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A star of the 5 + 21 p type produced by a primary particle of"" 1012 ev was investigated. The 
measured angular distribution of the secondary shower particles exhibits two maxima. The 
event was interpreted as a peripheral collision of two nucleons. The ratio of the number of 
neutral 1r mesons to the total number of charged shower particles was found to be of the 
order of 0.4. A secondary interaction of the 0 + 6p type, which is probably due to a single 
1r-N collision in a peripheral collision of nucleons, was detected. 

A star of the 5 + 21 p type has been found in a N - N collision 
stack of Ilford G-5 nuclear emulsions, irradiated Method 1 lc = 20.1; E0 = 7.5x1011 ev 

in Italy at an altitude of 25- 30 km. The particles Method 2 lc = 21.0 2:g ; E0 = (8.3 :!::~:~)x 10'' ev 

of the narrow cone are contained within a half­
angle of 0.017 radians, while the half-angle of the 
wide cone is equal to 0. 62 radians. 

1. DETERMINATION OF THE PRIMARY PAR­
TICLE ENERGY. ANGULAR DISTRIBUTION 
OF SHOWER PARTICLES. 

The angles were measured using a MBI-8M 
microscope with total magnification of 1800 x. 
Angles smaller than 2° were measured by the 
coordinate method1 while a goniometer was used 
for larger ones. One of the particles, apparently 
belonging to the shower, was emitted backwards 
in the laboratory system (very unfortunate geom­
etry ). In the following discussion, this particle 
has not been taken into account. 

The energy of the primary particle E 0 was de­
termined, first assuming a nucleon-nucleon, then 
a tunnel-effect interaction. Under the first assump­
tion, the energy was determined by two methods: 
1) the half-angle method2 and 2) the Castagnoli 
method. 3 The following results were obtained: 
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Tunnel-effect collision (l =3.3) 

F0 = (1.82:~:~)x1012 ev. 

In the above, Yc is the Lorentz factor of the 
center-of-mass system of the colliding nucleons 
with respect to the laboratory system (l.s.), and 
l is the length of the nuclear tunnel (in terms of 
the number of nucleons ) . 

The histogram of the differential angular distri­
bution in the l.s. is shown in Fig. 1. The figure 
also shows the Landau curve4 (curve 1) for a sym­
metrical distribution in c.m.s., the Heisenberg 
curves5 for an isotropic (curve 2) and anisotropic 
(curve 3) distribution in c.m.s. for a head-on N-N 
collision, and the Landau curve for a tunnel-effect 
collision (curve 4). The probability that the shower 
is symmetric was determined by the x2 method. 
It has been found that P ( x2 ) = 92%. The probabil­
ity of a good fit between the histogram of the ex­
perimental distribution and the Landau distribution 
amounts to 1%; with a Heisenberg distribution (as­
suming an anisotropic distribution) it amounts to 
2%. From the theories of Landau and Heisenberg, 
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FIG. 1. Histogram of the differential angular distribution in 
the laboratory system. 

one expects the maximum number of particles in 
the angle range of 1-9° in the l.s. for the investi­
gated event. The distribution obtained indicates, 
however, a marked deficiency of particles in this 
range, which in c.m.s. corresponds to the vicinity 
of the angle 1r/2. 

According to Lindern, 6 in the coordinate system 

X =log(jc tan 9), y = dN / dlog{jc tan 9) 

( (J represents the angles in l.s.) the differential 
angular distribution can be approximated by a 
Gaussian curve with u = 0.36 for an isotropic and 
u = 0. 70 for an anisotropic Heisenberg distribution. 
The angular distribution of the event investigated 
is shown in such coordinates in Fig. 2. The curve 
represents a Gaussian curve corresponding to the 
experimental data for u = 0. 9. As could be expected 
from the angular distribution in the l.s., the distri­
bution is characterized by the presence of two max­
ima. A similar angular distribution is expected for 
a peripheral collision of two nucleons in the case 
where they are similarly excited7•8 (a double 1r-N 
collision). 
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FIG. 2. Differen­
tial angular distribu­
tion in the c.m.s. 

From the energy conservation law, one can de­
termine the Lorentz y factor of the excited nucle­
ons in the c.m.s. 

(1) 

where E0 is the nucleon energy in the c.m.s., E* 
= 2 .../ e:E0 is the energy of the excited nucleon in its 

proper system, and e: is the 1r -meson energy. For 
an average value € = 0.5~Yc• we have y = 1.8. If 
the excitation energy E* is lmown (in our case, it 
is equal to 11.5 M, where M is the rest mass of 
the nucleon ) , one can determine the expected num­
her of shower particles n9 and the number of par­
ticles n6 emitted by each of the ·excited nucleons. 9 

It was found that n5 = n6 = 7. 
To compare the theories with experiment, n8, 

n6, and y have also been determined from an 
analysis of the experimental data. For a first ap­
proximation, the symmetry between the two nucle­
ons in the c.m.s. makes it possible to put n8 = ng. 
However, for a small number of secondary particles, 
large fluctuations may be expected, and thus the 
values of n5 and n6 have been estimated by plot­
ting the integral distribution curve in the c.m.s. 
( see Fig. 3. The quantity F indicated in the 
figure represents the ratio of the particles with 
angles smaller than e to the total number of sec­
ondary shower particles.) From this curve, the 
values n8 = 9 and n8 = 11 have been obtained. 
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FIG. 3. Integral angular distribution in the c.m.s. 

The straight lines 1 and 2 in Fig. 3 correspond to 
isotropic and anisotropic distributions. It can be 
seen that the angular distribution in the event in­
vestigated cannot be approximated by any straight 
line, which again indicates a deficiency of particles 
near the anglE' 1r/2. 

For a determination of y, measurements were 
made separately for the particles n8 and n6. It 
was found that 

(2) 

where Y1 and y 2 are the Lorentz factors in l.s. of 
the first and second excited nuclei respectively, de­
termined according to reference 3. 

The integral angular distribution of shower par­
ticles is shown in Fig. 4 separately for each emit­
ting nucleon. The experimental points lie on a 
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FIG. 4. Integral angular distribution of particles emitted: 
a - by the first nucleon, b - by the second nucleon. 

straight line with slope equal to two, corresponding 
to an isotropical distribution. 

2. THE SOFT COMPONENT 

For a study of the soft components accompany­
ing the shower, the cone with an opening angle of 
0.06 rad was scanned for about 4 em from the 
shower origin. Ten pairs have been detected. The 
criterion established in reference 10 was used for 
distinguishing the "associated" and bremsstrahlung 
pairs. According to this criterion, four "associ­
ated" pairs have been detected. The energy of 
these pairs was determined from the opening angle 
according to reference 11: 

(3) 

where 9 is the pair opening angle and mc2 is the 
rest energy of the electron. For two pairs, it was 
also possible to determine the energy from the rela­
tive scattering (see Table). 

Distance 
from the 
star X, I' 

319 

5803 

5929 

38203 

I 
. I Pair energy 1 I 

Pau energy from the rel-1 
fro~ the I ative scat- 'I E17 o from E~t. 1 Err" from Ea 

operung an- \ t . E Bev , Bev 
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2.2:!::6:~ i 

2.2:!::Lr 

1.1:!::b:~ 
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11.6±1.5 
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For a known number of electron-positron pairs, 
one can determine the expected numbers of 1r0 me­
sons .10 ( For 1r0 mesons in the energy under con­
sideration, the decay mean free path is p = 33 J.L.) 
The value N ( 1r0 ) = 3 (for the narrow cone ) has 
been obtained, which yields a value of the order of 
0 .4 for the ratio of the number of neutral 1T mesons 
to the total number of charged particles in thenar­
row cone. 

The resulting mean energy of 1r0 mesons of the 
narrow cone is 

Erc'= (7.3 ~~:~) Bev- by the opening-angle method 

£,,=(7.3 ± l.O)Bev-bythe relative scattering method. 

The energies of six particles in the narrow cone 
were als6 determined by the relative-scattering 
method. The average was "' 4 Bev. This value is 
of the same order of magnitude as the 1r0 -meson 
energy. However, for the transverse momentum, 
p 1• one obtains a considerably lower value as com­
pared with the one generally accepted. The disa­
greement is possibly due to errors in the measure­
ment of secondary-particle energy in connection 
with the unfortunate geometry. 

3. THE SECONDARY INTERACTION 

In the scanning, a secondary interaction of the 
type 0 + 6 p was found at a distance of 3.5 em from 
the first star. This interaction was produced by 
one of the particles of the narrow cone. The event 
is characterized by a narrow particle jet with a 

. half-angle of two degrees. Strong collimation of 
the jet particles and their small number indicates 
the possibility of interpreting this case as a periph­
eral collision of two nucleons, in which only the in­
cident nucleon was excited (a single 1r-N collision).8 

Since, in such a collision, the shower-particle 
distribution will be symmetrical not in c.m.s. but 
in the system of the excited nucleons, the angular 
distribution in the l.s. yields not Yc but y', which 
is the Lorentz factor of the excited nucleons in the 
l.s. We have found that 

1' = 19.7 ~~:~ by the Castagnoli method 

In order to determine the energy of the primary 
nucleon in the l.s., it is necessary to find E*, the 
excitation energy of the nucleon in its own system. 
E* can be determined from curves presented in 
reference 9 for a known number of shower par­
ticles emitted by the excited nucleon. The excita­
tion energy determined in such a way is equal to 
E* = 8 M. The energy in the l.s. is 

£ 0 = 1' E* = ( 1.7 =~:~) . 1011 ev. 

To strengthen the validity of the above interpre­
tation, the event was tested for a possible N-N col­
lision. For this purpose, assuming the p 1 of the 
particle that produced the secondary star to be 
equal to the generally accepted average value of 
0.5 Bev/c, its energy in the l.s. was estimated, 
and it was found that Eo"' 1011 ev. This energy 
value leads to Yc "' 7. This is in sharp disagree­
ment with the value y c "' 20 determined from the 
angular distribution of shower particles in the l.s., 
which should not occur in a head-on N-N 
collision. 
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4. DISCUSSION OF EXPERIMENTAL RESULTS 

The investigated event has been analyzed assum­
ing a head-on collision of two nucleons and a colli­
sion of a nucleon with a tunnel of nuclear matter. 
However, the angular distribution obtained strongly 
contradicts the predictions of the theories of Lan­
dau and Heisenberg for such collisions. A similar 
angular distribution with two maxima can be ex­
pected in a peripheral collision of two nucleons 
where both nucleons are excited. In addition, since 
the probability of a symmetrical distribution for 
the investigated shower P ( x2·) = 92%, one should 
assume that they have an equal degree of excitation. 
An estimate of the energy of the primary particle 
by methods presented in references 2 and 3 re­
mains valid, as these methods are correct for all 
symmetrical stars. 

The angular distribution constructed separately 
for the particles emitted by each excited nucleon 
is almost isotropic, which, in the energy range 
under consideration, does not contradict the data 
presented in the literature12 - 14 or the analysis 
carried out above. 

The large number of heavily ionizing tracks Nh 
can be explained by a mechanism similar to that 
described in reference 15, namely by an excitation 
of a nucleus in the interaction of any 1r meson of 
the incident nucleon with the nuclear matter in the 
tunnel (which is possible for b ,..., ti/ J.LC). To this 
assumed interaction, one can also ascribe the 
2-3 particles having the largest angles in the l.s. 
The symmetry of the shower then becomes more 
complete. 

The experimental values ns and n~, within 
the limits of possible fluctuations, do not contra­
dict the theoretical predictions, nor are the latter 
contradicted by the experimental value of y. 

Thus, the investigated event can be interpreted 

as a peripheral collision of a nucleon with ape­
ripheric nucleon of the emulsion nucleus. 

The secondary interaction in all probability 
represents a single 1r-N collision in a peripheral 
collision of two nucleons. 

The authors are deeply indebted to D. S. Cher­
navski1 for discussion of the results and helpful 
advice. 
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