 30 mev. 

A. ELASTIC SCATTERING 

Under the conditions of the present experiment, 

the elastic scattering of pions by C and Ph nuclei 
at small angles is determined mainly by the multi
ple and single Coulomb scattering; it is only for 
angles greater than 10-15 ° that the scattering 
has practically a nuclear character. The total 
elastic scattering of pions by C and Ph nuclei 
measured in the indicated angular interval (from 
10 to 180 ° ) is given in Tahel I. 

The measured angular distribution for elastic 
scattering is shown in Fig. 4. For the carbon nu
clei, the graph also shows a plot of the angular dis
tribution computed for the optical model with a uni
form distribution of the nuclear matter inside a 
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TABLE I. l 

Total cross section (in units of 10"27cm2) 

El•o<i< ~ Io o1 ••<i< ~ Stars ~otal inelas-1 . 
lement sc atterin~ c attering and 

tic interaction Geometric 

at e > 10 M .z 45 mev Stops tross" sectio4 cross section 
E 

c 200 + 32 90 + 15 217 + 26 307 + 37 325 
Pb 329 +53 555 :± 83 1600 + 160 2153 :± 194 2150 

sphere of radius R"" 1.4A1/3 x 1013 ""3.2 x 10· 13 
em and with the following values of the coefficient 

K of pion absorption in the matter and of the real 
part of the potential: 

Curve K (in units of lQ-13 em) V (in mev} 

A 00 

B 0.79 
c 0.79 

In the cases B and C, the value of the absorption 
coefficient is detemtined (as in Ref. 6) from the 
value ofthe total cross section for 230 mev pion 
interaction with free neutrons and protons, accord
ing to the formula K"" 1/2 (a71,p +a71 ,n) A /4/3TTR 3, 

where R is the radius of the carbon nucleus. The 
comparison of the experimental and theoreticaldis
tribution shows that the in elastic scattering of 
230 mev pions by carbon nuclei is described satis
factorily by the optical model. However, the ex
perimental cross sections are determined with a 
large error and the shape of the angular distribu
tion for a large pion absorption in the nucleus de
pends only weakly on the magnitude ofthe real part 
of the complex potential, and the experimental data 
fit the diffraction scattering by an opaque nucleus 
as well as the elastic scattering described by the 
curves B and C. 

The total cross section at the angles e > 10° is 
equal to 219 x 10-27 cm2 and to 193 x 10-27 cm2 
for the cases B and C, respectively. The total 
inelastic cross section is 300 x 10-27 cm2 in these 
cases. 

As Table I shows, the experimental total cross 
sections are in agreement with the total cross sec
tions computed for the optical model. It can be 
concluded that, for an absorption coefficient 
K ""0.79 x 10 13 cm" 1 , the real part of the complex 
potential is hound by the limits 0 and 30-40 mev. 

B. INELASTIC SCATTEIDNG 

The experimental data on inelastic scattering are 
obtained in the entire interval of scattering angles, 

0 
+323 

0 

excluding the range from 0 to 10° for lead, in 
which region the inelastic scattering cases cannot 
be identified reliably because of the large number 
of single electrons. The total experimental cross 
sections for inelastic scattering are listed in 
Tabel I, and the angular distributions of inelastic 
scattering are plotted on Fig. 5. The anisotropy of 
the scattering with a prevailing forward and back
ward peaking is a characteristic property of these 
angular distributions; the same is also observed in 
the scattering of pions by free nucleons at the same 
energy. 

The authors of a series of papers 1-4 • 7-11 con
clude (from the measured energy release in inelastic 
scattering, and from the investigations of the ener
getic dependence of the total cross section for pion 
nucleus interaction)-that the interaction of pions 
with complex nuclei is a result of their quasi
elastic scattering by single nucleons in the nucleus. 
The data from the present work confirm this con
clusion. 

As Fig. 6 shows, the mean energy loss of pions 
in inelastic scatterings by carbon and lead nuclei 
are 135 and 150 mev respectively, which is 60% of 
the original pion energy. Such large values for the 
energy transferred in inelastic scattering cannot he 
explained on the basis of a mechanism where pions 
transfer energy to several nucleons in a single 
collision event. Another experimental fact- the 
equality of the mean energy of pions scattered inc 
elastically by carbon and lead nuclei, which nuclei 

*This value is equal to the one computed6 from the 
scattering amplitudes in the forward direction of 230 mev 
pions by lree nucleons. 



868 DZHELEPOV, IVANOV, AND KOZODAEV 

differ in size-forces the assumption that the ob
served inelastic scatterins is, apparently, the re
sult of a small number of pion collisions with single 
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nucleons in the nucleus. This assumption is con
firmed by the existence of a correlation between the 
scattering angle and the energy release, in the 
scattering angle range between 60 and 180 °. 

...__c.-===~=----"'- Co. '-
/)0 120 !JOO~ 

FIG. 4a. Angular distribution of the cross section for 17--meson elastic 
scattering by carbon nuclei; ~-elastic scattering of 125 mev 17--mesons 
according to Ref. 2. 

Table II shows the ratio of the calculated energy 
release (for a single pion scattering by a free 
nucleon, averaged over three angular intervals) to 
the observed energy release. It can be seen from 
the Table that, in the cases of carbon and lead, 
these ratios for the angular intervals of 120-180 ° 
and 60-120° are close to unity and are 3 to 4 times 
larger than the corresponding ratio for the angular 
interval of 0 to 60 °. Such a large difference cannot 
be explained by the experimental errors and by the 
unsufficient statistics of the number of cases of 

pion inelastic scatterings used in the determina
tion of these ratios. On the other hand, the men
tioned ratios could not have been substantially 
overestimated because, in their calculation, the 
relatively small contribution of such scattering 
cases in which the slowly scattering mesons were 
stopped in the plate due to ionization were not 
taken into account.* 

*It was found in Ref. 3-which reports on the interaction 
of 210 mev pions with nuclei in emulsion-that the rela
tive number of scattered pions with energies between 
0 and 40 mev is 6%. 
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TABLE II. 
Ratio of 

IT-meson Angular in- calculated t Number of 
to observed! Element energy terv al, in scattering 

mev degrees energy re- events 
leases 

0-60 23 20 
c 230 60-120 77 14 

120-180 99 35 

0-60 22 16 
Pb 250 60-120 85 10 

120-180 87 28 

0-60 61* 37 
Emulsion 500 60-120 63 42 

nuclei 120-180 - -

*The data for the emulsion nuclei is taken from Ref. L 

The mean free path of pions with a mean energy 
of 230-250 mev for interaction with nuclear matter 
being of 1.2 x 10-13 em, the nucleons mostly 
responsible for the inelastic scattering of pions are 
in the surface layer of the nucleus. This conclu
sion is confirmed by the proportionality between 
the experimental inelastic scattering total cross 
sections and the geometrical nuclear cross sec
rions (cf. Table I, columns 3 and 6, and Table III). 

TABLE III. 

I Ratio oftotal inelastic 
Element Meson energy scattering cross section to 

c 
Emulsion 

nuclei 

mev geometric cross section, in% 

230 
250 
210 

30 
26 

25-31* 

*The data is tak-en from Ref. 3 

It should be noted that this agreement between 
the cross sections for C and Ph nuclei improves 
if one computes the data relative to the scattering 
angles interval between 60 and 180°. It is easy 
to understand that such a picture for the inelastic 
scattering of pions by complex nuclei will be ob
served only for the energy range for which the 
pion mean free path for the second collision inside 
the nucleus is considerably larger than the mean 
free path for the first collision, i.e, for the energy 
range corresponding to the position of the maximum 
of the curve of the cross section of pions by free 
nucleons vs. energy. Indeed, (see Table II), the 

ratios of calculated to measured energy releases 
for all three angular intervals are already equal. 
when pions have an energy of 500 mev. 

The observed angular distribution of inelastically 
scattered pions are apparently conditioned by two 
facts: the shape of the angular distribution of pions 
scattered by free nucleons and by the character of 
the absorption process of pions by the nuclear mat
ter. In particular, it follows from the experimental 
data that about 70-75% of the pions scattered in 
the backward hemisphere in the first collision are 
absorbed by the nuclear nucleons. The absorption 
probability will apparently rise with the distance 
between the collision point and the nuclear sur
face. As it has been shown 8 , this distance in
creases on the average, as the trajectory of the 
scattered pions deflects form the backward direction. 
Therefore, the observed decrease of the cross sec
tion in the angular interval between 180 and 90 ° 
can be explained qualitatively by the following two 
reasons: decrease of the pion scattering by nu
cleons as the scattering angle is changed from 
180 to 90° and increase of the pion absorption 
effect after the first collision, for this scattering 
angle range. 

C. TOTAL CROSS SECTION FOR INELASTIC IN
TERACTION PROCESSES 

The main process of 230-250 mev inelastic in
teraction with complex nuclei is the absorption 
process, which finally leads to star formatwn 
(and stops). For carbon nuclei, the ratio between 
the number of stars and the number of stops (cor
rected for ionization absorption of protons in the 
plate) is one t.o one. If one assumes that the ob
served stops correspond to events of pion absorp
tion by (p-n) pairs and if one takes into consider-
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ation that the number of stops decreases because 
of nucleon cascades from pion-nucleon collisions 
prior to the absorption and from pion capture, than 
one can conclude that the mentioned ratio is not in 
disagreement with the assumption that such a 

116/11 !2·!tl~~-lc!TI6putl-1 

f!/10 

18(}0 

/llfJO 

.'ZOO 

t(JO(J 

!flU 

.J ,,.,T 
I 

2fUl 

I ..l+ T 
l +T 6 

I f\ b-mf= 

JU 80 li(J 

mechanism i~ predominantly responsible for pion 
absorption by nuclear matter at 230-250 mev, as 
well as at lower energies. The total cross sec
tions for all inelastic interaction processes of 
pions with C and Ph nuclei (cf. Table I) are, within 

120 150 f!QIJ" 

FIG. 4b. Angular distribution of the cross section for 77--meson elastic 
scattering by lead nuclei, ~-elastic scattering of 225 mev 77--mesons ac
cording to Ref. 2. 

experimental errors, equal to the geometrical nu
clear cross sections and the cross sections 7 for 

125 mev pions. This is in agreement with the data 
from Ref. 9 and 12; it is shown in these papers 
that the total cross section for inelastic interaction 
of pions with complex nuclei does not practically 
change with energy in the energy range from 100 
to 240 mev. 

CONCLUSION 

The investigation of the different interaction 
processes of 230-250 mev negative pions with 
carbon and lead nuclei gave the following results: 

I. The observed distributions and tc.tal elastic 

cross sections for pions at () > 10° as well as the 
total inelastic interaction cross section can be 
described on the basis of an optical model for the 
interaction of pions with complex nuclei. For 
an absorption coefficient K = 0.79 x 10 13 cm· 1 , 
the real part of the complex potential is bound by 
the limits 0 and 30-40 mev. 

2. The inelastic scattering in the scattering 
angle interval between 10 and 180° is mostly 
produced as a result of single collisions between 
the impinging pions with single nuclear nucleons. 
One can think that the situation can be taken ad
vantage of in the future for the investigation of 
the momentum distribution of the nuclear nucleons. 

3. The pion absorption in the nuclear matter is 
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FIG. 5 (a,b). rr-meson inelastic scattering angular 
distribution: a--by carbon nuclei, b-by lead nuclei. 
Dot.ted line-angular distribution of the rr+-meson -proton 
elastic scattering at 240 mev; ~-inelastic rr--meson scat
tering at 125 mev.2 

apparently primarily due tp their capture by p-n 
pairs of nuclear nucleons (as in the case of lower 
energy). 

5. The total pion cross sections for inelastic 
interaction processes are equal to the geometric 
cross sections. 

The authors express their gratitude to Iu. A. 
Budagov for his help in the data processing and to 
L. A. Kuliuna, I. V. Popova and G. N. Tertukova 
who took part in some of the calulations. 
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Meson production by cosmic ray particles with energy 5-50 bev was investigated in a. 
cloud chamber containing a 9.8 gm/cm2 Be plate under conditions closely approximating 
nucleon-nucleon interaction. Eleven interactions involving formation of four or more 
secondary charged particles are analyzed in detail. The angular distribution of pions and 
nucleons in the center-of-mass system of the two colliding nucleons was obtained, as well 
as the energy distribution of the energy of the primary particle among the various secondary 
particles. 

T Hi<; character of nucleon-nucieon interactions 
can be conveniently studied today up to ener

gies "-' 5 bev 1 by means of artificially accelerated 
particles. For the study of the interaction at higher 
eoorgies, we must make use of cosmic ray particles. 
Here, however, the situation is complicated by the 
low intensity of cosmic radiation and by indefinite
ness in the energy determination. The low intensity 
does not permit us to obtain direct evidence on 
nucleon-nucleon interaction by irradiating hydrogen 
with cosmic ray particles. The analysis of large 
experimental material, obtained in the irradiation of 
nuclei of heavy atoms (photoplates) by cosmic rays, 
can give only indirect evidence on the nucleon-nu
cleon interactions of high energy. 

l. APPARATUS 

The purpose of our research was the investigation 
of meson generation by cosmic ray particles with 
energies in excess of 5 bev under conditions that 
are close to nucleon-nucleon collisions. We used a 
Wilson cloud chamber, which contained a plate of 
Be of thickness 9.8 gm/cm 2 (for 100 hours of the 
research, a graphite plate was used inside the cham
ber in place of the beryllium). The Wilson chamber, 
of dirureter 30 em and depth of irradiated region 8 em, 
was placed in the magnetic field of an electromag

net of average magnetic field 8500 Oe. Control of 
the chamber was maintained by a system of counters 
located as shown in Fig. l. Coincidence discharges 
were recorded in the counters of groups 1,2,3 (com
bined in parallel) and in any two counters of the 
groups 4 and 5 in the absence of discharges in the 
counters of group A. A lead filter was placed over 
the entire apparatus, to diminish the background of 

ll 
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FIG. 1. Experimental scheme: ph-photographic 
apparatus; W-Wilson chamber. 

the electron component. The work was carried out 
at an altitude of 3860 m above sea level (Pamir 
Scientific Station). The total research time with the 
apparatus, after deduction of the dead time of the 
chamlier (2 min) was equal to 950 hours. In this 
time about 5300 photographs were obtained. 

In 31 photographs there were electron-nuclear 
showers of four and more particles, formed in Be or 
C inside the chamber. Showers with a smaller num
ber of particles (2,3 secondary particles) were ob-
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