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The total energy Ey g5 of nuclear-active particles in young air showers (YAS), in which the
energy of the electron-photon component > 1.7 x 10!% eV, is measured. On the average
En.a < (3.3 £ 6)%, the nucleon energy E;p comprising (17 = 3)% of the energy of the par-
ticle producing the young atmospheric shower. It is shown that YAS are produced in inter-
actions with a mean inelasticity coefficient K = 0.83 = 0.03 and a mean fraction of energy
imparted to 7’ mesons in the interactions Kno > 0.67 £ 0.96. The probability W of such
interactions is estimated. It is shown that almost 50% of all the energy imparted to the r°
mesons is lost by the nuclear-active particles in processes with Kﬂo > 0.7.

INTRODUCTION

IT is well known that the passage of high-energy
nucleons through the atmosphere is accompanied
by generation of pions. The decay of the 7’ me-
sons leads to the appearance of high-energy vy
quanta, which initiate electromagnetic cascades
that develop along the path of the nucleon. The
higher the nucleon energy, the larger, in the mean,
the total energy of the pions generated in each in-
teraction, and the more intense the electromag-
netic cascades accompanying the nucleon. This
explains why the high-energy nuclear-active par-
ticles travel as a rule in an air accompaniment,
the size of which increases with increasing par-
ticle energyD]. The characteristics of this air
accompaniment (the total energy flux of the elec-
tron-photon component, the degree of its lateral
concentration, the energy spectrum of the par-
ticles forming the accompaniment ) are determined
essentially by the characteristics of the interaction
between the nucleon and the atomic nuclei of the
atmosphere.

A study of the electron-photon component of
atmospheric showers with energy R 2 x 1012 ev
and with the main energy of the shower concen-
trated in a circle several dozen centimeters in
radius has shown that such showers are produced
as a result of interaction between a nuclear-active
particle in a relatively thin layer of the atmosphere
above the array. Therefore the showers that have
a high lateral energy concentration have been

called by us ‘‘young’’ atmospheric showers (YAS)L?!,
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In order to reconcile the observed frequency of
the YAS with the measured flux of nuclear-active
particles, it became necessary to assume that the
YAS are generated in interactions in which a small
number of neutral pions receive the greater part
of the primary-particle energy (3],

The classification of the YAS and their registra-
tion are based on selecting the specific electron-
photon cascades (selection by cascade energy E
and its lateral concentration). Selection by these
attributes may therefore single out, from among
all the interactions possible in the presence of
fluctuations of the angular and energy distributions
of the generated m° mesons, interactions in which
the produced 7° mesons have an anomalously nar-
row angular distribution and an anomalously large
average energy. Inasmuch as the secondary 7+
mesons produced in the same interaction take
practically no part in the formation of the YAS,
their angular and energy distributions are the
parameters to which the selection requirements
for the YAS do not apply directly. Therefore
measurement of the nuclear-active component
affords very important information on the charac-
teristics of the interactions which serve as the
basis for the formation of young air showers.

1. APPARATUS AND SELECTION OF YOUNG
AIR SHOWERS

We studied-young air showers at an altitude of
3,260 meters with the aid of an array with a work-
ing area 10 m?, shown schematically and described
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in detail earlier(%:43. The array contained six
rows of ionization chambers separated by lead

and graphite filters. The two upper rows of cham-
bers (V and VI), which were under layers of lead
3 and 2 cm thick in one series of experiments and -
4 and 3 cm in the other, served for the measure-
ments of the energy of the electron-photon compo-
nent of the YAS[3). The chambers of the remain-
ing four rows (I—IV), located under a combined
filter made of graphite and lead, served to meas-
ure the energy transferred to the m° mesons in
the filters of the array by the nuclear-active par-
ticles contained in the YAS.

We investigated showers in which m chambers
(m = 6) of the row situated under the 3 cm layer
of lead registered not less than 60% of the ioniza-
tions registered by all the chambers of the row.
This selected the electron-photon showers in
which not less than 60% of the entire energy inci-
dent on the 10 m? array is contained in a circle of
radius R~ m x 10 cm[3]. Examples of the dis-
tribution of the ionization over the chambers of
the different rows are given in [%:3]

In order to reduce the probability that the nu-
clear active particles incident on the upper surface
of the array leave through the side surface, we re-
tained for subsequent analysis only those YAS
whose axes fell in the central part of the installa-
tion, not closer than 50 cm from the edges. (The
position of the YAS axis was determined in one
projection using the chamber with the maximum
ionization in row V, and in the other projection
using the chamber with maximum ionization in
row VL.)

The energy E of the electron-photon component
of the YAS was determined by us with the aid of
the relation E = 1.4 x 108 Js,6 €V, where Jg ¢ is
the larger of the two values of the ionization in
the entire row (V or VI), expressed in terms of
the number of relativistic particles passing through
the central chord of the chambers. The coefficient
1.4 x 10® was obtained from the ratio of the number
of particles at the maximum of the cascade in lead
to the energy of the ‘‘primary’’ y quantum. It takes
into account the correction (factor 1.4) for the ab-
sorption of the particles emerging from the lead
filters in the chamber walls (2 mm of brass). The
energy of the 7' mesons generated by the nuclear-
active particles in the filter over the chamber rows
III and IV is determined by the value of the total
ionization Jj,4 registered by the chambers of these
rows. In each individual case, the development of
the electromagnetic cascade in the lead filters may
fluctuate. Furthermore, additional generation of m°
mesons is possible in the lead filters lying over the

rows of chambers III or IV. All these processes
make Js unequal to J4. (The very same situation
will be observed in the first and second rows of
the chambers, as well as in the fifth and sixth.)
Therefore, to determine the energy transferred
to the 7% mesons in the filters of the array, we
have taken in each individual case the largest val-
ues of the ionizations in row Il or IV (J34) and
in the second or first row (Jy5), i.e., Eq0; = kd3 4
and ETFOZ = kJI,Z'

Since E = kJ5,6,

Ew|E =1Js4/Jser EwfE =T1alTse (1)

The experiment yields directly the ratios J3 ,/J5 ¢
and Jy5/J5, i.€., Eqo;/E and Eqo,/E. Knowing
E;0; + Ef0y, we can estimate the total energy of
the nuclear-active component of the YAS (aver-
aged over many showers), if we specify the aver-
age inelasticity coefficients for the interactions

of these particles with the nuclei of lead and
graphite.

2. EXPERIMENTAL RESULTS

For an analysis of the nuclear-active component
we selected young air showers incident on the cen-
tral part of the array, with different values of m
and with different energies E. The number of reg-
istered YAS with different m is listed in Table I.

Table 1
m
Y AS energy E,
102 eV

1 2 3 4 5—6
1,7< E 3.4 11 20 28 32 42
3.4 E <8.5 1 8 4 S5 31
8.5CE <17 — 2 1 1 3
17< E — — — — b}

In determining the energy of the nuclear-active
particles of the young showers from the ionization
registered by the four lower rows of the chambers,
we have introduced the following corrections to the
experimental data.

1. Correction to J3 4/J5 ¢, due to the penetra-

tion of the electron-photon component of the YAS

through the filters of the array. The determination

of the energy of the 7% mesons generated in the
filter over the rows of chambers III and IV by using
the value of the ionization J3 4, presupposes that
the entire ionization in the chambers of rows III—IV
is determined by the development of the cascades
from the quanta produced during the decay of m°
mesons generated in the filters located over the
chambers of these rows. This assumption would
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Table II
m
YAS e:xzergy E,
10'? eV 1 12 3—4 5—6
1.7T<E<3.4 1.90+0.42 1.64+0,34 1,39+0,26 1,09+0.15
E>1.7 2,0+0,43 1.77+0.29 1,35+0,19 1,27+0,09
E>17 —_ — — 1.82+0,29

be satisfied were the electron-photon component
of the YAS incident on the array from the atmos-
phere not to penetrate through the lead filters
(total thickness 135 g/cm?) and the graphite filter
(60 g/cm?). To ascertain whether such penetra-
tion does take place and to what degree it occurs
for different YAS, we have proceeded as follows.
If we select the cases when 7° mesons are pro-
duced in filters over the rows III and IV by single
nuclear-active particles, then we find that in this
case we have in the mean J,/J3 = 1.15, where J,
is the ionization in row IV and Jj is the ionization
in row III.

Therefore, if J;/J3 = 1.15 in the YAS, then we
can state that the ionization in rows III and IV is
produced by nuclear-active particles (via gener-
ation of 7’ mesons in the array filters). On the
other hand, if J,/J3 > 1.15, then the ionization in
rows III and IV is partially reduced by the pene-
tration of the electron-photon component of the
YAS. It is to be expected here that if the energy
has a large lateral concentration (m is small)
or when the YAS has a large energy (for a given
value of m), the average y-quantum (electron)
energy in the YAS will be higher, and the penetra-
tion of the electron-photon component through all
the filters over the rows of chambers III and IV
will have a stronger influence. Experimental data
on the value of J,/J3 for different values of m and
E are listed in Table II.

Analogous measurements of the ionization ratios
Jy/J; have shown that J,/J; = 1.3 + 0.1 and de-
pends on neither m nor E.

It follows from Table II that the ionization in
rows III—-IV is greatly due to the penetration of
the electron-photon component of the YAS incident
on the array from the atmosphere through the fil-
ters, and that this penetration is particularly large
for YAS with small m, i.e., for YAS with a small
age parameter s[3]. The calculation of the correc-
tion for the penetration of the electron-photon com-
ponent through the filters of the array is based on
the fact that row III is under a layer of 14 cm of
lead, while IV is under 12 cm of lead. The electro-
magnetic cascades from the electron-photon com-
ponent of the YAS under such lead-filter thicknesses

will be far from the maximum of their development,
i.e., the number of particles in them will in the
mean decrease like ~e Mt where u=0.22 (cas-
cade unit)~!. Since a lead filter 2 cm thick is sit-
uated between the rows of chambers III and IV
(approximately four cascade units ), the equality
(J4/JI3)ext = e%% = 2 4 should be satisfied for par-
ticles due to the penetration of the electron photon
component from the outside. On the other hand,
for particles due to the generation of 7% mesons
by nuclear-active particles of the YAS we have
(J4/J3)n.q = 1.15.

If jn.a is the average ionization due to the
nuclear-active particles in row III, while jext is
the ionization due to the external electron-photon
component of the YAS, then the ionization in row
IV will be J, = 2.4 Jext + 1.15F 5 and thus

Jo /Ty = 2bdage+ 1157 1) | (Joxt Tna)- (2)

Using the experimental values of J,/J3 for YAS
with different m, with the aid of formula (2), we
determined the ratio Jy 5/Jext and introduced a
correction for the value of Jext in the average
values of J3 ,/J5¢. The value of Jg,/J; ¢ aver-
aged over all the YAS without a correction is 0.10
+ 0.016, and the corrected value is 0.071 + 0.018.

2. Correction to Jy 5 /J3 ¢, due to the possible

emergence of the nuclear-active particles through

the side surfaces of the array. Starting from the
absorption range of the YAS (Lgphg ~ 120 g/cm?),
we calculated the angular distribution of the YAS

at an altitude 3,260 meters above sea level. Taking
into account the geometry of the array and the sys-
tem for selecting the YAS (the requirement that the
axes of the YAS be not closer than 50 cm to the
edges of the array ), we found that in 2% of the
cases the nuclear active particles will leave through
the side surface of the array between rows III—IV
and V—VI, and in 28% of the cases they will leave
between rows I and II or III and IV. The value of
J1,2/J5,6 averaged over all the YAS is 0.052 + 0.009
without correction, and when corrected for the pos-
sible emergence of the nuclear-active particles
through the side surfaces of the array the value is
0.072 + 0.013.
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Therefore
[(J12 + T340/ s6lcorr = 0.144 + 0.022.

To clarify the mechanism of YAS generation, it
is important to know not only the relation between
the energy of the nuclear-active particles Ey 5 in
the electron photon component E in the young air
showers, but also the distribution of E, 5 /E. The
combined filters which we used to estimate the en-
ergy of the nuclear-active particles do not give an
exact value of E, , for each individual case (since
some of the particles can pass through the side
surfaces of the array, the nuclear-active particles
can leave through the lower base of the array, and
part of the energy transferred to the 7 mesons
can be absorbed in the 210 g/cm? graphite layer
and in the lead filters which are separated from
the ionization chambers by thick layers of graph-
ite). Therefore, in individual cases, the quantity
(J1,2 + J3,4)/J5,¢ is not uniquely related to Eyp 5 /E.
Nonetheless, it seems to us that the character of
the distribution of (Jy , + J3 4)/J;5 ¢ reflects essen-
tially the character of the distribution of Ep 4 /E.
Figure 1 shows the experimentally observed dis-
tribution of the YAS relative to (Jq 5 + J3 4)/J5 ¢
It must be emphasized that for (38 + 4.5)% of the
YAS we have Jy 5+ J3 4= 0. (In Fig. 1 these YAS
lie in the interval 0 =< (Jy5 + J34)/J5 < 0.1.)
Attention is called to the fact that for 859% of the
YAS we have (Jy 5 + J3 4)/J5 6 < 0.3 and for these

we have [(Jy 5+ J34)/J5 glcorr = 0.060 + 0.009.

In order to ascertain whether the small fraction
of the energy contained in the nuclear-active com-
ponent of the YAS is the result of the motion of
some of the nuclear-active particles past the in-
stallation, we have constructed the distribution
of the showers with energy 1.7 x 102 < E < 3.4
x 10" relative to the quantity (Jy, + J34)/J5 ¢ for
different values of the parameter m, character-
izing the ‘‘age’’ of the YAS (see Fig. 2). The
smaller m, the less effective the layer of the
atmosphere in which the YAS are generated (31,
i.e., the smaller should be the divergence of the
nuclear-active particles and the larger the energy
flux of the nuclear-active component incident on
the array.

Figure 3 shows the dependence of the average
value (Jy 5 + J3 4)/J5 ¢ on the ‘‘age’” of the show-
ers (on the parameter m). The figure shows that
with increasing m the ratio E, 5 /E is more
likely to grow than to decrease, as would be ex-
pected if an appreciable fraction of the energy of
the nuclear-particle were to move past the array.
It follows from these results that the nuclear-
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FIG. 1. Distribution of YAS with energy E, > 1.7 x 10*?
eV with respect to the quantity (J,, + J, )/Js ¢

FIG. 2. Distribution of YAS with energy 1.7 x 10" < Ep
< 3.4 x 10'* eV with respect to the quantity (J,, + J, )/Js,s
for different valuesof m: aym=1—2; b) m = 3 — 4; ¢)
m=5—6.

active particles moving past the array contain a
small fraction of the energy registered by the ap-
paratus. The same conclusion is arrived at from
the experimentally observed fact that (Jy 5 + J3 4)/
Js.¢ is independent of the YAS energy.

In many cases the ionization in rows III, IV, and
I, II was produced not by one but by several
nuclear-active particles. This was seen from the
distribution of the ionization among the chambers,
which had several sharp maxima, similar to what
takes place in the registration of ‘‘structural’’
burstst!d. We have therefore attempted to esti-
mate the contribution made to the total ionization
by the particle with maximum energy (we identi-
fied it with the largest maximum of the ionization
if the distribution of the ionization among the cham-
bers had more than one maximum, or with the en-
tire registered ionization if the distribution had a
single maximum ). In order not to introduce into
this estimate the error connected with the pene-
tration of the electron photon component of the YAS
from the atmosphere, we based the entire analysis
on the data from the second row of chambers, in
which 50% of the ionization is produced (in the
mean) by the most powerful maximum (or by the
single maximum ), and 50% is produced by all the
remaining nuclear-active particles. (It is possible

(%2* 5/ %55
a4
FIG. 3. Dependence of the @
average value of (J,, + J;.)/Js,¢
on m. a2
al

a1
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that not one but several nuclear-active particles
are concentrated in the region of the largest max-
imum. Therefore by attributing 50% of Jy 5/J5 ¢
to one particle, we merely overestimate its en-
ergy.)

3. DISCUSSION OF RESULTS

Energy of nuclear-particles in young air show-
ers. In order to convert from the ionizations Jy ,
and J3 4 to the energies of the nuclear-active par-
ticles incident on the array, we must make definite
assumptions concerning the average characteris-
tics of the interaction between the nuclear active
particles and the atomic nuclei of the array filters
(graphite and lead). We have assumed that the
ranges for the interaction of the nuclear-active
particles, regardless of their nature, are 85 and
200 g/cm? in graphite and lead, respectively. We
have assumed further that in the mean the pions
transfer during the interaction ¥; of their total en-
ergy to the 7 mesons, while the nucleons trans-
fer Kn/3 (Kp is the average inelasticity coeffi-
cient of the nucleons). Calculations were made
for the cases when the inelasticity coefficients
Kg and Krlf b of the interaction of the nucleons in
the graphite and in the lead were equal to 0.5 or 1.

It was assumed further that the entire energy
transferred to the 7 mesons in the lead filters
was not registered. The results of different cal-
culation variants are listed in Table III.

In the fourth and fifth columns are given the
fractions of the nuclear-active particle energy
E, 4 transferred to the 7’ mesons in graphite
layers 60 and 210 g/cm2 thick. The last column
lists the coefficient a, by which the sum E;((60)
+ E;0(210) must be multiplied in order to obtain
the average value m.

As can be seen from Table III, different as-
sumptions concerning the nature of the nuclear-
active particles (more accurately, concerning the
characteristics of the interactions from the point
of view of the transfer of energy to the 7’ mesons)
change little the value of the coefficient of conver-
sion from the measured ionization Jy 5 + J3 4
~ Eq70(60) + E;0(210) to the energy Ep 5.
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According to (1)
[£70(60) - L0 (210)]/ B = (J1,2 -+ 3,0) [ 565

Therefore the ratio of the average energy of the
nuclear-active particles E, , to the energy E of
the electron-photon component of YAS will be

EnalE = a [Em (60) + E (210)1/ 75 .

Taking for a a value 2.3, we get E, 4 /E = 2.3
x (0.144 + 0.022) = 0.33 + 0.05. However, it is
possible that this quantity calls for the introduc-
tion of still another correction, for the absorption
of the electron-photon component in the thick layer
of graphite (210 g/cm?). Calculations show that if
the effective energy of the y quanta produced via
decay of the ™ mesons generated in the thick
graphite filter were 10° eV, then the row of cham-
bers II would register 50% of E;0(210). The pos-
sibility of appreciable energy absorption in 210
g/cm? of graphite is indicated also by the fact that,
according to Table III, the ratio E;0(210)/E70(60)
= J4,3/J3,4 should lie in the interval 1.7—2.7,

whereas experiment yields for this ratio 1.0 + 0.31.
Taking into account the possible 50% energy

absorption in 210 g/cm? of graphite, we find that
(Jy,2+J34)/J56 =0.214 £ 0.39 and Ep 5 /E

=< 0.050 + 0.09. Thus, the nuclear active particles
contained in the young air showers have in the
mean an energy not more than 33 + 6% of E; —
the energy of that ‘‘primary’’ particle whose in-
teraction in air caused the YAS.

Since the average energy of any nuclear-active
particle does not exceed 0.5 En.a’ we can state,
by identifying the particle of highest energy with
the nucleon, that the average energy of the nucleon
in the registered YAS does not exceed 0.5
X (0.33 + 0.06) Eg, i.e., En/E, < 0.17 + 0.03.

In the selected young air showers (m =< 6) the
energy flux of the electron-photon component has
a high lateral concentration, which can be ensured
only if the YAS is the result of the generation of a
small number of y quanta of sufficiently high en-
ergy (Ey 2 4 x 10! eV). Then the transverse lat-
eral distribution of the energy flux density of the
electron-photon component will be determined es-
sentially by the scattering of the particles in the

Table III
Nature of nu- E o (60) Ero (210) E o (210) l
lear-acti kC | PP id i L
¢ g:;t?cclt:s,e E Ena Eo (60) ‘ e
at-mesons | 1 1 0.180 0.310 1.72 2.04
0.5 | 1 0.125 0.308 2.46 2.30
nucleons {0,5 05| 0.125 0.337 2.70 |27
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cascade shower, and the effective layer in which
the YAS is generated, i.e., the layer of the atmos-
phere in which the main part of the showers is
generated, will be X =< 130 g/cm? 031, 1tis easy
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energy (the energy E of the electron-photon com-
ponent of the YAS), with account of the energy
spectrum of the generated particles. For an iso-
bar with spin and isospin S=T = 3/2, we have

to calculate the expected average value E, 5 /E
under the assumption that the YAS is generated by
a nucleon that experiences within the limits of this
effective layer not less than one interaction, losing
50% of its energy in each interaction, viz., 17% to
the production of 7 mesons and 34% to the produc-
tion of 7* mesons. The latter transfer during the
interactions one-third of their energy to the n°
mesons. Such calculations show that in young air
showers we should have Ej 5 /E = 1.8, and this

is more than 3.5 times larger than the experimen-
tal value for En.a/ E. Consequently, interactions
characterized by an average inelasticity coefficient
K = 0.5 cannot serve as the basis for the forma-
tion of YAS.

Mechanism of formation of young air showers.
The fact that an appreciable role is played in the
formation of YAS by processes with much more
than average interaction inelasticity can be seen
from the following. First, in 38% of the cases we
have J; ; + J3 4 = 0. Even assuming that the entire
energy of the nuclear-active component is concen-
trated in one particle, the fraction of the YAS with
Ji,2 + J3 4= 0 should be 16%. Consequently, at
least in ’20% of the YAS there are no nuclear active
particles whose energy exceeds 0.06 E. (This quan-
tity is arrived at from the minimum value of the
registered ionization of 300 particles, and from the
mean value 35,6 ~ 24,000 particles). Thus, in
~ 20% of the showers the nucleon has lost not less
than 94% of its energy as a result of interactions
within the limits of the effective layer.

Second, we have in the mean, over all showers,
En/E( < 0.17 + 0.03. Consequently, the nucleon
loses in the effective layer during the generation
of the YAS not less than (83 + 3)% of its energy.
From the fact that E, /E; < 0.17 + 0.03 it follows
that hyperon or isobar decay to a high-energy n°
meson and nucleon does not play any appreciable
role. If the interaction of the high-energy nucleon
results in an isobar that carries away a consider-
able fraction (~ 70%) of the primary-nucleon en-
ergy, then its decay can give rise to the high-
energy 7’ meson that initiates the YAS. A steeply
decreasing nuclear-active particle spectrum will
then lead (when the YAS is registered) to unique
selection of decays in which the 70 meson receives
more than the average energy, and the remaining
nucleon gets less.

It is easy to calculate the average ratio of the
nucleon energy due to isobar decay to the m-meson

En/E = 2.5, whereas experiment yields E, /E
=< 0.25 + 0.045.

Thus, if some part of the YAS is produced as a
result of the decay of an isobar with S=T = 3/2
into a 7’ meson and a nucleon, the fraction of such
YAS does not exceed 0.25/2.5 =~ 10%.

If we assume that the YAS are produced as the
result of decay of isobars with higher excitation
energies —with rest mass Mjg = 2Mp, then in the
YAS produced in this manner E,/E = 1.01, i.e.,
in this case the fraction of the YAS due to the iso-
bar decay would not exceed 25% of the observed
number of young air showers. We have seen al-
ready that in the course of production of the YAS
the generating particle loses within the effective
generation layer (X ¥ 130 g/cm?) on the average
(83 + 3)% of its energy. This raises the very im-
portant question: to what degree is this average
energy loss due to one interaction act, and what
role is played by the successive interactions
within the layer X.

In order to clarify the role of the successive
interactions of the nucleon within the layer X
during the generation of the YAS, we have consid-
ered the following model for their generation.
Within the layer X the nucleon, which is the
‘“‘primary’’ particle generating the YAS, can ex-
perience n interactions. During each interaction
it can transfer, with probability W, a fraction Ko
of its energy to the 7’ mesons and a fraction K +
to the 7 mesons.

The produced 7* mesons transfer Y of their
energy to the 7% mesons in each interaction. (The
transfer of energy to the 7’ mesons from the 7+
mesons in the layer X is calculated from the av-
erage characteristics without account of the fluc-
tuations.) The total energy transferred to the 7°
mesons, E;0= a;0(n)E), was assumed to equal
the energy E of the electron-photon component of
the YAS.

Assuming that X does not depend on E, and
choosing the energy spectrum of the nuclear-active
particles generating the YAS in the form F(Ej)dE,
= BAE(/E;, we obtain

D) ot (n) Po,

Nyas (E)dE = BELYEGX/LabS 3)
n=1
Knn“i“Bi{ﬁi = — n
oo (1) = m“—“—(Kno‘FKni)} I, (4)
1—B)K_+ _ —
o) = S (4 (R K], 6)

Ko T K,
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E,(n)

T = = (K + Kpo)I", 6)

X

n=7y-"

_pn @
P" =W n—e Lint (7)

! 1

Here ar0 and ag* are the fractions of the energy
acquired ultimately by the 7° and r* mesons; 8
is the average fraction of the energy transferred
to the 7 mesons by the 7* mesons in the layer X
(8 = 0.25 when X = 130 g/cm? and Lipt = 85 g/cm?).

From (3)—(7) we calculated the relative proba-
bilities for the production of YAS with a given en-
ergy E, E+dE due to 1,2,...,n nucleon interac-
tions within an effective layer X = 130 g/cm?.
Knowing the relative contribution of events with
different n to the production of the YAS, we can
calculate the average value

E, < Eq(n) o
E"= > 2.0 ax;1(n) Pn/ Dt (n) Py,

n=1 n=1

and the average value

%m_ﬁ+
B T B

Ena

ot (n) St (n) Py
EO = ani (n) 2

Za;;l (n) P,

Calculations of E,/E, and E, 5 /E, were made
for different values of K0, K+, and W. The re-
sults of the calculations are shown in Figs. 4 and

5. It is seen from Fig. 4 that in order for a nucleon
to retain a fraction of the energy E,/E; < 0.17

+ 0.03 as a result of the production of a young air
shower, it is necessary that the interaction gener-
ating the YAS have an inelasticity coefficient K

= IZ,To + ﬁﬂi = 0.8.

We have stated before that it follows from the
inequality Ep/E, = 0.17 + 0.03 that the generating
particle loses on the average X (83 = 3)% of its
energy in the effective layer. On the other hand,
during the generation of YAS there are realized
interactions in which K X 0.8 in one act. Conse-
quently, the overwhelming number of YAS are
formed as a result of one interaction. For a spe-
cified K = 0.8, the choice of K;0 determines K;*
and consequently also the value of Ej 5 /E(. As
can be seen from Fig. 5, in order to have Ep 5 /E,
< 0.50 £ 0.09, it is necessary to have K;o = 0.6.

Direct calculations show that if K;0= 0.6,

W = 0.3, and K + = 0.3, then 76% of the YAS are
formed as a result of one interaction of the gener-
ating particle in a layer X = 130 g/cm?. Actually
W < 0.3, since WIE,TO < 0.17. Therefore the frac-
tion of YAS generated in one interaction will ex-
ceed 76%. Consequently, the previously obtained
value Ep 5 /E; =< 0.33 + 0.06 pertains essentially
to one act of interaction, i.e., Iz,ro > 0.67 £ 0.06.
This estimate, of the average fraction of the en-
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FIG. 4. FIG. 5.

FIG. 4. Results of calculation of T:“:/—Eo. Lower family of

l_ines—l—(ﬂt = 0.3; middle family R”i = 0.2; upper family

K”: =0.1. 1-W=0.01; 2—W = 0.1; 3—W = 0.2. Dashed line—

experiment.

_ FIG. 5. Results of calculation of E;5/Ecp. Dashed lines

K, =04, solid lines K ,=0.6. 1-K_,=0.1; 2-K_, = 0.3.

ergy transferred to the 7’ mesons in the interac-
tions responsible for the production of YAS ob-
tained from the average energy flux of the nuclear
active component of the YAS, is in good agreement
with the estimate of the quantity I_{-Wo = 0.65, ob-
tained from an analysis of the characteristics of
the electron photon component of the YASE3J,

Role of processes with large energy losses.
Let us consider the contribution of the processes
responsible for the production of YAS to the total
energy lost by the nucleons to the production of
70 mesons.

The number of YAS with an electron-photon
energy component = E incident in a vertical di-
rection in a unit solid angle is (3]

Nyas (= E)

= (3.6 £0.23)-107° (102 / E)t-69%0.08 cm ~2—sec "t -sr L.

Consequently the total energy of the electron-
photon component of all the YAS with E = 1.7 x 10
eV is

|
!
"8

Eyas = Nyas (E) EdE

1.7-10"
= (6.3 +£0.9)-10°eV:- cm “2_gec l-sr71.

This energy is released in an effective layer of
air of thickness X.

To determine the contribution made to the total
energy losses by the processes responsible for the
formation of the YAS, let us compare the quantity
EYAS with thetotal energy A_Eﬂo transferred to
the 7' mesons by all the nuclear active particles
with energy = 1.7 x 1012 eV in all the interaction
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processes in the same effective layer X. If the
energy flux of the nucleon component carried by
the particles with energy = 1.7 x 10'2 eV at the
observation level is denoted by EJ, then E}

0
f ENp(E)dE. The energy flux of the same
t.1x1012

component incident on the effective layer X will
be exp (X/Lapg) times larger, i.e., Ep(X)
= E}) exp (X/Labs). The difference Ep(X) — EY
gives the energy lost by the nucleon component to
the production of pions in the layer X. Conse-
quently, the nucleon component transfers in this
layer the following energy to the 7’ mesons:

(—A—Ena)n FO _ 1E‘x)1 (eX/‘Labs_ 1) (8)

At mountain altitudes, as shown by calculation
(5] the pion spectrum in the particle energy re-
gion E = 10! eV does not differ from the nucleon
spectrum, i.e., N;(E,x)dE = bN,(E, x)dE. There-
fore the energy flux of the pions (with E = 1. 7
x 10'? eV) incident on the effective layer is E *
= bE,(X) = bEY exp (X/Labs Assuming that the
pions transfer to the 7 mesons, in the mean, 1/3
of their energy in the interaction with light nuclei,
we find that in the layer X they transfer to the 7°
mesons, in all the interactions, an energy

7 [Ea (X) —

co X
(AE)abs = \ dES 5 EN, (E, 2) 2.
WY e int
1.7-10 0
10 a b oo
£ . —
- _3_§ — S EN, (E, z) dE = T\) 7 En (@);
0 1.7-10% 0
but
Eq (x) = Eqe'/"abs
i.e.,
(AE ) abs= E° Labs [eX/Fabs — 1]. 9)
mt
Thus
AEn = (AEx)n+ (AEx)abs
EO
=—3—“[ex/'“abs_ 1] bﬁbs_k1 ] (10)
Lint

The energy flux of the nucleon component
amounts to the following fraction of the energy
flux of the entire nuclear active component E) 5
at the observation level

= (1 + b) E%, i.e. Eg = Ena /(1 +b).

Inasmuch as the spectrum of the nuclear-active
particles at mountain altitudes is of the form tel

Npa (> E) = 1.4-1078 (10%/E)!* cm~2-sect-sr~!

we get
i , ANnq 4 -2 -1 -1
EYa— \ E—p—dE = 1.8-10* eV -cm™“-sec”'-sr
1.7-1012
i.e.,
—_— 104 /
K. — 1510 (¥l
Labsb I
S ) .
Y(’“_iflxt% : )ev em2-sec!-sr! (11)

When Lgpg = 120 g/cm?, Lin¢ = 85 g/cm?, and

X ~ 130 g/cm2 we get

1.4b + 1
110

Calculations show[®], that when E > 10 eV we
get b ~ 0.5—0.3; assuming b = 0.5, we get AE;0
=1.36 x 10 eV-cm ™ sec™! sr™'. Comparing this
quantity with Eyag = (6.3 £ 0.9) x 10* eV-cm™
sec”! sr~! we see that in the processes respon-
sible for the production of the YAS, approximately
50% of all the energy consumed in the formation
of the 7 mesons in all the interactions is trans-
ferred to the 7% mesons.

If the average energy lost by the nucleons in
interactions with the air nuclei is IEn, then the
fraction of the energy lost by the nucleons to the
production of 7 mesons is in the mean Kn/3. In
processes similar to the generation of YAS, the
nucleons lose in the mean a fraction K0 of their
energy to the formation of 7% mesons, and such
interactions have a probability W. Since the con-
tribution of these processes to the total energy
lost in the productlon of 7 mesons is ~ 50%, we
get WKWol = 0.5 x( /3) Kn = 0.16 K. We have pre-
viously found that Kro; = 0.7. Therefore for Kp
=0.5—0.6 we have W = 0.11—0.14. From the fre-
quency of generation of YAS™J we have obtained
W < 0.25. Consequently, 0.10 ~ W < 0.25.

An analysis of the results of the measurements
of the nuclear-active component of YAS leads to
the same conclusions concerning the characteris-
tics of the interactions responsible for the forma-
tion of YAS, which we drew on the basis of the
analysis of the electron-photon component of the
YAS, namely:

1. Young air showers are generated as a rule
in one active interaction between the nuclear-
active particle and the air nuclei.

2. Interactions which lead to the formation of
YAS differ substantially in their characteristics
from the average interactions: the average value
of the total inelasticity coefficient for them is

) eV. cm 2-gsec l-sr7!

AE.. = 1.2~104<
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K = 0.8, and the average fraction of the energy
transferred to the 7 mesons is = 0.67 + 0.06.

3. Interactions with almost complete inelas-
ticity (K =~ 1) and with transfer of ~ 70% of the
primary-particle energy to the 7 mesons in a
single act are realized with a probability 0.10
= W < 0.25. These interactions make an appre-
ciable contribution, approximately 50%, to the total
energy lost to the production of 7 mesons.

4. The bulk of the YAS is not generated as a re-
sult of decay of hyperons or known isobars into a

7% meson and nucleon.
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