
AIR SHOWERS PRODUCED BY PRIMARY COSMIC RAYS 

that the expected change in the spatial distribution 
function is not observed experimentally.** 

The experimental results obtained can Le explained 
under the assumption of the rcesence of a single, 
energetically distinct nuclear-active particle in the 
core of the extensive air shower having a primary 
energy less than 1015 ev. This particle produces 
then the high-energy electron-photon component in 
the depth of the atmosphere. 6 

This conclusion can be illustrated by the com-
parison of our results on the spatial distribution 
with the angular distribution of particles in the 
nucleon-nucleon interaction processes observed in 
photographic emulsions. Under the assumption 
that the extensive air showers, recorded by us, 
which are produced by primary nucleons of 1.2 
x 1013 ev, are formed at"-' 15 km, it follows from 
the experimentally observed spatial distribution 
that the greater part of the energy released in the 
primary interaction is carried away by particles 
within a solid angle equal to "-' 10-4 sterad.. In 
Ref. 7, only one particle \Yas found within the 
angle of w- 4 sterad in a nucleon-nucleon interac­
tion at "-' 1013 ev primary energy, the single parti-
cle evidently carrying away the greater part of 

**The tendencY. of the spectral distribution function 
for showers of 1015 ev to be steeper, which may possibly 
be connected with the change of the nature of the pri­
mary nuclear interaction process for particles of 10 15 
ev5 needs an additional investigation, 

the energy of the primary particle. 
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We present experimental material from an investigation of nuclear disintegrations pro­
duced in photographic emulsion by 660 mev protons. The general features of the disin­
tegration, the magnitude of the cross section for inelastic processes, and the distribu­
tions in energy and angle of secondary protons and alpha particles are presented. The 
yield of charged 77-mesons per disintegration is obtained, and an approximate value is 
suggested for the lower limit of the cross section for emission of two charged 77-mesons 
in a disintegration. 

A T the present time therehas been accumulated a 
large amount of experimental n,aterial from in­

vestigation of nuclear disintegrations occurring 
through the action of particles with energies of some 
hundreds of n,ev. 

8xperime nts on stars in photograp hie emulsion, 
radiochen1ical investigations of reaction products, 
and experiments on scattering and absorption of 

particles have enabled us to establish the quanti­
tative features of some aspects of the process of in-
teraction of high energy particles with nuclei, and 
to compare the experimental data with various pic­
tures of the nuclear model and the mechanism of in­
teraction. However, a detailed analysis of the ex­
perimental data is made difficult by the greatvariety 
of the processes which occur, and also by the lack 
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802 E. L. GRIGOR'EV AND L. P. SOLOV'EVA 

of a complete theory of the nucleus and of nuclear 
interactions. Despite this situation, any new 
factual material makes a definite contribution to 
the program of studying the properties of nuclear 
matter, especially if the experimental conditions un­
der which it was obtained extend the scope of pre­
vious investigations. This situation has prompted 

TABLE I 

Number of prongs 2. 3 4 

I 
I 

All stars, % 8 17 22 
Stars with black 

I 
tracks, % 21 

I 
24 21 

DISTRI'I.lUTJON OF STARS ACCORDING TO NUM­
BER OF PRONGS 

5 

18 

1:) 

The distribution of stars according to number of 
prongs, as measured in electron-sensitive plates, 
is given in Table I. The distribution confirms the 
familiar fact that the average number of prongs 
per star changes very little with the energy of the 
incident particle; with increasing energy, the num­

ber of many-pronged stars increases somewhat. 
Tbe tracks of fast particles, mainly protons, 

with energy greater than 50 mev are usually called 
grey tracks; these tracks are produced by protons 
knocked out of nuclei by the primary particle. 
The average number of such tracks per disintegra­
tion is 0.98 ± 0.20. The frequency of occurrence of 
such tracks is shown in Table II. 

The grey tracks are highly collirr,ated along the 
direction of the incident protons (Figure l), with a 
half-width in angle of about 20 °. ~arlier we 
found 1 that the average number of prongs in distri­
butions from 460 mev protons was 4.2. The close­
ness of the numbers of prongs in disintegrations 
produced by protons with such different energies 
is a reflection of the fact that the nuclear excita­
tion changes very little with increasing energy of 
the primary particle. This is also evidence of the 
fact that the major part of tbe energy imparted to 
the nucleus by the particle is carried off in the 
primary interaction. 

CROSS SECTION FOR INELASTIC INTERACTIONS 

A count of cases of interactions of protons with 
nuclei was made by scanning along the tracks of 

6 

us to carry out some nJeasurements on disintegrations 
produced in photographic emulsion by 660 nJev 
protons. The fundamental questions which were in­
vestigated were the general features of the disin­
tegration, the interaction cross section, and the 
distribution in angle and energy of charged parti-
cles in disintegrations. 

7 8 (l 10 11 12 

Total Aver 
I 

number~ numb 
of of 

stars pron 

age 
er 

gs 

13 9 7 3 2 1 - 1333 4.9 

9 4 3 1.51 1.0 0.5 - 463 4.0 

the initial protons. This method elirr:inates the 
possibility of nJissing such events as no-pronged 
stars, srr;all-angle scattering, and one-prong stars. 
The results of the rr;easurement, including the nec­
essary corrections for elastic scattering, are pre­
sented in Table III. 

In con,puting the total free path for light nuclei, 
A 1,and heavy nuclei, Ah , it was considered that 
83% of the collisions occur on nuclei of silver 
and bromine. 2 The experimental ratios of the inter­
action cross section to the geometrical cross sec­
tion of the nucleus were 0.46 ± 0.18 and 0.87 ± 
0.12 for the light and the heavy nuclei respectively. 
Such ratios, as calculated from the semi-transparent 
nucleus theory, give 0.70 for light nuclei and 0.86 

TABLE II 

Number of grey prongs \ 0 I I 2 I I Total 
3 no.of 

stars 

% of stars •• ·129146121 1 411333 

for heavy nuclei. Thus for the heavy component of 
the emulsion we find within the limits of error of the 
measurement agreement with the computed cross 
section, while for the light nuclei the respective 
values differ by about a factor of two: u h "'2u 

t eor. exp. 

This result indicates that light nuclei are much 
more transparent than the theory predicts. 

SLOW CHARGED PARTICLES 

Slow charged particles (protons with energy less 
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than 50 mev, and u.-particles), were studied by 
constructing angular and energy distributions. For 
this purpose, tracks of singly and doubly charged 
particles were measured in plates of relatively 
low sensitivity, which had good charge di scrirr:ina­
tion. All the singly charged particles were identi­
fied as protons, all the doubly charged particles as 
alpha particles. In order to consider interactions 
only with heavy nuclei (Ag or Dr), to which the 
evaporation theory is reasonably applicable, we se­
lected disintegrations containing 6 or more tracks, 
and with excitations above a certain limiting value. 
The selection was made so that the average nurr.­
ber of black prongs per star was 7 .4. 
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FIG. l. Angular distribution of grey tracks. Total 
number of tracks = 946. 

Table IV gives the ratio u../P of the number of 
doubly charged particles to the number of singly 
charged particles for stars with 6 to 8 prongs. The 
values for stars with a greater number of prongs 
are not given because of insufficient experiwental 
material. 

The results given in the Table are in agreement 
with the data of other 'vork 3 •4 on stars with the 
same prong number, and also, as in Ilef. 4, indicate 
a negligible change in the ratio with increase of 
number of particles emitted. Later it will be 
shown that the average number of black tracks, 
which was 7 .4, corresponds to an excitation energy 
of U = 230 mev. The calculated 5 value of u../P 
for this energy should he 0.45. If we now take ac­
count of the cascade particles (about 30% of the 
protons and 20% of the a.-particles, cf. belov. ), 
then our average ratio u../P becomes 0.42, v,.hich is 
not too different from the computed value. 

Tlie charged particles are not emitted isotropi­
cally, as is demonstrated by the distributions in 
Figures 2 and 3. If we assume that in the evapora­
tion process the protons and u..-p~rticles are dis­
tributed isotropically, we can roughly estin1ate fron, 
the graphs the number of particles emitted in the 
cascade process. Both for the u..-particles and the 
protons, the distributions become isotropic beyond 
about 100". It then follows from the graphs that 
about 30% of the protons and approximately 20% 
of the a.-particles are emitted in the cascade proc­
ess. These estimates apparently give somewhat 
low values, since the many-pronged stars corre­
spond to large nucleon cascades, in which the 
preference for the initial direction of the particle 
is lost as the result ofthe large number of colli­
sions in the nucleus, and the recoil particles can 
emerge from the nucleus in various directions. 

The proton energies .were determ.ined by me.asur­
ing track lengths or, if the trac.k d1d n?t end Ill the 
emulsion, by measuring the gram density. In order 
to make this latter method possible, we con­
structed a calibration curve of grain density vs. 

TABLE Ill 

Total length of tracks, in meters 
Number of stars 
Number of scatterings by nuclei 
Number of p-p scatterings 
Number of disappearances of tracks 
Corrected number of all inelastic 

collisions 

energy by measuring numbers of grains along tracks 
of particles stopping in the emulsion. This method 

26, 10 
58 
50 
3 
2 

67 

A, CM 

Al, CM 

Ah, CM 

cr l, 10-24 CM2 

crh, 10-24 CM2 

39 ±5 
237 ± 74 
47 ± 7 

0,16 ± 0,06 
1,06±0,15 

rr.ade possible the determination of energy to an 
accuracy of only about 20%. 
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For the purpose of obtaining at least partial 
separation of evaporation protons from recoil pro­
tons, two particle distributions were constructed, 
one for those emitted into the forward hemisphere 
and another for the backward hemisphere. The 
corresponding distributions are shown in Figure 4. 
The spectra differ from one another only in the 
somewhat longer tail on the high energy side for 
the protons emitted into the forward hemisphere. 
If we omit the long-range protons with energies 
greater than 30 mev, the spectra are characterized 
by the quantities given in Table V. 

TABLE IV 

Number of prongs «/P 

., 
a 

6 
7 
8 

Average 

0.35 +0.04 
0 . .37 ± 0,05 
0.36 ± 0.05 

0.36 ±0,05 

t~~----, ~L ~ l 
Q 10 I/O Ill If) tll 1ZD f1I(J 160 1IJir 

Angle of emergence 

FIG. 2. Angular distribution of slow protons. 

JIJ 1/Q IJ 10 l7tJ 110 /110 fiX/ 1811' 
Angle of emergence 

FIG. 3. Angular distribution of a.-particles. 

The probable energy is the same for both spec­
tra, and agrees with the value predicted by tlie 
evaporation theory. 5 The energy distribution of the 
protons emitted into the backward hemisphere is 
satisfactorily described by the expression 

P (T) dT = ('t-V') 't-2 exp {-(t-V')} (1) 

with T = 9 mev, V' = 2 mev and 7= 4 mev. 
The energies of the a-particles were determined 

from their range. In constructing the spectrum 
(Figure 5), corrections were made for particles not 
stopping in the emulsion. The principle character­
istics of the spectra are given in Table VI. 

The difference between the average energies for 
the "forward" and "backward" spectra may he 
caused .by the participation of the a.-particles in 
the nuclear cascade. However, this fact in combina­
tion with the observed considerable number of 
low-energy a-particles (far greater than the number 
of slow protons), may also support the assumption 
of preferential emission of o:.-particles during the 
initial stage of the evaporation when the nucleus is 
still highly excited and is moving in the direction 
of impact of the primary particle. In some papers4 

it is indicated that, with increasing excitation 
energy, the number of slow particles increases 
simultaneously with the increase in number of lon_g­
range a-particles. At the same time, the value or 
the probable energy decreases. At the present time, 
the only explanation for the Jresence in the spectrum 
of slow a.-particles is the assumption that the nu­
clear harrier is decreased. If we accept this point 
of view, the experimental facts presented do not 
contradict the assumption that the emission of 
a.-particles occurs before the emission of protons. 

TABLE V 

Particles emitted 

forward. 
Particles emitted 
backward· 

verage \Probable 
energy, energy, 
mev mev 

10.2 

9 

7 

7 

EXCITATION ENERGY 

The experimental determination of the excitation 
energy of the nuclei undergoing disintegration in 
the photoemulsion is greatly hampered by the im­
possibility of observing neutrons. In addition it 
is difficult to take account of those cascade par­
ticles which have energies in the region of energy 
of the evaporated particles. An estimate of the 
number of neutrons emitted can be made on the as­
sumption that the final nucleus has maximum sta­
bility. This assumption can be supported experi­
mentally from observations of decay electrons at 
the center of stars. Among 303 stars with prong 
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nurr.ber n ~ 6, we foun\f only 21 stars in which an 
electron was emitted; these represent only 7% of 
the total number of disintegrations. Thus the ob-

7J 
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~50 
c .... 
Q.. 

"a 
.... 
" ..0 25 
§ 
~ 

0 

servations show that most ofthe nuclearmass is 
left in the final stable state. 

Since we are here observing disintegrations of 

111 l6 J2 J6 li{J IJIJ I/I[.MeV 

FIG. 4. Energy distribution of slow protons emitted 
forward(----) and backward(----). The solid 
curve is computed from formula (1) with V'=2 mev and 
'T= 4 mev. 

only Ag and 13r, the initial values of A and Z, av­
eraged over the two types of nuclei, are 94 and 41, 
respectively. "Csing the nurr.bers found for emerg­
ing v.-particles and protons, we find that on the 
average about 10 neutrons are emitted in each star. 
Knowing the average energies in the spectra of 
protons and u.-particles, and also taking account of 

the recoil particles, we can n.ake an estimate of the 
the average excitation energy imparted by the 
protons. It turns out to be close to 230 mev. In 
this computation it was assumed that the number 
and average energy of the recoil neutrons are the 
same as the corresponding values for recoil pro­
tons. 

FIG. 5. Energy distribution of u.-particles emitted 
forward(---) and backward(----). 

Comfutations according to the evaporation 
theory predict 5.5 charged particles for an ex­
citation energy of 230 mev. Our measurements 
gvee 5.4 particles. Thus our measurements, in­
cluding the determination of the ratio v./P , the 
number of charged particles, and the investigation 
of the shape of the proton spectrum are in agree­
ment "'ith the corresponding data as calculated 
according to the evaporation theory. 

The quantitaive data which we have obtained, 

such as the fraction of cascade particles and the 
energy of excitation, are not sufficiently accurate 
to be used safely in comparing with theoretical 
calculations. One can only say that the material 
presented is compatible with general crude ideas 
about the interaction of fast particles with complex 
nuclei. 

EMISSION OF MESONS 

Among the singly charged particles emitted in 
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disintegrations, there are also rr-mesons, whose 
production intensity increases markedly with the 
energy of the incident particles. 

Particles emitted 

forward 
Particles emitted 

backward 

TABLE VI 

\
Average I Probable 
energy, energy, 
mev mev 

I 
. I 16 1:::1 

.I 13.7 12 
I 

In order to detern,ine the number of charged 
mesons occurring in a disintegration, all grey 
tracks in stars formed in an electron-sensitive 
emulsion of thickness 400-600 f1 were measured in 
order to identify the particles. For this purpose we 
constructed a calibration curve of grain density 
versus meson energy from measurements of the num­
ber of grains in tracks of rr-n,esons stopped in the 
emulsion and in proton tracks. 530 grey tracks in 
507 stars were measured by this method, and it was 
found that 20 of them belonged to rr-mesons. Thus, 
on the average, in one out of 25 disintegrations a 
single charged rr-meson is emitted. Of especial 
interest is the frequency of emission of 1:\\o mesons, 

TABLE VII 

v t I I Grain I Energy Afgle Angle 
~s I Track ;'too jJ. I I t 0 betwee 

n 
u ;:s no, densi~ 

dN/d 
rr-meson pro on emer- k 

---- 1 - --- ence t~a£, s 
o: I I from a' fromiN!dR from a' I from dN/dR g_ o 1ll • 

_m ---

1 1 0.30 52 50± 12 
2 0.237 40 65 ± 16 

2 1 0,184 32 88± 14 
2 0.354 62 39± 7 

formed in a single collision of a proton with a 
nucleus. The threshold energy for formation oftwo 
mesons in the collision of free nucleons is about 
600 mev. For collisions of particles with nucleons 
in the interior of a nucleus the threshold is re­
duced to rv 450 mev. In view of this lastfact, we 
undertook a search for cases of production of two 
mesons, selecting for measurement those disinte­
grations v.hich contained two or more grey tracks. 
These tracks had a length greater than l mm, and 
their grain density corresponded to that for tracks 
of mesons having an energy greater than 10 mev. 
Among the 3000 disintegrations, two stars were 
found which each had two rr-meson tracks. The 
characteristics of these tracks are given in Table 
VII. 

Columns 5-8 show the energy values found both 
from scattering measurements and from grain dens-
ity measurements, for the two kinds of particles 

30±6 49 ± 12 195 ± 40 21 
56±13 59± 15 360 ± 100 28 7 

I 

76±10 79 ± 13 500 ± 100 63 14 
20±4 40±7 140 ± 25 49 

assumed. There is satisfactory agreerr,e nt between 
the energy values determined separately by the 
two methods only if the particles are rr-mesons. 
Using the value of the cross section for star forma­
tion, we can assign an approximate lower limit 
for the cross section for emission of two charged 
mesons. This estimate gives a value rv l0- 28 cm2, 

l E. L. Grigor'ev, Reports of Institute for Nuclear 
Problems, Academy of Sciences USSR, 1955. 

2M. Blau, A. R. Oliver, Bull, Am. Phys. Soc. 27, 6 
(1952). 

3 N. Page, Proc, Phys Soc, (London) 63A, 250 (1950). 
4 D. H. Perkins, Phil.. Mag. 41, 138 (1950). 
5 K. ], LeCouteur, Proc. Phys. Soc. (London) 65A, 

718 (1952). 
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numerical coefficients in the expressions that 

result from the calculation of the effects of 

the plasma particles on each other) . 

. . . exp {-(f- \/')} I· .. exp {-(T- V')rl} 

v l (lfJF0jfJx) + ... 
where E l is the pro­
jection of the electric 

field E on the direc­

tion 1 

A= 0.84 (1+221A) 
Tl2o4, 206 

... to a cubic relation. 

A series of points etc. 

where the bar indi­
cates averaging over 

the angle e and E l is 
the projection of the 
electric field E alodg 

the direction I 

A= 0.84/(1+22/A) 
11203, 205 

... to a cubic relation, 

and in the region 10 
- 20°K to a quadratic 

relation. A series of 
points 9, coinciding 
with points 0, have 

been omitted in the 

region above l0°K. 




