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It is shown that a number of inconsistencies in the experimental data on interaction between 
cosmic ray nucleons with energies :::: 1011 eV can be removed if it be assumed that after inter­
action the nucleon goes over to a passive state, in which the nuclear interaction cross section 
is smaller than the normal cross section. Analysis of the experimental data pertaining to a 
broad energy range from 1011 to 1016 eV yields a single lifetime for baryons in the passive 
state. The value obtained is~ 10-10 sec which is the time characteristic of processes connected 
with change of parity in weak interactions. Estimates of the transition probability and cross 
section for baryon interaction in the passive state are discussed. 

THE accumulating experimental material on the 
fluxes and the character of the interaction of the 
particles of cosmic rays with energies 1011 eV and 
higher has recently added to the number of contra­
dictions between the data of different experiments. 
The first such contradiction arose in 1955, follow­
ing the measurement by Vishnevskil [ 1 J of the range 
for absorption of nuclear-particles in a dense me­
dium-water. Extensive use of the calorimeter in­
troduced by N. L. Gribov[ 2 J has led to an entire 
group of results that differ substantially from the 
data obtained by other methods. Critical discus­
sions, and in many cases also repetition of the 
measurements, disclose no radical errors in the 
formulation of the various experiments. 

In this paper we propose and discuss a physical 
hypothesis which eliminates the main contradic­
tions to a great degree. 

Let us list the main items which are contradic­
tory to one degree or another within the framework 
of the presently assumed notions. 

1. The difference between the range for absorp­
tion of nuclear-active particles, predominantly 
nucleons, with energy ~ 1011 eV in air and in water. 

Numerous measurements[ 3 J of the range of ab­
sorption in air give a value A.abs = 120-130 g/cm2, 

whereas in water, a medium very close in its nu­
clear composition to air, the measurements[ 1 J 

yielded A.abs = 180-200 g/cm2• The absorption 
curve at small thicknesses, even if the density ef­
fect is excluded, has a very complicated character 
(see Fig. 1). 
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FIG. 1. Absorption of nucleons with energy - 1011 eV in 
~ ater: continuous curve-calculation, points-experimental data 
of[']. Dashed curves: 1-N,(x), 2-N2 (x), 3-N,(x). The calcula­
tions were made using \nt = 90 g/cm2 , and a= lnuclls = 0.4. 

2. The difference in the nucleon fluxes measured 
with an ionization calorimeter-installation with a 
"thick" filter (several nuclear ranges, where suc­
cessive interactions of the primary nucleons should 
take place)-and instruments with "thin" filters, 
where practically only one interation is probable. 

Thus, according to calorimetric data [ 2 J the par­
ticle flux at 3260 m altitude (pressure 690 g/cm2) 

in the energy interval 2 x 1011 -2 x 1012 eV turns 
out to be several times smaller than the flux ob­
tained in measurements with a thin filter, [ 4J and 
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the exponent of the energy spectrum is larger by 
0.1-0.2 (see Fig. 2). The latest measurements of 
the spectrum of the primary radiation with a cal­
orimeter installed on an artificial satellite '' Pro­
ton 1" E 5J also yield a proton intensity lower than 
that measured earlier from the bursts generated in 
thin filters at 200 g/cm2 pressure, E 4l or from the 
electron-photon cascades generated in emulsions 
at high altitudes in the stratosphere. E 6• 7J We note 
also the extremely low flux of nucleons having no 
shower accompaniment, measured with the aid of 
a calorimeter on mountains. E 8 J The authors were 
forced to deduce from this that the range for the 
interaction of nucleons in the atmosphere increases 
with energy, a deduction that contradicts many 
data. E 9- 11 J 

3. The difference in the data on the inelasticity 
coefficient K in interaction between 1011-1012 eV 
nucleons and light nuclei. 

When working with calorimeters, the experimen­
tally measured quantity is the energy of the elec­
tron -photon component, produced during the inter­
action, i.e., K1ro· Calorimetric measurements give 
for interactions in graphite[ 12 J a mean value K1ro 
= 0.33 ± 0.05. Similar measurements observe 10-
20% of events[ 13 • 14 l in which K1ro ~ 0.8, and in most 
cases 50-60% of the energy of the primary particle 
is carried away by a single 1r0 meson with the high­
est energy. 

A similar value was obtained for K7T0 in the case 
of interactions with iron nuclei. E 15 l The corre­
sponding total coefficient is close to unity, for ex­
ample in E 12 l K = 0.65 ± 0.10. This coefficient, 
however, includes estimates of the energy of the 
charged pions obtained from the magnitude of the 
transverse momentum, which are much less accu­
rate. 

FIG. 2. Calculated data concerning energy meas­
urement with an instrument having an absorber of thick­
ness P = 5 nuclear free paths. 

Use of a cloud chamber[ 16 l yields with greatest 
accuracy, in our opinion, the mirror inelasticity 
coefficient K3. Its mean value is K3 = 0.41 ± 0.04. 
The peak of the distribution of K lies near a value 
0.2. Cases with K_> 0.8 are extremely rare. The 
average value of Kna amounts to ~o.15. A nearly 
equal picture is obtained also in emulsion investi­
gations for particles with energy ~1014 ev.E 1ol 

A study of the passage through the atmosphere 
of nucleons with energy 1011 -1013 eV and of the 
production of pions by them makes it possible to 
determine certain effective characteristics of the 
interactions. Thus, the results of [ 4J yield 

I 

~ ( 1- K)L7lf'(1- K)d(1- K) = 0.24:g,-g~ = (1- O.So) u, 

0 

I 

~ K,o1•7W(K,o)d(K,o) = 0.08 ± 0.02 = 0.221·7, 

0 

1 

~ (~7) w (~.:)a(~:)= o.o33 + o.oo7 =0.141.7 (1) 

(here E0 is the energy of the primary particle, 
Em is the energy of the most energetic 1r0 meson, 
and W is the distribution function). The obtained 
characteristics are in good agreement with the re­
sults of chamber and photoemulsion measurements, 
and contradict the calorimetric data. For example, 
the effective value of K1ro as measured with a cal­
orimeter[ 14 l is 

1 

~ K,.ol.9 W (K,.o) dKno = 0.20 = 0.421.3. 

4. The difference in the estimate of the energy 
of the nuclear-active component of an extensive 
air shower (EAS) and the resultant estimates of 
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the fluctuations in the development of the EAS. 
We refer here, primarily, to observation in 

calorimetric measurements [ 14 • 18 J of so-called 
young air showers. These showers arise in inter­
actions in which the 1r0 mesons obtain the over­
whelming fraction of the energy. The fraction of 
the energy of the nuclear-active component in such 
showers is 10-20%,[ 14• 18 J i.e., the shower devel­
ops further practically like a pure electromagnetic 
cascade. According to an estimate made in [ 17 J, 

such showers, with extreme fluctuations in the alti­
tude variation, amount to not less than 50% of all 
the EAS. The existence of showers with extremely 
large fluctuations cannot be deduced from the 
analysis of fluctuations of the ratio NJ.L /Ne for 
showers[ 19J and Cerenkov bursts of EAS[ 20J, and 
from the altitude variation. [ 21 J 

5. Anomalies in the spectrum of extensive air 
showers relative to the number of particles N in 
the region N = 105-108.[ 22 ] 

Whereas an increase in the exponent of the spec­
trum in the interval N = 10 7-106 can be attributed to 
a hypothetical change of the primary spectrum, the 
value 'Y = 1.5 in the region N = 105-106 is to some 
degree in contradiction to data on the primary spec­
trum. 

6. Certain peculiarities in the flux of charged 
particles deep under the earth. 

According to [ 23 • 24 J, at a depth of approximately 
7500 meters water equivalent (m.w.e.) of the "nor­
mal scale" (z = 11, p = 2.65 g/cm3), the vertical 
flux amounts to 1.5 x 10-10 particles/cm2-sec-sr. 
This flux can be attributed to muons with energy 
~ 1013 eV. However, the latest data[ 25J disclose an 
unexpectedly broad angular distribution of the 
charged particles, and to explain this distribution it 
must be assumed that high-energy neutrinos gen­
erate muons with a cross section greatly exceeding 
the expected value. We note also the appreciable 
probability of observing underground showers of 
particles and muon groups, [ 25 J and of showers at 
large zenith angles at sea level. [ 26 J 

The hypothesis that eliminates the foregoing 
contradictions and explains many results from a 
unified point of view is simple: during the time of 
interaction the nucleon goes over into a passive 
state, in which its interaction with the matter has 
a cross section much smaller than usual. The bar­
yon stays in this state for a certain time T that 
varies relativistically with the energy. After the 
lapse of the time T, the nucleon goes over into the 
normal state and interacts with the nuclei at the 
normal nuclear cross section. The lifetime and 
the interaction cross section in the passive state 
(S) should be determined experimentally. 

A theoretical analysis of the question, carried 
out by Feinberg, [ 27 J leads to the conclusion that 
the cross section decreases for the electromag­
netic interaction, and points to the possibility of a 
similar effect in strong interactions if the energy 
is sufficiently high. 

1. ABSORPTION OF NUCLEONS IN MATTER 

Thus, we shall assume, in analyzing the prob­
lem, that the nucleon, while retaining a fraction D. 
of its energy in the interaction, turns into a pas­
sive S-particle which does not interact with the 
matter. The nucleon exists in such a state for a 
time T = T0E/Mc2• 

The interactions of the first-generation nucleons 
N1 are distributed in the matter in accordance with 

(2) 

(x is measured in nuclear free paths). The varia­
tion of the number S1 of "passive" first-genera­
tion particles is 

(3) 

The solution of the problem is determined by the 
value of the parameter d = 1/pcT, which is equal 
to the ratio of the geometrical length correspond­
ing to the nuclear free path of the nucleon Znuc to 
the baryon free path in the S state l S· The value of 
a varies in inverse proportion to the particle en­
ergy. 

For the nucleons and S-particles of the second 
generation we have 

and analogously for the succeeding generations. 
The problem is similar to that of the radioac­

tive family, and the solutions can be readily ob­
tained. We write out the expressions for N2 and 
N3, assuming that a 2 = 2a, which corresponds to 
D. = 0.5: 

a a 
N2(x) = -- (e-ax- e-x)- ---xe-x, 

1-a 1-a 

N (x) - 2a - e-ax- 2 e-2ax 
3 - (1-a)3 (1-a)(1-2a) 

a2 a2 + xe-x + x2e-x 
(1- a) (1- 2a) (1- a) (1- 2a) 

a[(1-a) 3 - (1-2a)3) + e-x 
(1- a) 3 (1- 2a) 3 • 

If the nucleon retains after the interaction a 
fraction of energy D., and the incident nucleons 
have a power-law energy spectrum of the form 
N ( > E) ~ E -y at a depth x, then the flux of nucleons 
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with energies smaller than a given value is given 
by the expression 

We note that the absorption curve is approximated 
by e-x for small thicknesses and by e-ax for 
moderately large ones. 

In Fig. 1 we compare the results of the calcula­
tions, for which in accord with experiment[ 4• 161 we 
have assumed ll. = 0. 5, with the experimental data [1] 

on the absorption of nucleons in water. The initial 
section of the curve shows that the free path for 
the interaction in water is close to 90 g/cm2, and 
that 

90 
a = 180 ~ 200. = 0•5 - OA. 

The energy of the nucleons observed in the ex­
periment[ 1J is estimated at ~ 1011 eV. From this 
we obtain (E is in electron volts) 

a=4·10-2(1012 /E), ls=20(E/1012)[m]. 

The uncertainty in the determination of Zs from 
Vishnevski1's experimental data is governed by the 
accuracy with which the energy of the particles is 
estimated, and amounts apparently to approximately 
2-3. 

At an energy~ 1011 eV, the lifetime of the parti­
cles in the passive state, determined from the free 
path, is ~ 10-8 sec. If the rest mass of the S­
particles is close to that of the nucleons, then the 
lifetime for the particle at rest is~ 10-10 sec, i.e., 
a time characteristic of processes connected with 
the change of strangeness in weak interactions. 

2. MEASUREMENT OF NUCLEON ENERGY 
WITH A CALORIMETER 

It is easy to calculate the probability of realiza­
tion of the i -th interaction of the nucleon in an ab­
sorber of thickness P nuclear free paths 

p 

W;(P)= ~N;(x)dx. 
0 

Integration yields 

1 a(2-a) a 
W.(P) = 1- ---c-c---cc:e-a.P + e-P +--Pe-P, 

• (1-a)2 (1-a)2 1-a 

') 

W 3 (P) = ~ (1- e-a.P) 
·(1-a) 3 

1 ------ ~~ (1 - e-2a.P) 
(1-.. a) (1- 2a)2 

+ 2a~(2 ;- 3a) [1-e-P(P+1)] 
(1- a) 2 (1- 2a)2 

The value of W 3 was obtained for a 2 = 2a, cor­
responding to reduction of the nucleon energy to 
one half by the interaction. Figure 2 shows the 
values of W2 and W3 for a characteristic absorber 
thickness P = 5 nuclear free paths as a function of 
the quantity 0! = mc2 /EpcT0. 

Figure 2 shows also the dependence of the frac­
tion of the energy ll.E released by the nucleon in the 
absorber on 0!. We see that 0! changes by a factor 
of 2 when the energy changes by approximately 
three orders of magnitude. This leads to a dis­
torted energy spectrum of the nucleons if this 
spectrum is measured with the aid of apparatus 
with a thick filter. 

Figure 2 shows the coefficients 
K = (N(>E)E'Y)meas/(N > E)E'Y)true characterizing 
the variation of the integral spectra of the nucleons. 
The calculations were made for power-law spec­
tra with exponents y = -1.7 and y = -1. 9. We 
see that in the interval 10 > a > 10-2 the exponent 
increased by 0.1-0.2, and after reaching a plateau 
in the region of small a, the measured flux is 
smaller than the true one by a factor 3-4. 

We have used these calculations for comparison 
with the already mentioned nucleon fluxes at 3260 m 
altitude, measured with a calorimeter and with ap­
paratus with a thick absorber. For the Moscow 
State University calorimeter[ 21 the density is 
p ~ 4.8/200 ~ 1/ 42 nuclear free path per em. 

Figure 3 shows a comparison of the spectra. 
The thin-absorber nucleon spectra presented come 
from two sources: measurements in the atmos­
phere, [ 41 and calculations from data obtained by 
the Moscow State University group[ 141 on the in-
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FIG. 3. Energy spectrum of nucleons at 795 g/cm2 pres­
sure. Curves 1 and 2 were obtained with a thin absorber in[4] 

and [14] respectively; curve 3-experiment with thick absorber 
[ 2], dashed curve-calculation for calorimeter. 
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FIG. 4. Energy spectrum of primary protons. Curve 1-from 
[4], curve 2-calculation for calorimeter with P = 3 nuclear 
free paths, p = 1/23, points-data of "Proton-1" satellite. 

tensity of the ionization bursts under 60 g/cm2 ab­
sorbers. For the calculation we used data on the 
burst spectra, with allowance for the structures. 
It was assumed that in an absorber of thickness 
60 g/cm2 the electron-photon component receives 
25% of the primary-particle energy (pion interac­
tions are taken into account). The normalization to 
the absolute flux is in this case in accordance with 
Fig. 5 of [ 14 J. We see that within the 20-30% meas­
urement accuracy quoted by the authors of the 
cited papers, the data obtained with the thin ab­
sorber agree with one another, and the results ob­
tained with a thick absorber lie well on the calcu­
lated curve. 

Figure 4 shows a similar comparison of data on 
the primary proton spectrum. The results for the 
primary spectrum, obtained in [ 4J from a set of 
measurements with a thin absorber (assuming the 
nuclear composition of primary cosmic rays given 
in the review[ 28 J), are compared with measurement 
data obtained with the "Proton-!" satellite. The 
amount of matter in the "proton-!" calorimeter 
corresponded to three nuclear free paths of iron 
at a density p = 1h3 nuclear free paths per em. 
We see that in this case, too, there is good agree­
ment between the calculations and the experimental 
data. 

In concluding this section we note that correct 
allowance for the fraction of the energy registered 
by the calorimeter in the case of a steeply de­
creasing nucleon spectrum traveling without a 
shower accompaniment, at mountain altitudes, 
greatly increases the flux of such nucleons and 
voids the conclusion drawn by Grigorov[ 8 J that 
the free path for the interaction of the nucleons 
in the atmosphere is greatly altered in the energy 
intervall011 -lo13 eV. 

FIG. S. Experimental [14] ioniz-
ation ratio k = Irfi1 + Iu) under a 
"thin" (11) and "thick" (III) ab­
sorber for particles with energy 
- 1012 eV (total number of events 
to the left and to the right is 25). 
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3. INELASTICITY COEFFICIENT IN THE IN­
TERACTION OF HIGH-ENERGY NUCLEONS 

5".0 

We analyze further the fraction of the energy 
transferred in the interaction from the nucleon to 
the secondary particles. We shall first consider 
the typical results of the experiments of Grigorov 
and his co-workers, [ 8 • 14 J who have concluded from 
their experiments that an interaction exists with 
"catastrophic" losses, in which up to SO% of the 
nucleon energy is transferred to the rr0 mesons. 

The experiments were carried out with an in­
stallation containing two graphite absorbers, I and 
II, of 60 and 210 g/cm2 respectively. The density 
of the matter in the instrument was p = 1fs 5 nuclear 
free paths per centimeter. The nucleon energy was 
..G 1012 eV. A histogram of the ionization ratios Ir 
and In measured under the first and second ab­
sorbers, taken from [ 14 J, is shown in Fig. 5. 

The probabilities of the first interactions in 
absorbers I and II are respectively Wr = 0.51 and 
w11 = 0.48. Thus, the first interactions in the ab­
sorbers have practically equal probabilities. The 
second-interaction probabilities for the experi­
mentally obtained particles with energy ;::::! 1012 e V, 
for which a = 4 x 10-2, are 0.01 and 0.06. Thus, 
only approximately 10% of the nucleons interacting 
in the upper absorber will give rise to secondary 
interactions in the lower absorber. 

An elementary balance for the energy trans­
ferred to the electron-photon component, for those 
cases when the first interaction occurs in the up­
per absorber, gives an average ratio k 
= Ir/(Ir +In)= 0. 73 and describes satisfactorily the 
right-side group of events in Fig. 5 both with re­
spect to the average ionization ratio and with re­
spect to the existence of approximately 10% of 
events with an ionization ratio k ~ 0.6. 

The left-side group of events, which includes 
cases when the first interaction occurs in the lower 
absorber, explains the peak of the ionization ratio 
at 0.0-0.1. The group of events with ionization 
ratio~ 0.25 can be attributed to the penetration of 
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the energy of the particles accompanying the nu­
cleon through the upper lead absorber, since the 
events selected in the experiment were those in 
which, first, lu/lthr ~ 0.5 in the upper trays and, 
second, I1 ~ 0.05 lthr· 

Thus, the experimental data of Grigorov et 
al. [ 14 l can be interpreted without resorting to the 
conclusion that "catastrophic losses" of energy 
take place. 

The data of [ 13 J can be interpreted in similar 
fashion. The fraction of the energy transferred to 
the 1r0 mesons decreases to 0. 3-0.4, and the energy 
of the maximum 1r0 -meson energy is decreased to 
0.20-0.30 of the nucleon energy. These values do 
not contradict the measurements stratosphere[ 4J 

and the cloud-chamber data, [ 16 J and can be attrib­
uted to fluctuations in the energy distribution during 
the decay of isobars with mass close to two nucleon 
masses (see Fig. 2 of [ 13 J). 

In [ 12 J, where a calorimeter was used, it was 
found that the average energy fraction K1ro trans­
ferred to the 1r0 mesons in interactions of particles 
with energies close to 3 x 1011 eV with carbon nu­
clei is 0.33 ± 0.05. A close value, 0.37 ± 0.04, was 
obtained [ 15 ] in measurements of interactions with 
iron nuclei. From the point of view developed here, 
these values simply reflect the symmetry in the 
production of 1r0 and 1r± mesons. 

If we recognize further that approximately half 
the nucleon energy is released in the calorimeter, 
then the calorimetrically measured ~0 and the 
"effective" K1ro are in good agreement with the re­
sults obtained in the cloud chamber[ 16 J and in the 
atmosphere. [ 4J 

The estimate of u, the variance of K7f0, is like­
wise altered. Using the formulas given in [ 14 J, we 
obtain 

( ( a \ z )'h 0.42 a 1+ --1 =--=1.25, -=0.7, 
Kno / . 0.33 Kno 

i.e., the same value as obtained from measure­
ments in the atmosphere. [4 J 

Thus, the proposed hypothesis explains the ex­
treme measured values of K7ro, i.e., those with the 
maximum deviations. The intermediate measure­
ment results can, naturally, not be explained. 
These are, for example, the results given by a 
calorimeter with a Cerenkov counter, [ 29 J namely 
that K1ro remains constant at 0.22 ± 0.02 in the en­
ergy interval E0 = 1 x 1011 -7 x 10 11 , and also the 
measurement results [ 30 J in which the distribution 
of the inelasticity coefficient in interactions caused 
by neutral primary particles (presumably neutrons) 
differs from the similar distribution for charged 

primary particles. It is concluded from this that 
events with large K1ro are due to the interaction of 
charged pions. This point of view is different from 
the point of view of N. L. Grigorov, who states that 
interactions with catastrophic losses are due to 
nucleons. 

4. YOUNG ATMOSPHERIC SHOWERS 

From the point of view of the hypothesis consid­
ered, a young atmospheric shower is an event in 
which the nucleon in the shower incident on the ar­
ray is in a passive state. It is easy to estimate the 
fraction of such showers when these showers are 
registered by an instrument installed at a pressure 
700 g/cm2 (the experimental conditions of [ 14• 18 l). 

We have 

Particle energy, eV: 1013 2·10 13 5·1013 10" 

a = lnuclls: 3.4 2.0 0.8 0.4 

Fraction of showers with S-particles, per cent: 

3.0 13 50 67 

The only nuclear active particles in a young air 
shower are charged pions, which furthermore 
transfer part of their energy in the atmosphere to 
the electron-photon component. The average meas­
ured ratio of the energy of the nuclear-active parti­
cles to the energy of the 1r0 mesons can amount to 
approximately unity. This value is somewhat higher 
than that observed in experiment[ 14• 18 J, but the ex­
perimental selection of events makes an exact quan­
titative comparison difficult. 

In deeper layers of the atmosphere, the nucleon 
goes over into the normal state and becomes the 
leading particle of the shower. This eliminates the 
contradiction in the estimate of the fluctuations in 
the altitude variation of EAS. 

5. PASSAGE OF HIGH-ENERGY NUCLEONS 
THROUGH THE ATMOSPHERE AND 
FORMATION OF EAS 

We must now take into consideration the fact 
that the density of the atmosphere varies in pro­
portion to the depth: 

P =PoX 

(here Po is the atmosphere at a depth equal to one 
nuclear free path, Po = 1/ 8500 nuclear free paths 
per meter). Then 

1 1 ~ 
a=----=-

poe• x x ·' 
~ = --1- = 4·102 (~1~) 

poCLoE/Mc2 E .· 

(E is in electron volts). Thus 
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(5) 

The solution of Eq. (5) can be readily obtained 
by the method of successive generations: 

(6) 

The solution of the equation for N2 is 
00 • 

X' 
N2 (x) =~e-x ~~a;. (7) 

·i=tu. 

The results of the calculations are shown in Fig. 6. 

f3=aos 

J3=5 
j3=0005 

5 10 12 
J: nuc. free paths 

FIG. 6. Flux of second-generation nucleons in the atmos­
phere. Curve 1-without account of transition of the nucleons 
into the passive state, curve 2-{3 = 1/p0 cr = 5, 3-{3 = 0.5, 
4-{3 = 0.05, 5-/3 = 0.005. 

For comparison with experiment, let us calcu­
late also W2(P), the probability of realization of a 
second nucleon interaction in the layer of the 
atmosphere (P = 11 nuclear free paths), and X2(P), 
the average depth of the point at which the second 
interaction of the nucleon takes place in the atmos­
phere, as functions of {3: 

p 00 p 

W2(P) = ~ N2(x)dx = ~ ~ ~\ ~ e-xxidx, 
0 i=l tL. 0 

p 00 p 

X2(P) = ~ xN2(x)dx = ~.~ ~ ~ e-xxi+! dx. (8) 
o i=i n. o 

Thus, the particle-number spectrum of the EAS 
will not duplicate the energy spectrum of the pri­
mary nucleons, for two reasons: 

1) A change takes place in the fraction of the 
energy E lost by the nucleon in the atmosphere: 

E = 0.5 w, + (0.5)2W2 + ... ; 
2) a change takes place in the height at which 

the second interaction of the nucleon takes place. 

Wz 
1.0~----~~----------

X2, nuc. free paths 
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FIG. 7. Calculated data on the passage of second-genera­
tion nucleons through the atmosphere: curve !-probability W2 of 
realizing interaction of a second-generation nucleon, curve 2-
average depth X2 for this interaction (calculation for P = 11 

nuclear free paths). 

Figure 7 shows that the average depth of the 
second interaction begins to increase from x2 = 2 
~t {3 ~ 10 and again reaches a plateau at a value 
x2 = 4.8 for {3 < 0.5. 

We assume that the number N of shower parti­
cles is proportional to the energy lost by the nu­
cleon in the atmosphere. Let us calculate further 
the variation of the average depth of energy release 

_ W 1X 1 + O.Sl·V~2 
X= . 

W, +O.SW2 

The change in the number of particles of the shower 
with changing X is taken into account by using the 
experimental coefficient of absorption of the EAS in 
the atmosphere, as determined by measuring the 
intensity of the showers at sea level and on moun­
tains. [ 311 

The results of the calculation for a power-law 
spectrum with y = 1. 7 are shown in Fig. 8. We see 
that the calculation agrees with experiment. [ 221 

This shows that in estimating the lifetime of nu­
cleons in the passive state it is possible to start 
from data on the interaction of the particles in a 
rather wide range of energies, and not only from 
the results of the experiments of V. F. Vishnev­
skil.[ll 

The analyzed experimental data indicate that at 
energies 1011 eV and higher the probability that the 
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FIG. 8. Particle-number spectrum of EAS at sea level 
(N = number of particles). Curves-calculated spectra for 
a power-law primary spectrum with y = 1. 7, points-experi­
ment [22]. 

1/013 to'4 to'5 10 16 f(l/7 10'8 
E shower,1 ev I I I 

lfll3 t0 14 10 15 t0 16 t0 17 tO 18 

E" ev 

nucleon goes into the passive state after the inter­
action is close to unity. One cannot exclude, of 
course, the possibility of the nucleon having a 
probability of several times ten percent of remain­
ing in the normal state after the interaction. 

It follows from the same results that the cross 
section for the interaction of the baryon in the pas­
sive state should not be more than 1/ 10 - 1;5 of normal. 

6. FLUX OF HIGH ENERGY PARTICLES UNDER 
THICK LAYERS OF MATTER 

The intensity of the particle flux under thick 
layers of matter constitutes a radical criterion for 
estimating the cross section for the interaction of 
passive baryons. Using formulas (6) and (7), we 
can calculate the energy spectra for S1 particles 
and N2 second-generation nucleons at sea level. 
We have started in this calculation from the spec­
trum of the primary cosmic rays, given in Clark's 
review paper[ 321 , and corrected in the energy re­
gion ~ 1014 eV in accord with [ 41• 

The results of the calculations are shown in 
Fig. 9. At energies above 1015 eV, the intensity of 
the flux of the S-particles is only several times 
smaller than the intensity of the primary rays. ThE 
flux of second-generation nucleons in the energy 
region 1014-1016 also turns out to be much higher 
than the flux calculated without account of the tran­
sition of the nucleons into the passive state. It is 
easy to see that the angular distribution of such 
particles at sea level will be relatively flat. These 
results make it possible again to estimate the 
probability of observing EAS at large zenith an­
gles. 

The absorption of S particles in the ground is 
determined by the expression 

S(E,, x) = S(E, Xo)e-a(x-xo), (9) 

where Xo is the sea level. If the absorption takes 
place in the "normal scale," then a = 1. 5 

Nf>EJ, paricles 
1 em sec-sr 

-7 
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-9 
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-I! 
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tO 13 to'* 10'17 1018 
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FIG. 9. Integral energy spectra of nucleons and S-particles: 
curve !-spectrum of primary cosmic rays [32], 2-spectrum of 
S-particles at sea level, 3-spectrum of S-particles at depth 
7500 m.w.e., 4-spectrum of nucleons N2 at sea level, 5-spec­
trum of nucleons at sea level without account of transition to 
the passive state, 6-spectrum of nucleons N2 at depth 
7500 m.w.e. 
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x 10-5(1015/E) (E is in electron volts). The second­
generation nucleon flux is given by the expression 

Nz(E, x) = aS(E, x), (10) 

which shows that the nucleons are in equilibrium 
with the S-particles. Figure 9 shows the integral 
energy spectra of the S-particles and nucleons at a 
depth of 7500 meters water equivalent in the "nor­
mal scale.'' 

If we bear in mind the fact that the primary­
nucleon flux data and the value of a (E) used in the 
calculations have an accuracy not better than 200% 
and that we do not know the fraction of the neutral 
S-particles in the flux, then the agreement between 
the calculations and the experiments [ 23 • 24 • 25 l is 
good enough. This explains likewise the high inten­
sity of the showers under thick layers of ground. 

These results, when taken literally, signify that 
the cross section for the interaction of nucleons in 
the passive state does not exceed 10-3 of the normal 
cross section. It would be premature, however, to 
insist on this estimate, since an appreciable frac­
tion of the particle flux at large depths underground 
can be due to muons. 

The results allow us to assume that the exist­
ence of a passive baryon state is a likely hypothe­
sis, and at any rate is worthy of careful attention. 

Together with analyzing from this new point of 
view other experimental data on high-energy cos­
mic rays and nucleons accelerated to ~ 30 GeV, it 
is most interesting to plan experiments to explain 
the physical nature of the passive baryons. 

The probability of realizing at different energies 
the transition of the interacting nucleon into the 
passive state, the cross section for the nuclear in­
teraction of the passive baryon, the question 
whether other particles are emitted during the 
transition to the normal state, the masses and the 
exact lifetimes of the baryons in the passive state, 
and their radiative losses, are all imminent ques­
tions. 
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