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Synopsis

An analysis of the intensity, charge composition and energy spectra of secondary cosmic
ray components suggests that the average incident extraterrestrial nucleon, in its passage through
the atmosphere, is repeatedly excited to one of the low lying levels of the pion-nucleon system
and decays between successive excitations by the emission of several mesons. The particle di-
stribution in the atmosphere in the energy range between a few GeV to ~ 1000 GeV can be under-
stood and calculated accurately in terms of such decay products and their progeny; other pro-
cesses of meson production play only a minor role.

The experimental data available on secondary cosmic radiation determine approximately
the properties of the excited ‘‘average” baryon state, rather similar to those known to exist
at accelerator energies

Probability of excitation 8 =0.7+£0.07
Isobar mass My 22300 MeV
Average number of pions emitted per decay np=35+0.5
Average charge excess among decay pions |:rz+ -7 | = 0.35+0.15

Ratio of hyperons to nucleons among the decay products Y/N = 7+7 %,
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I. Introduction

In this paper an attempt is made to describe the propagation of cosmic
radiation in terms of a phenomenological model for high energy nuclear
interactions, which is in harmony with ideas on the process of particle
creation as evolved in accelerator laboratories and at the same time simple
enough for accurate calculations of intensity, charge, and energy distribution
of secondary particles in the atmosphere.

A new investigation of this problem seemed to be required in view of
the fact that, in recent years, a number of structural features corresponding
to definite quantum states have been observed in the pion-nucleon system,
which are known to play an important role at low energies and may do so
also at high energies. Upto 3 GeV, single and double pion production in
nucleon-nucleon collisions can be understood in terms of the excitation and
subsequent deexcitation of such pion-nucleon isobaric states.®) This mode
of description, which has been developed largely by LinpENBAUM and STERN-
HEIMER®), is known as the isobar model of meson production. Recently,
Damcaarp and Hansen® have presented evidence that the same process
may account for the majority of particles created by 22 GeV protons.

At very high energies (> 100 GeV), on the other hand, a study of the
energy and angular distribution of the great majority of particles requires
a different mechanism for particle crealion; it suggests a kind of fireball
model®, e. g., it can be described in terms of nearly isotropic emission of
low energy particles from a cloud which is approximately at rest in the
centre of mass system of the colliding nucleons (see Appendix A). Cosmic
ray evidence indicates that the colliding nucleons themselves do not form
part of this fireball; their energy is high in the C-systems, even after col-
lision. This can be deduced from the propagation of nucleons through the
almosphere; in the majority of encounters, a nucleon emerges which re-
tains a large fraction of the original energy.

However, it appears that nucleons are not the only particles which
move with high velocity in the centre-of-mass system after collision; there
is slrong evidence that, at least in a considerable fraction of collisions, a
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small number of pions is generated with energies high in the rest system of
the fireball and low in the rest system of one of the baryons.®. It seems
natural to expect strong final-state interaction between these mesons and
the nucleon so that one may describe their creation as being the result of
the deexcitation of a baryon isobar. The term baryon isobar will be used
only in this sense. One can then divide the particles created in high energy
nucleon-nucleon encounters into two phenomenologically distinct groups:

the fireball (which contains the majority of particles, all relatively slow
in the centre-of-mass system), and

two other sets, each containing a nucleon as well as a small number
of mesons, which are slow in the baryon system and therefore dyn-
amically related to the nucleon.

As the primary energy increases the multiplicily, and hence the size of
the fireball, is found to increase. On the other hand, the number of mesons
from deexcitation of isobaric slates appears {o remain constant, suggesting
an essentially energy independenl mass distribution of the excited baryon
states.

This general picture, which appears to be in accord with the energy
distribution among particles emerging from high energy collisions @, 4. %),
receives strong support from other cosmic ray data; as shown below, the
positive to negative ratio among sea level muons and among kaons observed
in balloon exposed emulsion stacks provides evidence in favour of the
frequent excitation of baryons in high energy collisions.

a) The Ratio of Positive to Negative Muons.

The ratio p+/p~ measured on the surface of the earth is nearly five to
four at low energies and remains constant (or possibly increases) for muon
energies above 100 GeV (see Fig.8). Since the available target nuclei in
the atmosphere contain protons and neutrons in equal numbers, charge
Symmetry requires that the observed positive excess among muons be due
to the excess of protons over neuirons in the primary cosmic radiation,
corresponding to an average charge excess of 0.37* positive charges per

+
collision. The relations Mfmg and pt—u < 0.37 show that the muons
7

measured on the ground are descendants of a subgroup (consisting of
about 3 mesons) whose members satisfy each of two conditions:

* Al a given energy per nucleon, the extra-galactic nucleons consist of 87 ¢/, protons and
13 ¢/, neutrons(06), corresponding to an average charge excess of 0.37 per primary interaction.
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they have a preferential share in the charge excess of the incident nu-
cleon, and

they receive an abnormally high energy so as to remain distinct among
the bulk of particles created in the same interaction.

Since the observed ratio p*/u~ remains essentially constant over a con-
siderable energy range, the character of the subgroup should not depend
on primary energy.

The muons in this subgroup come from parent particles which receive
an energy proportional to that of the incident nucleon; this can be deduced
from the fact that their energy spectrum (when corrected for their decay
and for the interaction of parent particles) follows the same power law as
the primary and secondary nucleon components (Figs. 2 and 5).

All these conditions are satisfied automatically if one assumes that the
incident baryon, emerging from a nuclear collision in the atmosphere,
finds itself some of the time in an excited state from which it returns to
the nucleon ground state by meson emission,

b) The Ratio of Positive to Negalive Kaons.

Cosmic tay produced kaons observed in emulsion stacks furnish quite
independently another indication of the existence of baryon excitation in
high energy collisions. Stopping kaons show an uncommonly high positive
to negative ratio K*/K- ~ 20 (). The observations correspond, in the mirror
system of nucleon-nucleon collisions, to kaons which receive more than
25/, of the energy of the incident primary. Such a high fractional energy
is normal if a kaon arises from the deexcitation of the forward isobar. The
large positive excess follows directly from the assumption that most of the
excited isobars have strangeness number zero:

Positive kaons should then be produced in processes of the type
N¥* > K+Y, (M > 1610 MeV); kaons of negative strangeness should be
much rarer because in non-strange baryon decay they can occur only
as members of kaon-antikaon pairs and have much narrower production

channels:
N*—>(KI_{) + N (M=>1960 MeV) or
N#¥ 5K+ Y*>K+K+N (M>2010 MeV).

In view of all these considerations, it seems useful to adopt a dual picture
of particle generation in the high energy range relevant to most cosmic ray

T There is now strong evidence that this process contributes appreciably to positive kaon
production at accelerator energies.(3)
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phenomena and investigate its consequences. We consider a very simple
model which incorporates the two distinct processes of meson production.
The fact that it represents exisling data adequately seems to point to an
underlying simplicity in the high energy collision process itself. (The model
is more fully discussed in Appendix A, where it will also be shown that
it is compatible with all well established experimental data on high energy
interactions.) The main features of the meson production processes may
be summarized as follows:

1) A fairly isotropic emission of mesons from a fireball, moving with
small, i. e. non-relativistic velocity in the C-system of a nucleon-nucleon
collision. The number of these “pionization” mesons increases with
energy, but their C-energy does not (in conformity with the well-known
energy independence of transverse momenta); as a result, their energy
in the L-systems is proportional to the square root of the primary energy.
2) Emission of mesons from various excited baryon states whose nature
is independent of collision energy above ~ 10-15 GeV. In the L-system
the energy of decay mesons associated with the forward moving baryon
is therefore proportional to primary energy (that of the backward moving
baryon is non-relativistic and essentially independent of primary energy).

The relative importance of the two processes depends on the pheno-
menon to be studied. In this paper we confine the investigation to the in-
tensity and energy distribution of secondary particles in the atmosphere,
i. e. to the combined effect of collisions produced by primaries whose energy
distribution follows the well-known and rather steep power law. In this
particular case a simplification arises for purely kinematical reasons,
namely:

In the case of nucleon-nucleon collisions the two processes of particle
generation cannot both contribute comparable numbers to the flux of the
secondary particles in the cosmic radialion; this is a consequence of the
fact that the spectra of mesons from the two processes have very different
dependence on primary energy and that the steepness of the primary cosmic
ray spectrum emphasizes those processes in which a large fraction of the
primary energy is transferred to individual secondary particles. The cal-
culation of the relative importance in the cosmic radiation of mesons gener-
ated by nucleons in pionization and mesons generated in the deexcitation
of baryon states is straightforward on the basis of this model; it is carried
out in Appendix A and the result is shown in Fig. 1. One sees that, for
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Fig. 1. Pion production from the decay of baryon isobars is compared with pion production from eva-
poration of a fireball (pionization). The ratio g/ (eqs. A7, A6) has been plotted for various
values of the number of isobar decay pions, sng, which are produced in an average collision

with target nuclei of low atomic weight. The total number of created particles per collision,
n,, is assumed to be related to that of charged particles, n,, by n, = 1.6 (n,—1) = 2 sng+n, E°.
The constants n, and ¢ have been chosen such that

n=J8 for E = 25 GeV
t =\ 18 for E = 2700 GeV ¥

purely kinematical reasons, the mesons from the deexcitation of baryon
isobars account for almost all particles above a few GeV even if the prob-
ability of excitation is fairly small.

We have, therefore, a situation which at first sight seems paradoxical:
ingpite of the fact that pions from the pionization process are more numerous
than decay mesons in individual high energy collisions, the secondary cosmic
rays observed in the atmosphere, at the surface of the earth or below
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ground, represent a reasonably pure sample of the decay products of nucleon
isobaric states and their progeny.

In view of this general consequence of the assumption of isobar exci-
tation at high energy, namely the preponderance of its deexcitation products
in the atmosphere, we calculate in Section II the flux of different compo-
nents of secondary cosmic radiation arising from the production and decay
of isobars and neglect in the case of nucleon collisions the contribution from
the pionization process, except in so far as it represents a source of energy
loss for the nucleon component in the atmosphere.

The creation of particles by the collision of pions in air is included.
Since the nature of these collisions is not well known, a parameter is in-
troduced which describes essentially the degree of elasticity in pion-nucleon
interactions. Except at large depths in the atmosphere, the generation of
pions by pions plays only a minor role in the secondary cosmic radiation.

The charge composition p/n, =*/p and the ratio ut/u~ as a function of
the properties of the excited isobaric states are discussed in Section III.

In both Sections II and III the calculations have been carried out for
a single hypothetical isobar of “‘average’’ properties. The generalization to
an arbitrary set of isobars decaying in an arbitrary manner is carried out
in Appendix B. With the appropriate interpretation of symbols, the formulae
derived in Sections II and III remain valid for the general case.

In Section IV it is shown that one obtains a very close agreement
between measured and calculated spectra of nucleons and muons over
the entire energy range above a GeV by a straightforward application of
this simple model, and that one obtains the experimental ratio of pions to
nucleons in the lower atmosphere provided one assumes that the collisions
of pions with air nuclei are essentially inelastic.

In Section V we discuss the conditions which the excitation and de-
excitation of baryon states have to satisfy in order to reproduce measure-
ments on the secondary component of cosmic radiation with regard to ab-
solute intensity, energy distribution, and charge composition.

The results of this investigation are summarized in Section VI. The
applicability of the model to collisions at ultra-high energies (i. e. air sho-
wers) remains to be investigated.
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II. The Propagation of Cosmic Rays Through the Atmosphere on a
General Isobar Model

The calculations are based on the following assumptions:

1) Incident and target nucleons can be treated as free. (Since nucleon-
nucleon collisions exhibit a high degree of elasticity at high energy, a
nucleon which enters the atmosphere as constituent of a heavy primary
is not shielded effectively and will have the same interaction mean
free path in the atmosphere as a primary proton).

2) Upon emerging from the collision the incident baryon has lost some
energy and may find itself either in the nucleon ground state or in an
excited state from which it returns to the ground state by a succession
of two-body decays leading to a total emission of ngz pions, or else by
the emission of heavier bosons which subsequently disintegrate into np
pions, ‘

3) A fixed fraction of the incident energy is used up in creating particles
through the pionization process, but in the presence of mesons from the
decay of baryon isobars, the energy of the particles created in the pion-
ization process is too low to contribute significantly to the flux of second-
ary particles in the atmosphere, as shown in Appendix A and Fig. 1.
(Also mesons from the decay of the baryon which is emitted backwards
in the C-system do not conftribute since their energy in the laboratory
system is still lower than that of the mesons from the pionization process).

Thus, according to this model, a nucleon after collision and deexcitation
will have retained a substantial fraction » of its original energy, where %
does not depend on energy but does depend on the type of isobar created
in the collision, on its mode of decay, and the angle at which the mesons
are emitted.

In the text we shall treat the production of secondaries as if they were
decay products of a single type of isobar which returns to the nucleon ground
state by the emission of ny pions. In Appendix B we treat the more general
case of deexcitation of a mixture of baryon states, each according to its
own decay scheme, characterized by its mass and a set of decay branching
ratios. The resulting formulae for the flux of secondary particles are identical
with those given in this section, provided the quantities enclosed in brackets
{ > are replaced by the appropriate average values derived in Appendix B.
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1I.1 The Energy Spectrum of Nucleons in the Atmosphere

Let the differential energy spectrum of primary cosmic ray nucleons
be represented by

dE

N (0, ) dE = Sy=oy (11.1)

over the entire energy range of interest.®
The number of nucleons of energy E which have suffered j collisions
is given by
N(E); = N(0, E) .

The probability that a nucleon has suffered j collisions by the time it
has reached an atmospheric depth of x g/fem? is

—x/ﬂ. 1
2 ]/

Therefore, the flux of nucleons of energy E at a depth x g/cm? is given by

N(x, E) = N(0, E) e/ y( ) 77—, _ N(0,E)e /A, (11.2)

where = is the attenuation length of nucleons in air and A their

-y
interaction mean free path.
The bracket around {#") indicates, as explained before, that it will have
to be replaced by an appropriate average (eq. B.9).
Various corrections to eq. II.2 are required in the low energy region;
they will be discussed in Appendix D (eq. D 2, 3).

I1.2 The Production Spectrum and Flux of Charged Pions

The production spectrum of charged pions from baryon decay can be
calculated in a straightforward manner on the basis of the model (see Ap-
pendix B) and is given by

P, (x, E)dx=(B>N(0,E) e"x/AdT‘”. (11.3)

{B) is defined by relation eqs. B.15, 17 in terms of the relative production
rates of different isobars and their decay properties.
* Effects due to the apparent steepening of the primary spectrum above ~ 10* eV can

be observed at present only in extensive air shower frequencies and perhaps near the upper
end of the y-ray spectrum; this effect will not be considered here.
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(For a single isobar with transition directly to the ground state by isotropic
emission of a charged pion (B} = B and is equal to

1 1
A7 - gt
28(y+1)
where »’ is the fraction of the incident nucleon energy retained by the isobar after

pionization, & is the fractional energy in the isobar rest system which is carried
away by the decay pion, fits velocity, and y is the exponent of the primary spectrum).

B = (ve , (11.4)

The interactions of pions in the atmosphere represent another source
of particle creation; this increases the pion flux significantly in the lower
parts of the atmosphere. Since the nature of pion-nucleon collisions is not
well known, one must introduce a parameter which describes essentially
the degree of elasticity which characterizes such collisions.

Complete elasticity implies thal practically the entire energy is carried
away by a single pion. Complete inelasticity implies that the available energy
in the C-system is shared in a non-preferential manner by all the created
mesons. (Unless the C-system energy of created pions is assumed to de-
crease with increasing collision energy, maximal inelasticity means that
pion multiplicity is proportional to the square root of the incident energy).
One can describe these extreme as well as intermediate conditions by as-
suming that (apart from a possible excitation of the target baryon) collisions
of pions with nucleons lead on the average to the creation of
t-1
)

¥ = 'VOEO( : (11.5)

mesons and that the incident energy in the L-system is shared by half of
them, so that their energy is

-2 (11.6)
The production of charged pions by pions is then given by
‘ N
Py B) = (g2 +00) 1 (KB 1y Lo, B, (11.7)
7T
where
¢
i1
K= (ﬂ) ,
2

919 is the fraction of created pions of different charge which share the avail-
able energy, and Fy(x, E) is the flux of charged pions at depth z with energy L.
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This flux of charged pions is given by the solution of the differential
equation

dF, 1 u ,
—= A+ Fy|—+—| =P+ P, (11.8)
dx Ap @
h
where u = Omg = E (e = 128 GeV if hg =7 km is the scale height of the atmo-

sphere); 1, is the interaction mean free path of pions in air.

The extreme cases are represented by f = 1 (elastic) in which case the

equation reduces to

dF,

Cmp (2 2o p, (1L.9)
dx Ay T

and ¢t = 2 (complete inelasticity).
The exact solution of equation 11.8§ may be written in the form

S, (B ‘ i
Fae B) =i ;7 55 () (%,) (I1.10)
where
l i~n
L g+ " (1—— ) L\
(7'5:2 (I{E)('y 1) ¢*—1) (Z n)l I:;]l(;( )ﬂ 1)1\ . (1111)

This can be verified by substitution. The pions which come directly from
isobar decay are represented by the term n = 0; higher terins are important
only in the lower atmosphere and for pions of intermediate energy (10—
100 GeV).

11.3 The Production of Neutral Pions

The production spectrum of neutral pions is obtained from egs. II.3
and I1.7:

(11.12)

Pro (2, E)——P (z, E) + (KE)Z D F, [ ,(KEY}.

K

From this equation the production spectrum and flux of y-rays can be cal-
culated in a straightforward manner if one assumes that y-rays arise pri-
marily from the decay of neutral pions.
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11.4 The Flux of Muons

The production spectrum of muons from pion decay is

g
Py (x, E) = fE F, [x, (rE)]. (11.13)
Here, in analogy to eq. 11.4,
1
2 28(c+1) a
= ~1.27, I1.14
s, (1481 —(1-p)°+1 ( )
+ —_
m2

where g = 0.28 is the muon velocity in the pion rest system

d [log Fy (2, E)]

and ~lo (x, E)+1] = dlog B

(IL.15)

is the exponent for the “best fitting” power law describing the pion spectrum.
(Since ¢ varies slowly between y and y +1, the expression in brackets in I11.14
is very close to unity and can be neglected ; this is equivalent to the assumption
that each muon receives 79 %/, of the pion energy, irrespective of the angle
of emission).

The probability that a muon, produced at atmospheric depth z with
energy IZ, survives until it reaches depth = while losing energy by ionization
at the rate b, so that it arrives with energy E - E,— b (x —z) is given by

e

"
—\E:+ b
w(z,Ez;ac)=[i(1—b—(%z—z)>] ? (11.16)
h,m
(8H= 0 'uwl.12GeV>.
€Ty

Thus the muon flux is

¥
F,(x, E) = Sodszlu (z, E)

=3 , 11.17
S ¢B ZEvZai(rE) @lh,, ( )
:£< >8,Tl:<n >i=0 dee—yyz'—{—v’
AarFL \ g | Eviere )

where the integral can be replaced by the gamma function I'(i + v + 1) for = >} A,,

‘u
E +bx’

=
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E' =E+b(x—3%)

and the ‘“mean height of production”

Sxdsz Py(z, Ez) - Zm? iag;(rEYI(i+v+1)
F= 40+ — (I1.18)
g dzow Py, (2, Ey) Z G (rEYI(i+v+1)
for x> Ay. ) e
When 1; ~ 4, the first term in the summation, i. e. ay= ! —, accounts
1+en,5

for more than 80 /, of the muons in the lower atmosphere at all energies.

II.5 The Flux of Neutrinos from m—u Decay

The neutrino flux has the same form as the muon flux, but without the
terms due to ionization and decay; it is, therefore, obtained from the muon
flux (eq. II.17) by setting v = 0 and b = 0 and replacing r by

1
ag
po— 2 (1:”) ~4.04+0.2 (11.19)

for y<o<y+l.

S (! B
S,<B> e, i_%oal(r E)il

(Z/Zn)r"y'H Ev+e

F,(x, E) = (11.20)

III. The Charge Composition of Secondary Cosmic Rays

The target nuclei in the atmosphere contain equal numbers of protons
and neutrons. If the incident cosmic ray beam also were charge symmetric,
then all secondary components of cosmic radiation would have to exhibit
charge symmetry on any model of particle creation. Actually, the primary
cosmic ray particles bring a known amount of excess positive charge. The
manner in which this excess is shared by various secondary components .
of the cosmic radiation provides clues to the nature of high energy inter-
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actions and, in particular, to the excitation and decay modes of isobars.
In this section we investigate the charge composition of dilferent compo-
nents of cosmic radiation on a general isobar model.

II1.1. The Neutron to Proton Ratio in the Atmosphere

Let w represent the probability that a nucleon after colliding with a
charge symmetric target and after possible excitation and decay emerges
in a different charge state. After j collisions the original composition of
the nucleon beam? §, will be changed into

e _ 7
5 (pm)j 8y (1 =2 w). (I11.1)

Proceeding as in the derivation of eq. (I1I.2) one finds

N,-N ~z(i-L f’xv”"l—Q 7 ~2% 0
8, =2 _5 ¢ ""(ﬂ /1) (,7_ g_fﬂzaoe 7 w>, (111.2)

N TR J!
Thus
~Z/1+6
N,(z,E)=N(0,E)e A(ﬁé—”‘- , (111.3)
~Z/1-4,
N,(x, E)=N(0,E)e 4 5 | (I11.4)

An explicit expression for {#¥ w) in terms of isobar properties is given in Ap-
pendix B (eq. B.10).

At energies E < 10 GeV eqs. (ITL.3, 4) have to be corrected as discussed in Ap-
pendix D.

II1.2. The Ratio of Positive to Negative Pions and Muons

ng—n_ .. . . .
Let 6, = —+:— be the composition of the charged pions emitted in the
n,+n.

deexcitation of a baryon which entered the collision as a proton. (Because

t The composition of the primary beam §, = 0.74 is known®) to be constant within ex-
perimental error upto nucleon energies of order 10% eV. At still higher energies there is evidence
for a steepening of the primary spectrum and, if real, this will be accompanied presumably by
changes in the chemical composition and the proton to neuatron ratio.8)

Mat.Fys.Medd.Dan. Vid.Selsk. 83, no. 15. 2
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of charge symmetry, this changes sign if the incident particle is a neutron).
The composition of the decay pions produced at depth x is then the product

PP
=8 (8>, I11.5
P +P, - z$On) ( )

where (d,> is the average positive excess mong the decay pions; it is de-
fined by egs. (B.15, 16) for an arbitrary mixture of isobaric states.

In order to determine the charge composition of the pion flux in the
atmosphere, one may rewrite (eq. I1.8.)

Setting
P, =F++F, -
and (111.6)
G,=F +—F_
one finds
dF,(x, E 1
dx A @
i (KEY (I11.7)
Sg{B> e = t _ KE
BT Z e IR S o (KEY U F, {w T}
7T
and ‘
dG, (x,E 1
ﬂ—(r)_{_gﬂ(x’ E)|— _|_E
dx A X ( )
IT1.8
So<B> t _ (KE)!
= O —xiA _ i 2 (¢—1)
8, (> ZEQ’“Lle +(g.—q.) e (KE) G, {x At

q:, q_ is the fraction of positives or negatives among the pions which
share the energy available in a pion induced interaction for the case that
the incident pion had positive charge. Charge symmetry requires that these
quantities change sign if the incident pion is negative; on the other hand,
charge conservation in collisions of pions with charge symmetric targets
requires that

1 v KE\'™*
§<(Q+_Q—)§=((I+ - q-) (_2) <1, (111.9)

depending on whether the excess charge brought in by the incident pion is
uniformly distributed among all secondaries or appears preferentially among
the more energetic ones. Making use of egs. (II1.2, 3, 4 and 7), eq. (111.8)
can now be rewritten in a form similar to the differential equation (IIL.7:
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dG,(x, E 1
<—7&——)+Gn(m, E) +E
dx Ay X
(KE) (I11.84a)
Sp<By .ot KE
_ e L X pEyt \aes
5 <67I> Ey+1 4}71 (AE) GJ‘L X, I( E}
where
1 1 wy
-~ 19 I11.10
A A A ( )
and
1<a< 2.
In analogy to eq. (I1.10) the solution can be written in the form
O SeB>® @, [z
Gy (x, Ey=="Z5r ;¢ f;zzoai(E) i) (111.11)
where a; can be obtained from a; by making the substitutions
A -4
y=>y+1
24
(g4 +g) 1~

4

Thus, the charge composition of the pion flux is

() ( ;)

~————x~i (I11.12)
'@(a‘)

and that of the muons from pion decay (see 11.17)

Fo+—

=, {d
7,++F— <>

Ms ! Ms
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o ET7 .
a,(rE)\dye¥yt?
F,u+_F Z(; ! SO J
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The Effect of Kaons on the Muon Charge Ratio at Sea Level.

In this and the preceding section it was tacitly assumed that pions are
the only particles which, by their decay, contribute to the muon flux. How-
ever, non-strange isobars of sufficienlly large mass can also decay into a
kaon and a hyperon, or a kaon-antikaon pair and a non-strange baryon;
by subsequent decay these particles contribute to the observed flux of pions,
y-rays, and muons.

In general, one expects that such decay modes make only a moderate
contribution to the flux of secondaries in the atmosphere. In the case of
high energy muons, however, the part of the contribution which does not
involve an intermediate pion (viz. the process K - g +%) is amplified be-
cause the mean life of charged kaons is significantly shorter than that of
charged pions and their mass is greater. Therefore, at a given energy, the
probability of decay before interacting in the atmosphere is larger for a
kaon than for a pion and, in the energy range where pion interaction be-
comes more probable than decay, an increasing fraction of muons arises
from the decay of charged kaons.

Also hyperons and neutral K-particles can decay into muons without
an intermediate pion, but they will contribute litile, because in the case of
hyperons and K} the branching ratio is small, and in the case of K7 the
lifetime is long. Therefore, it is the presence of charged kaons decaying
directly into muons which produces the largest effect.

Among the decay modes which conlribute kaons, the mode

N¥>K+Y
is no doubt dominant;t it can produce positive but not negative kaons.
(Negative kaons can arise in two ways; either through N* — (KEK)+ N or through
N* - K + Y*, where the hyperon state is highly excited and therefore has a certain

probability for fast decay via Y* - K+ N).

The ratio of positive to negative muons becomes therefore

bg—, I11.14
K (11.14)

+
M_ 1+8, 2 F
H 2

Ly T
1-0, 1-6,

T As pointed out in Section I, the strong excess of positive over negative kaons among
the very slow and the very fast particles produced in nuclear interactions indicates that modes
which produce only kaons of strangeness +1 dominate in the decay of non-strange isobars.
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where by is the branching ratio for the decay mode N*-> K+ 1Y and F,

”

[ad:e

0y, and F),  are given by eqs. (11.17, 111.13 and C.6), respectively. de-
pends on energy approximately as #
1 B 1 £
+— +—
&/t 100
= . I11.1
= (11L15)

1+ 1+
ex/rx 570,

E in GeV.

IV. Comparison between Measured and Calculated Properties of
the Secondary Cosmic Radiation

In the previous section explicit expressions have been obtained for the
altitude and energy dependence of protons, neutrons, pions, muons, and
neutrinos.

It remains to assign numerical values to the various energy independent
parameters which characterize the primary cosmic radiation and the inter-
actions of nucleons and pions in the atmosphere. In principle, it should
be possible to get the informalion on inleraction cross sections from the
asymptotic behaviour of these particles in the upper energy range of
present-day accelerators. However, some of these data, especially on the
formation of isobars, are not yet known adequately and it is necessary to
use a few cosmic ray measurements to assign numerical values to some
of these constants. The following values have been used for drawing Figs.
2-6.

a) The interaction mean free path of nucleons in air

A=175+5glcm2t

has been obtained from the absorplion in graphite of neutrons capable
of producing charged penetrating particles 19,
b) The interaction mean free path for pions in air

Ar = 120 g/cm?

¥ Bad geomelry absorption measurements at accelerator energies®) yield a mean free path
which is at least 20 9/, longer. It is difficult to account for this discrepancy, unless it is due to
interactions in which the incident proton suffers only a small energy loss and receives a trans-
verse momentum less than 150 MeV/c. Such collisions could be missed in the accelerator ex-
periment because the emerging proton falls within the diffraction peak.
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Fig.2. The energy spectrum of protons at sea level. Curve ‘a’ is a line of constant slope y +1 = 2.67.
Curve ‘b’ represents the calculated spectrum (eq. D.3) based on an attenuation mean free path
A =120 g/cm® and an onization loss of 2 MeV (g/cm?). The experimental points are taken
from ref. 12. The excess of observed protons at low energy is of the right order of magnitude
to be attributed to terrestrial protons from the target nuclei in the atmosphere (see Appendix Db).

has been estimated by multiplying 4 with the ratio of the cross section

o
—2% ~ 1.6 obtained in high energy laboratories (1.
Onp

¢) The exponent of the primary spectrum
y = 1.67

is consistent with direct measurements at the top of the atmosphere;
the exact value has been chosen so as to give the best fit to the sea level
proton spectrum at high energy 42,

d) The absorption length for nucleons in the atmosphere

A =120+5 g/ecm?

has been obtained from the absolute intensity of protons at sea level as
measured by the Durnam group 2, and the absolute value of the pri-
mary cosmic ray flux as given by McDonarp and WEBEER !3. The
expected deviations of the proton spectrum from a simple power law
at low energies are discussed in Appendix D.
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Fig. 3. Curve ‘@’ represents, as a function ot altitude, the ratio of neutrons to protons at all
energies for which ionization loss and contribution of recoil nucleons (Appendix D) can be neg-
lected. Curves b’, “c’, and ‘d’ represent the ratio of neutrons to the sum of protons and charged
pions for various energies, The experimental data ave those of ref. 26.

e) The composition of the primary radiation

PO 60410001

® potng

has been obtained from the measurements of the primary chemical
composition as reviewed by Wabppingron ),

f) The charge exchange probability for nucleons colliding in the
atmosphere 10.9 )

—0.08

has been chosen to reproduce the neutron to proton ratio as measured

at mountain altitude (4. (It is assumed that the average {#”w)> can
be replaced by (%> w).

w—O.B(



24

Nr. 15
100
wol INELASTIC PION COLLISIONS ({t=2) U 800g/cm?
-------- ELASTIC PION COLLISIONS ({t=1) e
® AT 80Cg/em® REF 14 e
I/’
20 A AT 780g/cm? ’/,
DEDUCED FROM S/
;
———F—— RATIO OF e
o b+ Tl +T7 Vs
ol /
REF. 26e. /
LL’: 4
Q
= 800g/cm?
S g/em?
4
o
L
-
Q
o 2
> 200¢g/cm.
o]
=
. 200g/cm?
o
a
FiG. 4
o0 L £ 1 1 1 ]
i %) 20 50 100 200 500 1000

ENERGY E {GeV)

Fig. 4. The ratio of charged pions to nucleons as a function of energy at atmospheric depths
of 200 g/cm?* and 800 g/em?. The solid curves are calculated on the assumption of complete in-

elasticity in pion-nucleon collisions, the dotted curves for complete elasticity.

g) The constants which determine the number of pions which share
the energy in pion nucleon collisions, eq. (I1.5), have been chosen to
represent the extreme cases

o) Complete elasticity ¢ = 1 (for { = 1 the equations are independent
of K)

p) Complete inelasticity ¢ = 2 v = 0.7 ElfGeV (Iv.1)

e -5

K is chosen to fit the measured a/p ratio at 800 g/em? in the
energy region 2040 GeV a4,

h) The constant {B) which characterizes the fractional energy given
to pions in the decay of baryon isobars is obtained by comparing cal-
culated and measured sea level flux of muons at 40 GeV 15
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spectrum, eq. 11.17, normalized at E > 40 GeV. The dotted curve represents the spectrum after
a rough correction for contribution from pionization has been made with the help of Fig. 1. the

closeness of its fit to the experimental data is therefore somewhat fortuitous.

(B» =(3.35+0.3)-1072 (both for the elastic case and for the inelastic
case).

Using these constants the following curves have been calculated and
reproduced together with the available experimental points:

)
£

¥)

The energy spectrum of protons Fig. 2

(eq. D3 (Appendix D)).

The ratio of neutrons to protons as a function of atmospheric pres-
sure Fig. 3 a (eqs. IIL.3, 4)

) n
The ratio of neutral to charged interacting particles —— as
prat+m-
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Fig. 6. The total number of created particles, charged and neutral, emitted in collisions of charged
pions with target nuclei of low atomic weight, is plotted as a function of energy. The curve
represents the relation IV.la, with sn 5 % 2.4. Experimental points are from the data compiled

in ref. 27.

a function of atmospheric pressure for various energies, on the as-
sumption that pion-nucleon collisions are completely inelastic.
Figs. 3 b, ¢, d (eqgs. I.10 and IIL.3, 4).

d) The ratio of pions fo nucleons at an atmospheric depth of 200 g/cm?
and 800 g/cm? for the two extreme cases: that pion nucleon inter-
actions are completely elastic and that they are completely inelastic.
Fig. 4 (egs. 11.10 and IIL.3).

¢) The energy spectrum of muons at sea level. Fig. 5 (eq. I1.17).

@) The multiplicity of created particle in pion nucleon collisions. Fig. 6.

vy = sng+0.7 Ebye . (Iv.1a)t

t The first term has been added to eq. (IV.1) to represent low energy mesons from the decay
of an excited targel baryon.
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Formula (1V. 1a), which corresponds to completely inelastic pion-nucleon
interactions at high energy, cannot be expected to reproduce the multiplicity
accurately at low energy; however, it describes the available data reason-
ably well provided one choses the mean number of mesons contributed by
the target baryon, sng ~ 2 (Fig. 6). [The experimental data for high energy
pion collisions are extremely poor; data below 20 GeV seem to indicate that
the multiplicity of created particles increases not slower than EZ, indepen-
dent of the choice of sng].

As shown in Fig. 4, the difference in the pion flux for the assumption
of complete elasticity and complete inelasticity is small at 200 g/cm? and,
therefore, the muon spectra at sea level are insensitive to the nature of pion-
nucleon interactions. On the other hand, the pion flux near ground is very
sensitive; compared to the elastic case the assumption of strong multiplication
of pions leads to a large excess between 10 GeV and ~30 GeV and a very
large deficit above ~50 GeV. The inelastic case is in better agreement with
the existing determination of the pion-nucleon ratio than the elastic case.

Assuming then a high degree of inelasticity in pion interactions, the
comparison between calculated and measured quantities (Figs. 2-6) shows
that the very simple, energy independent model of high energy collisions,
which has been adopted, is adequate for describing the distribution of
secondary cosmic radiation within the accuracy of existing measurements.

It is now of interest to discuss the restrictions which are imposed on the
masses, the excitation probabilities, and the decay modes of isobars by the
numerical values of {B) and 4 and by the observed energy dependence
of multiplicity of created particles in nucleon-nucleon collisions.

V. Average Parameters Characterizing the Production and Properties
of the Dominant Baryon Isobars

In order to find the simplest isobar model capable of accounting for all
existing observations on secondary cosmic radiation, one may assume
tentatively that the incident nucleon, after having lost a fixed fraction (1 — ")
of its energy in the pionization process, has a probability of emerging as
an excited baryon of mass Mp and a probability (1 —s) of emerging in the
nucleon ground state. If excited, the baryon is assumed to decay to the
ground state by the isotropic emission of ny mesons, all of which have the
same energy in the baryon rest system.t

t These np mesons may of course be themselves decay products of a boson isobar.
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V.1. The Excitation Probability of Isobars and the Average Number of Decay
Mesons

The average number of mesons emitted in the decay of nuclear isobaric
states can be estimated from the shape of the mulliplicity-energy relation
for particles created in nucleon-nucleon collisions.

It is shown in Appendix A.2 that the assumptions underlying the model
discussed in this paper determine the form of the relation hetween multi-
plicity of created particles and energy (eq. A.4)

1
n, = 2 sng+ny E*,

where the first term represents the average number of decay mesons from
isobaric states of the baryon and the second the contribution from pionization.
The actual relation may be expected to show some structure if the size of
the heavy bosons constituting the fireball were quantized in units My >> m,,.

When comparing relation A.4 with existing experimental values shown
in Fig. 9, one sees that it is consistent with existing data

for 2<snp<3
1 .
and nowz, for E in GeV.

The difference between this relation and the frequently employed em-
pirical form nt~E‘} becomes significant only at energies above ~ 10 eV,
i. e. in the study of extensive air showers.

Separate values for the excitation probability s and the mean number
of isobar decay pions ng can be obtained by using the numerical values
for (%> and {B), obtained in the preceding section.

{n’> is related to the mean elasticity of collisions and can be expressed
in terms of a ratio of nucleon interaction mean free path and attenuation
length (I1.2) which have been given in the previous section:

(777’>=1—%=0.37i0.06. v.1)

With the help of eq. (B.9) one finds (for the particular case of a single
type of baryon isobar) the relation between this parameter and the isobar
properties:

Py = L+s (A=D1, (V.2)



Nr. 15 29
where A (defined by B.5) is given by

Eﬁp)y+l—(1 “ﬁp)y+l

A =g
” 28,y +1)

2 2 _ 2 2
Mg+ M, ~-npm
= J;—’;ziﬂ is the average fractional energy in the rest system of the
2 M3

isobar carried away by the deexcited nucleon and g, is its velocity.

€y

A second relation involving the same parameters is obtained from egs.
(B.15, 17), which determine the (B> in terms if isobar properties. ((B) is
the scale factor which relates pion production to nucleon intensity).

For the case under discussion eqs. (B.15), 17 yield

(BY = }sngon’? =(8.35+0.83) x 1072%; (v.3)
here « (defined by B.13) is given by

AV gyt
@ =t
28(+1)

?

ME— M2+ ngml
2 Ming
of the isobar, carried away by a pion, and g is its velocity.

where e =

is the average fractional energy in the rest system

After eliminating the unknown factor #'? between eq. (V.2) and (V.3)
one obtains a relation between

the isobar mass, My,
the probability of its excitation, s,
and the number of decay mesons, ng.

This relation is rather insensitive to the value of My, which cannot there-
fore be determined accurately from the available data. Therefore, we have
plotted the relation in Figs. 7 a, b for two extreme values of Mp:

Mg = (ZMB)min'
(Mg)min is defined by

(MB)min

M,

= 0.288 ng +|/1+0.06 n3; (V.4)

it is the lowest possible mass for an isobar which decays into ny pions and
gives to each just the energy which a pion would receive in the deexcitation
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Fig. 7. The probability of baryon excitation, s, is plotted against the average number of decay
mesons ny,. The shaded area indicates the values of s and ny, which are compatible with the

ohserved ratios between the fluxes of primary nucleons, sea level protons, and sea level muons

and with the ohserved energy dependence of multiplicity of meson production in high energy

collisions (see Section V). Fig. 7a refers to a baryon with minimum mass as defined by eq. V.4;
Fig. 7b refers to a baryon of infinite mass.

of the (3,3) resonance, i. e. the lowest excited state of the pion nucleon
system.

The shaded area in Fig. 7 a indicates the range of values of s and n
which satisfy the cosmic ray data

s=0.70 = .07, (V.5)
ng=3.5+05. (V.6)

The vertical spread of the area of uncertainty in Fig. 7, i. e. the error
in excitation probability, reflects mainly the uncertainty in the value of the
nuclear interaction mean free path 4; the horizontal spread (the error in
ng) reflects mainly the present uncertainty in the mean multiplicity of
created particles in the 1000 GeV region.
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Fig. 7b (My = oo) yields values for s and ng which are not very different
from those given in Fig. 7a, but it corresponds of course to an unrealistic
assumption.

With ng = 3.5, eq. (V.4) gives a lower limit for the average excited baryon
mass (Mg)yin = 2300 MeV. An indication that the actual value lies close
to this limit is provided by the transverse momentum distribution of pions;
the highest transverse momentum from an isobar of mass 2300 MeV occurs
when it decays directly to the nucleon ground state by emission of a single
pion; this value is 900 MeV/c and is very close to the upper limit of the
observed transverse momentum distribution of neutral pions a6,

The fractional energy (1 —%') given to pionization can now be deter-
mined from eq. (V.2) or (V.3); itis (25+7) 9/,. This is not inconsistent with
the observed multiplicity and the C-system energy of particles evaporated
from the fireball if one also takes info account that ca. 20 ¢/, of the particles
are heavier than pions (i. e. kaons or nucleon-antinucleon pairs).t

It must be remembered, however, that %" as determined here, and also
the multiplicity relation which we have used, refer to targets consisting of
light nuclei, not of single nucleons. Similarly, the value deduced for the
excitation probability, s, refers to collisions of nucleons with light nuclei.
The fractional energy loss to pionization in air (1 —#") ~ 25 ¢/, should cor-
respond to an energy loss of about 18 9/, for nucleon-nucleon collisions.

The fraction of the incident energy which goes into the pionization pro-
cess is seen to be about half of the total energy loss of nucleons; because
this energy is distributed among many particles, while in isobar deexcitation
the energy is concentrated on a small number of pions, it is the lalter which
completely dominate the secondary cosmic radiation (see Fig. 1).

V.2. The Composition of Isobar Decay Products

a) The Ratio of Positive to Negative Pions and the Branching Ratio for
K-Decay.

The positive excess {4,> among decay pions of the forward isobars
created by proton collisions with a charge symmetric target, as well as the

1 If pions were the only particles evaporated from the fireball, the model predicts:
epyong B

1-9)= 5 (d.e. =119, if €p, Which is the average pion energy in the C-system,

is taken as ep = 460 MeV). But if only 80 9/, of the created particles are pions and 20 9/, are

nucleons and antinucleons created with energy e ~ 3 My, the corresponding value of (1-—7%")
lies above 20 9/,.
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branching ratio b, for the decay mode N* - K+Y, can be obtained from
the observed muon charge ratio as a function of energy. Inserting the ex-
perimental values of quantities entering into eq. (II1.15), the ratio u*/u~ has
been plolted as a function of energy in Fig. 8 for various values of by. The
experimental points shown are those of reference 17; above 100 GeV, this
includes all measurements in the vertical direction. All other experimental
data (ref. 18) agree within errors, but cover only the lower part of the
energy spectrum. (One experimental point(8¢) which is in disagreement
with the others has been indicated in the figure).

Each of the curves in Fig. 8 corresponds to a definite value of the branch-
ing ratio b, for the decay N* -~ K+Y and to a definite value for the charge
excess {d,> amongst pions. On each curve there is also shown the value
of d,;, which represents the charge excess for (1 —b,) decays which do not
involve strange particles. It is related to 4, by

(3;,; = 5ﬂ+Cbk,

where ¢ ~ 0.8 depends slightly on the particular hyperon states involved.
While the data seem to indicate an energy dependence of the form given
by eq. (1I1.15), they do not rule out the value zero for by.

We take b, = (10 + 10) %/,
and, correspondingly,

1 +4.6
504 i

1

(The highest value of the charge excess, 5 5.1, corresponds to b, = 0).
4

A value of b, ~ 10 9/, corresponds to a kaon to pion production ratio

I_{ = 2bL§§w160/
% fiotar $(1—-0p) B ’

(an upper limit on the production ratio K‘u,,/(“+ +n7) a 40 9/, at about 70 GeV,

T
WoLFeENDALE(9) wusing the variation of muon flux with zenith angle).

K
corresponding approximately to (—) ~ 809, was obtained by AsaToN and
total

b) The Ratio of Hyperons to Nucleons.

From the branching ratio bg = 0.10 + 0.10 for the isobar decay mode
N*— K+Y one obtains the ratio of hyperons to nucleons among the for-
ward emitted baryons in high energy collisions:
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Y

:zv = .S'bK ~ 7 0/0

and an estimate for the hyperon production cross section in high energy
collisions:

- ~d 5
Oy = 2 SbK Oinelastic ™~ 4.5mb.

However, because of the large experimental error which is still attached
to the charge ratio of muons at high energy, one can place at present only
an upper limit of 9 mb. on this cross section. (An earlier suggestion by one
of the authors @, that this ratio may be high, is not borne out by this ana-
lysis). Fig. 8 shows that it is necessary to measure the ratio u*/u- at energy
~ 250 GeV lo better than 5 °/; in order to determine this cross section with
an accuracy of ~30 %/,

Mat., Fys. Medd. Dun, Vid,Selsk. 88, no. 15, 3
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V1. Discussion

It has been shown that the model of meson production which has been
adopted permits a rigorous calculation of the intensity, composition, and
energy distribution of secondary cosmic ray particles in terms of those of
the primary radiation. The model contains only one fundamental (and
plausible) assumption, namely, that the excitation of baryon isobaric states,
which is a prominent feature of nuclear collisions at laboratory energies,
remains of some importance for collisions at higher energies. The compara-
live unimportance in the secondary cosmic radiation of mesons produced
with low energies in the center-of-mass system of nucleon-nucleon collisions
follows directly from this basic assumption (sce Appendix A and Fig. 1).
The contribution of mesons produced in pion-nucleon collisions is unim-
portant when calculating the muon flux, but aflfects the ratio ol pions lo
nuecleons in the lower atmosphere. The derivation of expressions for the
spectra of various secondary components is then straighllorward and can
be carried out for an arbitrary set of baryon states and an arbilrary com-
bination of excitation probabilities and decay modes.

Making use of existing experimental data on secondary components one
obtains then fairly definite values for the excitation probability of some
“average’’ baryon state (~ 0.7) and for its mean mass (~ 2200 MeV) (al-
though arguments against a higher value cannot be considered entirely
conclusive). One obtains also an average value for the number of mesons
emitted in the decay of the isobar (nyz ~ 3.5) and for their net charge
(lw* =2~ ~ 0.35). The branching ratio for the decay of the “average iso-
bar’ in the mode N*-» K+Y can be determined only roughly b, = 10 (£ 10)
Finally, one can break down the average fractional energy loss suffered by
nucleons in high energy collisions into a part given to the decay mesons
(~259) and a part spent in crealing particles in the C-system of nucleon-
nucleon collisions (15-20 %/4). v

On the other hand, it does not scem possible at present to deducc in a
unique way, solely from the average properties of the secondary cosmic
radiation, the excitation probabilities and decay schemes of the individual
baryon states involved. This seems feasible only, either by extrapolation
from the lower energy region accessible to accelerators, or by studying
individual high energy events, jets or airshowers, with the particular aim
of obtaining data on the very fast or the very slow particles created in the
interaction.
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The assumption that, in nuclear collisions at all cnergies above ~ 10 GeV,
isobars are produced with masses and decay properties very similar to
those needed o reproduce the pion production spectra at 22 GeV®), is
sulficient to account for the existing observalions on secondary cosmic rays
in the atmosphere. It is consistent with existing data on particle production
in high energy laboratories and with observations on jets. More complicated
models to account for secondary cosmic ray particles are clearly possible;
the very simple hypothesis which has been explored in this paper is not
unique, but it seems to be adequate at this stage.

An application of the model discussed in this paper to the structure of
airshowers will be the subject of a later study. It seems worth mentioning,
however, that, if the mechanism described here remains essentially valid
also in the encrgy region responsible for airshowers, the probability thal an
incident nucleon loses all but 25 ¢/, of its energy to neutral pions in a single
collision will not be small. Such events will give rise to a few percent of air
showers with abnormally high electron to muon ratios, i. e. with properties
not unlike those of y-ray induced airshowers whose possible occurrence
and frequency is now under active investigation in various parts of the
world. @9

In view of the facl that particles created with low energy in the C-system
of nucleon-nucleon collisions contribute little to the secondary cosmic ray
flux (Appendix A) and that the recoil nucleons of terrestrial origin contri-
bute only to the non-relativistic region of the energy spectrum (Appendix D),
the high energy cosmic ray nucleons at any depth in the atmosphere re-
present essentially a sample of the exlraterrestrial matter brought in by the
incident cosmic radiation. Therefore, it is possible to study the fundamental
question of whether the very high energy primary cosmic ray particles
contain an appreciable fraction of anti-matter. If the primaries contained
anti-nucleons, the nuelcon spectrum on the ground above a few GeV should
contain a corresponding fraction. By analysing the charge composition of
the nucleon component at sea level upto ~60 GeV, it seems possible lo
invesligate a possible fraction of antimatter in the primary radiation upto
encrgies of order 10,000 GeV/nucleon.
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Appendix A
Experimental Justificalion for the Choice of the Model

It will be shown in this Appendix that each of the assumptions, on which
the calculations in this paper are based, either follows from, or is at least
consistent with, all cxperimentally well established facts regarding high
energy collisions and also that once the not too infrequent occurrence of
excited baryon states is admitted, one is led necessarily to the conclusion
that the sccondary cosmic radiation is dominated by the decay products
of these baryon isobars.

The basic features of the model are:

1) A fireball is created at rest in the C-system of a nucleon-nucleon
collision.®

2) The fireball cvaporales, giving rise to ny mesons, with an isotropic
or moderately anisotropic angular distribution in its rest system. The
ratio of pions to non-pions among the ercated particles does not change
with cnergy.

3) In the evaporation process cach of these mesons receives a momen-
tum whose average value

Py = P ~450 MeV/e,

Q>

and whose maximum valuc
(Pp)max ~ 800 MeV/e.

Since the average transverse momentum, 15_'_, is known to be indepen-
dent of energy, Py also is independent of energy.

4) The number ngy of mesons evaporated from the fircball increases
in proportion to the energy available in the C-system of the nucleon-
nuecleon collision.

5) The incident baryon emerges in some excited state with a probability,
s, and decays by emitting on the average ny pions, whose momentum
in the baryon rest system is Pj.

Taken together, condilions 1) to 4) imply also that the incident baryon
transfers on the average a constant fraction (1 —#") of its energy to the fireball.

* The terms “‘fireball” and ‘pionization” were first introduced by G. Cocconi.
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A.1 The Pionization Process
a) Energy spectra of mesons.

The cnergy distribution of mesons in the C-system of a nucleon-nucleon

collision can be measured reliably provided the following conditions are
satisfied :

o) The event occurs within or in the vicinity of the detector.

f) The cnergy of the incident particle is known with adequate accuracy.
y) Observability and measurability arc not functions of particle mo-
mentum, at least within a broad and well defined momentum range.

The only experiments carried out so far which satisfy all these con-
ditions are those of the Moscow group ©2), Here, the incident energy is
measured by a fotal absorption calorimeter and the momenta of secondary
charged particles by the curvature of their tracks in a magnet cloud chamber.
They obtain Py = 450 MeV/c. Unfortunately, the experiments are limited to
incident energies below 500 GeV.

If one relaxes the second condition and accepts also those experiments
in which the incident energy is not measured but deduced from symmetry
arguments and from the angular distribution of shower particles, one admits
three other classes of experiments:

1) Emulsion cxperiments in which geomelrically favourable events are
selected and the momenta of all shower particles of a given collision are
determined by scattering measurements. Experiments of this type, carried
out by JaiNn®®), are discussed in ref. 1; the average momentum of par-
ticles belonging to the pionization process is Pp = 430 MeV/c. Measure-
ments of ScHEIN et al.(P), analysed in an analogous manner, yvield a
somewhat higher value P, = 600 MeV/c. All the measurements refer to
incident energics of order 2500 GeV.

ii) Cloud chamber experiments with magnetic field but without calori-
meter. The experiment of HaNsEN and FRETTER®D yields P, = 470 MeV
at 100 GeV and P, = 370 MeV at 1000 GeV primary energy; that of
MoNTaNET ct al.5® yields P, = 410 MeV/c at 100 GeV.

iii) Cloud chambers containing enough absorbers both of low and of
high atomic weight, so that all y-rays are converted and observable and
the energy of neutral pions produced in the interaction can be estimated
from the ensuing showers. Such an experiment is that of LarL et al.6D
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which yielded Pj =430 MeV/c. This experiment refers to a range ol
incident energies 20 GeV < E < 150 GeV.

One sees that the experimental results on C-system momenta agree fairly
well with each other and suggest the adopted value Pp~ 450 MeV/c.

The average transverse momentum of shower particles has been meas-
ured by many experimenters. Most particles have (ransverse momenta
P > mgec, i.e. they are relativistic in the C-system; the generally accep-
ted valuc of P, is independent of the incident cnergy and lies between
350 and 400 MeV/c. Thus, assumption 3), that P, is energy independent and
about 20-30 %/, larger than the average transverse momentum of shower
particles, is in conformity with existing measurements.

b) Angular Distribution of Mesons.

The ratio of average total to average transverse momenlum of shower
particles in the C-system suggests a fairly isotropic angular distribution for
the particles created in the pionization process. Direct measurements of the
angular distribution of shower particles in the L-system support this con-
clusion.

Since the transverse momentum distribution shows that most particles
are relativistic in the C-system, one may use, when transforming to the
L-system, the approximation

BelB* ~ 1.

With this approximation a fireball which emits particles with an angular
distribution proportional to cos 6" produces an angular distribution in the
L-system

N(x) dx = Ld(tanh® ! (x +1og y,)), (A.1)

where y, is the C-system energy of the incident nucleon in rest mass units
and a = log tan 6.

This distribution, when plotted against x, has two maxima:

Loy = _]Og{yc [VFil/'}'FZ"l]}’ (A2)

where yp = l/l +I§l. In the case of complete isolropy, (n = 0), the maxima

coalesce into a single maximum at x, = —log y,, and one obtains a quasi-
gaussian distribution with a root mean square deviation ¢ = 0.39. Normally,
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however, fireballs must be expected to have intrinsic angular momentum,
so that a certain measure of anisotropy in the evaporation and therefore
double maxima in the log tan 0 distribution should be common; they should
become somewhat more pronounced with increasing energy. In many showers
only a single hump can be seen, but when two maxima can be resolved,
separalions x,, are typically in the range <, <2, corresponding to C-
system angular distributions between cos 6°1% and cos 6*5. The observed
L-system angular distribution can therefore be interpreted as due to moder-
ately anisotropic emission from a spinning fireball at rest; alternatively,
(as _one can see from eq. A.2) it can also be interpreted as being due to
emission from two spinless fireballs moving parallel to the colliding nucleons

n
wvith velocities in the C-system =
Y ¥ Br l/n +2

and a fairly symmetric distribution
for cach hypothetical emission centre

nt1
) ? ~25-309/,.

forward — backward ( n
forward -+ backward = “\n+2
The latter interprelation has been siressed especially by the Krakow group®?,

An upper limit for (Pp)pa, ~ 800 MeV/c is dictated by the observed
absence or rarity of transverse momenta higher than this value®®.

Thus the assumptions 1), 2), and 3), i.c. creation of a fireball at rest
emitting relativistic particles fairly isotropically, are in accord with experi-
ments.

It is possible that fireballs have discrete mass values of the order of 2 GeV,
as suggested by Hasecawa®, which may account for their absence or
rarity in p—p collisions at accelerator energies and for the large fluctuations
observed in the angular distributions in the energy range of 100-300 GeV® ),

A.2 Relation between Multiplicity and Energy.

Only few measurements of multiplicity exist where the energy of the
incident nucleon is high and measurable and where at the same time inter-
actions have been collected without strong bias against low multiplicity
events. Below 30 GeV one has quite accurate results based on accelerator
data. At 70,100, 300, and 1000 GeV one has cloud chamber data(a.d. 1),
The measured mean multiplicities may be slightly too high, because of some
residual bias against very low multiplicities 69,
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Fig. 9. The total number of created particles (charged and neutral), which on the average are
emitted in a collision between a nucleon and a target nucleus of low atomic weight, is plotted
as a funclion of the energy of the incident nucleon. The curve represents relation A.4.

At 250 GeV and at 2700 GeV, fairly reliable though statistically poor
measurements of the multiplicity of charged particles were obtained by
Lonrmann et al.®® and by Asranam et al.(®® These authors used heavy
primary nuclei whose energy per nucleon can be determined by various
well-known methods; they then searched for interactions by scanning along
the tracks of singly charged break-up products, i.e. fragments of the incident
nucleus. One source of error could be the presence of deuterons or tritons
among the break-up products, and another, a possible inclusion of inter-
aclions with heavy nuclei, silver or bromine, even when only events with less
than five beavy ionizing particles are accepted. Both types of error may lead
to some overestimate of multiplicity.

In Fig. 9 the total number of created particles, n,, at various energies is
shown; n, has been calculated from the measured number of charged
particles, n,, using the relation

n, = [0.8 (g—)—i—().Q (2)] (n,—1)=1.6(n,—1). (A.3)
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The first term in eq. (A.3) refers to pions and the second to particles of
isospin }. The relation (A.3) is energy independent, because the ratio of
non-pions to pions among created particles is known to be independent of
energy. (2%

The model requires a multiplicity relation of the form n, = 2 sng+ nyE?,
where s is the probability of baryon excitation, ny the average number of
mesons emitted in their decay, and ny E? represents the creation of mesons
in the pionization process.

The available data are neither numerous nor accurate enough to deter-
mine the form for the multiplicity law uniquely. A lead is provided by the
approximate invariance of the nucleon energy spectrum with atmospheric
depth, which suggests that the average energy loss of nucleons in collisions
with nitrogen is energy independent. In this simplest case, the mulliplicity
relation must be of the form

n, =2 sng+ny E2, (A.4)

The curve in Fig. 9 represents eq. (A.4). A fit with experiment requires the
following values for the parameters:

2 snp=4.75 + 0.25
ng=1/4

E172 ;
ie. =475 +—4—(E is in GeV).

This relation between energy and number of created particles is consistent
with existing measurements. (Although it cannot be deduced from the data
in a unique manner, the data also do not warrant as yet the assumption
of a more complicated relationship).

The multiplicity relation for high energy pions is still less certain than
that for nucleons.

In the text (eq.1V.la), the relation

v, = sng+v Edoy, (IV.1a)

which corresponds to a high degree of inelasticity, has been used as yield-
ing sufficient multiplication of pions in the lower atmosphere to reproduce
the measured pion/proton ratio near sea level 14). Agreement can be ob-
tained for v, = 0.7,

Using again sngy ~ 2.4, the formula gives a reasonable multiplicity of

crealed particles for z—p collisions from 8 to 800 GeV, the energy region
Mat.Fys.Medd.Dan.Vid.Selsk. 33, no. 15. 4
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in which measurements are available. Apart from the term due to baryon
isobars, the two multiplicity laws n,(E) for nucleons (A.4) and v, (E) for
pions (IV.1) are then related by

m

n(E)=mw» (E M”),
P

i. e. the pionization in nucleon-nucleon collisions behaves as il it were due
to completely inelastic collisions between two target masses, not very dif-
ferent from those of free pions; in that case,

o _ /m_"‘=0_39’ (A.B)

Yo )

and the fractional energy going to pionization in nucleon-nucleon collisions is

m
1—n" =—2~159,,
% ]pr {o

values which are rather similar to those arrived at in Section IV.

If such collisions lead to boson quanta of rest mass Mp~ 2 M, as suggested
by HaseEcawa(22), the creation of particles by pionization in nucleon-nucleon col-
lisions will become important only if my;y, ~ M, or E > 100 GeV; this may be
connected with the smallness of the isotropic low energy pion component in the
C-system of nucleon-nucleon collisions at accelerator energies(s).

A.3 Relative Coniributions to the Secondary Cosmic Ray Flux of Mesons from
Isobar Decay and Mesons from Pionization.

The two different processes by which particles are created in this model
have now been specified sufficiently well so that their relative contribution
to pion production in the atmosphere can be evaluated reliably and in a
straightforward manner.

If the nucleon energy spectrum is of the form dE/E? ™1, the spectrum
of pions produced in the pionization process will be given by

2 \Ve 2(y+%-0) 2(y+4-0)
1+ z 1- z dE
gy (E) dE = n0< EF > ( Br) ( ﬁF)
2M,

1
285 (y+3-0) (EPY ™38
N nydE (2 sf’;;)y—g
2yY T E-¢ '
(y+i-(EDH T \M,

(A.6)
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ep is the energy of the mesons in the rest system of the fireball and gy is their
velocity.

This formula applies to isotropic emission. In the case of extreme anisotropy,
where half the particles are emitted at 0° and half at 180°, g must be multiplied
by (y+4—e)~1.67. An anisotropic emission of particles from the fireball does
not, therefore, invalidate the conclusions derived in this section.

The spectrum of pions produced in isobar decay is given by

gp(E)dE = snB<?l,Mi§>y 1+ T —(1=Bx? ™t dE

B 2Bp(y+1) EYHE
(A.7)
snpgdE (29 &gV
T+ DBV My )7

where &g is the energy of decay pions in the rest system of the baryon isobar of
mass Mp and fg is their velocily.

For the lowest lying isobar, (the T = 38/2, J = 3/2 state),
ep ~ 270 MeV and it is probably higher for heavier isobars.
ep ~ 470 MeV, as shown in experiments ®) discussed earlier.

%" may be taken to be approximately constant and equal to 0.8 (see
Section 1V).

Assuming an exponent y = 1.67 for the primary energy spectrum, the

relative contribution of the two processes, g_g, as a function of pion energy
9r

has been plotted in Fig. 1 for various assumed values of the product sng
(sng is the average number of pions per collision from the deexcitation of
the forward isobar). The constants n, and g which characterize the size
of the fireball have been chosen such that the total multiplicity of created
particles n, agrees with the experimental data for targets of low atomic
number and for incident nucleon energies of 30 GeV (1, = 6) and of
2700 GeV (1, ~ 18). The appropriate multiplicity relation is shown on each
of the curves in Fig. 1.

From these curves one sees that isobar pions dominate in the atmosphere
at all energies if one accepts the value sng~2; they dominate above
10 GeV for values of sny; as small as 0.5. The dominance of the isobar decay
process as a contributor to the flux of secondary cosmic ray particles in-
creases rather rapidly with energy; of course this holds not only for mesons
but also for their decay products, i.e. for muons, y-rays, neutrinos etc. Thus,

4*
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unless baryon excitation is much less frequent in high energy collisions than
it is al laboralory energies, the secondary cosmic radiation consists essentially
of the decay products of baryon isobars and their progeny.

Appendix B

Formulae for the General Case of an Arbitrary Set of Isobaric
States and for Arbitrary Decay Schemes

The simple model on which this paper is based permits a fairly rigorous
calculation of nucleon and meson intensities and spectra at all points in
the atmosphere.

We derive here formulae for the nucleon flux, the pion produclion
spectrum, and the charge composition of nuecleons and of pions, for the
general case of an arbitrary set of baryon isobars, each with its own excitation
probability and with arbitrary decay chains. Although the formulae in-
volve summations over running indices, they can be evaluated easily for
specific cases.

B.1 The Nucleon Flux.

Let the isobar of type r be produced with an interaction length 1, and
Jet it carry a fraction 17; of the energy of the incident nucleon. The physical
isobaric states are numbered 0,1,2,3 ...r ... in ascending order of mass,
so that 0 denotes the nucleon ground state. Direct transition between any
two of these states is assumed to lead to emission of a single boson which
we shall take to be a pion, but which may equally well be a boson isobar,
which subsequently disintegrates into pions.

A collision. of type iis defined by specifying the isobar which is produced as
well as the specific chain, ¢, by which it decays into a nucleon and a number
of pions. Taking account of the Poisson fluctuations in the number of colli-
sions of each type, a simple extension of the argument given in chapter II
(eq. 11.4) shows that the attenuation length of nucleons in the atmosphere
is given by the relation

(1 =<7¥>), (B.1)

SN
o=

where

@ 2
'y = 2> = uds (B.2)

i:]_}-i
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1 1

8

(B.3)

and 7#; is the fraction of the incident energy retained by the nucleon in the
i’th type of collision.

The problem is to express {#"> in terms of the mass and decay modes
of the isobars. The averaging process may be broken up into three inde-
pendent parts.

) :
For a particular isobar r and for decay to the ground state via a definite
set of intermediate states o= (oy, 03, 03, ...) one can average over the
angular distributions of decay and obtains

<"7y>r,cr = W;VAT, o4, 0,40, 000 - - Ao'n,() (B.4)

(1+ﬂé,m)y+1_(1 ‘ﬂ;,m)y_“l
2 1, m (7 +1)

Al,m =@l,m (B.5)

and @, ,, is the fractional energy in the rest system of isobar ““I”” which

T3 L1

. . . 4 . . . -
is carried away by isobar “m”, and f; ,, is its velocity.* -

)
The average over different decay modes involving different intermediate
states ¢ is obtained by summing all possible expressions of the type

(bA)r, 01 (bA)al, Oy (bA)o,, Oyt 0t (bA)a,n,o = Yr, o> (B-G)

where b; ,, is the branching ratio for transition from the state “I"’ to the
state ““m”’. The various terms in Y, , are subject to the restriction o; < ¢;_4.
The result of summing over all possible decay chains ¢ is designated by

Y,=2'Y, (B.7)
(o)
One obtains

=Y, | (B.8)

* The expression for 4;  is given here for isotropic decay; it is easily calculated for spe-
cified non-isotropic emission of decay products. '
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)

As the final step one must average over contributions from different iso-
bars which have to be weighted according to excitation probability, e.g.
with a weight factor which is inversely proportional to the mean free path
for execiting the particular baryon state

e 2 2 4,
Gfy= 2 = 2 Y (B.9)
r = r

r=0

B.2 The Nucleon Charge Ratio.

In Section III it is shown that the charge composition of nucleons at a
depth x can be written as

(ﬁ;z) =0, = 8, = @h (20 w), (111.2)
X

The average {7#”w ) may now be written as

{fwy = Z i"]’;r’z Wy, Yy, g (B.10)
r=0"% o
where w, ; is the probability of producing a neutron from the decay of an
isobar r, if the isobar is produced by an incident proton and decays through
a particular decay chain ¢. An explicit expression for w,  in terms of
branching ratios is given later (in eq. B.19).
The proton and neutron spectra in the atmosphere are given by eq. (II1.5).

B.3 The Production Spectrum of Pions due to Isobar Decay.

If ¢ is the fractional energy in the isobar rest system, carried away by
a pion, and n* is the number of positive or negative pions emitted in the
decay of an isobar produced in a collision of a proton with an air nuc-
leus, then the production spectrum of charge pions at a depth x is given by

Ppy (x, E)dr - deN—(Oé@e“‘/A KT+ (' e)?> + dx{(nt —n") (' &) >].

The problem is to find an explicit expression for {n*(%'¢)”} in terms of
isobar masses and their excitation probabilities and decay branching ratios.
Starting with any isobar r, a pion may be obtained from any transition

(B.11)
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I-m, (m<r). The state [ itself, however, is in general the result of a
series of decay combinations of states intermediate between r and I Thus,
in order to evaluate {(n¥ (5’e)”>, one must first sum over all possible decay
schemes which can lead from the isobar r to the isobar L

%)
[ni (77,‘9)?]7, Lm = 771‘? ‘xl,m bl,mZ V;,icr)l’m (bA)r, 01
v (B.12)
X (bA)g, 5, (bA)g, g, - - - (DA)g, 1
ap, p is defined in analogy to 4, ,,, i.e.
y+1 y+1
% m = 5¥,m (1 +.Bl,m) (1 5l,m) , (B.13)

28,mr+1)

where ¢, is the fractional energy in the rest system of isobar [, carried away
by a pion in the tramsition to the baryon state m, and f§; , is its velocity.
The »’s are the various branching ratios; V(i)l,m is a function of the isospins
of the initial and intermediate isobaric states and has the following significance:
If a proton is incident on a target consisting of an equal number of protons
and neutrons and emerges in the excited baryon state r, and if then this state
r decays by a particular chain ¢ to the intermediate state [, then v i,’,’g ex-
presses the probability that the pion from the transition {—m is positively or
negatively charged.

So far we have averaged over the angles of decay and combinations of
intermediate states, which can lead from isobar r to isobar L.

$) Next, one must sum over all possible states [ and m.

r -1
{nE(n'e)y, = Z 2 <ni(1]'8)7>,., L me (B.14)
Il=1m=0

y) Lastly, one averages over contributions from different isobars, r, weighted
according to the relative excitation probabilities A/4, and obtains

» A
n*(q'e)y = > f(ni("')'ﬁ)y%
r=07%p

or explicitly

wroion - S 2ar 3 S e b

2 2 2 (B.15)
2 VO (BAY, 5, (bA)g,g, - - - (BA)g, ;-

o
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We define

(o™ (' e)?>—<{n (n' &)
{at (o &> +{(n (5 &)

{Bp> = (B.16)

and
(By={n*(q'e)’>+{n (5 &)"). (B.17)

(As shown in SectionII, all secondary components of the cosmicradiation
in the atmosphere are proportional to the parameter (B}).

The charge composition of pions produced by the nucleon component
at atmospheric depth a can be written as

P . —-P

T 7T
EL T (8,58, (11L.5)
P +P__

where ¢, gives the nucleon charge composition at that level (eq. I11.2).
The total number of pions of either charge in the complete deexcitation
of isobar r (produced in proton collisions) is given by

T -1
H?E :;H%G:Z Z Z bl,mV(:t)i’,g'Lbr,o’lbm,a2 cee bcrn,l- (B.18)

g l=1m=0

For a neutron collision with a charge symmetric target the isospin functions
transform as

 AG RN v,

VO Ly,

The quantity w, , appearing in eq. (B.10), i. e. the charge exchange
probability for a nucleon excited to the state r and decaying via a particular
mode ¢, can now be expressed by

I3 -1
W, o=t > D by [VIOLE - VOLBIb by gn by, 0 (B.19)

I=1m=0

where g, is the average charge difference between the incident proton and
the resulting isobar r.

The expression for (B} (eqs. B.15, 17) can be greatly simplified in the
special case that the isobar decays by cascade in small steps of comparable
size such that 2m, < (M;-M,, = 4) {{ M.
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Then
ME+ME — m?
€ = ——" "2 ~1 and 4,,~1, (B.20)
- 2 M} "
while
M} — M, +m;
& = l__mé_fli ~—, and, therefore,
’ 2 My M,
24V (B.21)
M,
“m = y+1 .

Equations (B.15, 17) reduce then to
AJ2(n Y
(By= D’ }TM(H; +ny), (B.22)

where ¢, is the fractional energy in the isobar rest system carried away by
a pion. :

Appendix C

Kaon Production from Non-Strange Isobars and the Resulling Muon Flux

The kaon flux due to non-strange isobars can be calculated in a manner
similar to the pion flux. (As explained in the text, the most prominent decay
mode will be N¥— K+ Y and therefore the flux of anti-kaons produced in
this manner is expected to be small and will be neglected).

Since kaons do not maultiply in subsequent interactions, it is only ne-
cessary to set g, +q_=0in eq. (I1.11) and replace the values for mass, life-
time, and interaction mean free path of pions by those of charged (i. e.
positive) kaons. Apart from the factor denoting the branching ratio for this
decay mode, one obtains the flux of charged kaons

A\

S, {BDx -% w =
Fo="0" kT N T C.1
E Ev+1 ]»e i:oi!(l ~V—i+llk) ( )

where u, = —=— = — = ; (C.2)
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(B> is defined in analogy with (B} (egs. B. 15,17)

A+ +1-( ¥ +1
20 (v +1) |

1
(Bry =58 (' eV (C.3)
MBZ — MY2 +mk2
2 Mg?
carried away by the kaon, and f is its velocity.

where ¢ =

is the fractional energy in the rest frame of the isobar,

For 1, ~4
_ So{By x
E?(E+eg+) 1

z
Fy e 4. (C.3a)

In analogy with the procedure in Section II.4 one obtains the production
spectrum of muons
et Fylw, (1 E)]

Py (@, E) = 0,69 - E ts, (€C.9)

where 0.69 represents the fraction of muons which arise directly from kaon
decay without an intermediate pion, i. e. mostly k,, decays.

1

2 { 2B(c+1) v ( +1)g e
Iy = ~ (o =1.
.\ i,uz (1+ﬁ)0+1_(1_6)6+1
my
(the “‘best fitting”’ exponent o is defined by
dlog IF e 4
—~(o+1) = A VTS R N
D)= 29T 7 Ete (C.5)

~ 3.2 (for E ~ 500 GeV).

In anaolgy with (I1.17) the resulting muon flux is

F, (%, E)=0.69 (C.8)

x

Sy<{By> €yt (l,cE> I'(w+1)

A rgTt er \
Eryt2tv 1+ k ,
. E

where E' = E+b(x—%) as defined in (11.17).
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Appendix D
Corrections at the Low Energy End of the Nucleon Spectrum

In its simplest form the model treated here assumes that the fractional
energy loss of nucleons (which is about 45 ¢/,) does not depend on the collision
energy; therefore the primary power law is preserved throughout the at-
mosphere. This assumption can be valid only as long as the energy lies suf-
ficiently high above the threshold for producing the most prominent iso-
baric states (i. e. < 10 GeV). Below that energy, meson production drops
and collisions tend to become more elastic. In this region the fractional
loss of total energy becomes small, but the fractional loss of kinetic energy
is known to remain of the order of 50 Y/,. Thus, if the spectrum of secondary
nucleons is written in the form

dE i . dE

NdENW rather than E—}"F—f’
it will represent the nucleon flux down to lower values of the energy without
appreciably changing the results obtained in the region of higher energies
(eq. I1.2). For this reason, the uncorrected nucleon spectrum is represented
in Fig. 2a as a power law in kinetic, rather than total energy.

Before extrapolating the proton spectrum (eq. III.3) into the low energy
region, there are two other corrections to be made:

a) Energy loss by ionization and
b) The production of recoil nucleons.

a) The loss of energy due to ionization.

The probability p(y, x), that the average incident primary cosmic ray
nucleon (charge composition d,) is a proton at depth y and also at the point
of observation «, is given by

(D.1)

1 _ 23w _2yw 2@ -W)w
p(y,x)=z{1+5oe A o+dpe A o+e A },

where W is the charge exchange probability for nucleon collisions in air.
Assuming a constant rate of energy loss b GeV/(g/cm?) for the fraction of
the path in which the nucleon is charged, one obtains the mean energy
loss AE for a proton arriving at x:
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2b @
AE:VWQCZQP(%U)
1+8,e * *°
_wa
b ‘1+50 y) 1—e A (D.Q)
= —— x_l_ G
2 _Zzw
1+d85e * J
b[  1+4, A A
AE ~—|x+ 02 for 2x)>>—.
1L 2 w w

Using b = 2 MeV/(g/cm?) and the constants given in the text (1 = 75 g/em?,
&y = 0.74, w = 0.30), one finds that the average proton has lost

1.25 GeV when reaching sea level and
0.95 GeV when reaching mountain altitude (700 g/cm?).

The corrected flux of protons in the atmosphere is therefore given by

Soe—w//l 5 _Z;Jw (1_%> D3
Np(m,E)z 9 (E—MiAE) 1 1+d,e . (D.3)

This relation is plotted in Fig. 2.

b) Contributions from recoil nucleons.

In order to compare the flux of low energy protons near sea level with
the calculated flux, one must add to the flux of extraterrestrial protons given
by eq. (D.3) a contribution from recoils, i. e. nucleons of terrestrial origin
which originally formed part of air molecules. These recoils receive kinetic
energies upto ~ 3 GeV when the collision energy is low (<10 GeV); in
more energetic collisions, the energy which a recoiling baryon receives ap-
proaches a small constant value, and the resuliing recoil nucleon has a
maximum energy

17 Mp || ME+Me— % m

E = 1+P 1+p D.4)
max 2 M ( 2 WB][ 2MB ( BﬁP) (
Here, P, is the transverse momentum taken up by the baryon in the excitation
process, and 1 —#” is the fractional collision energy used up in the creation of par-
ticles via the pionization process. The first bracket represents the energy in rest
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mass units of the baryon in the L-system, and the second bracket represents the
energy of the nucleon in the baryon rest sysltem, on the assumption that it decays
into ng pions of equal energy. fp and fp are the corresponding velocities of the
baryon and the nucleon.

Setting P, ~ 500 MeV/c and using the values derived in the text (%" =
0.75, Mg = 2200 MeV and ng = 3.5), one finds a recoil kinetic energy

Tax ~3.0GeV;
if no excitation takes place (Mz=Mp, n=0, fp=10)
Tax ~ 260 MeV.

Thus it is to be expected that, when reaching sea level, recoil nucleons
will make a confribution to the proton flux mainly in the non-relativistic
region. Fig. 2 shows that, in the energy region 0-500 MeV, there is in fact
an excess of observed protons over and above the flux of exlra-terresirial
protons calculated according to eq. (D.3). The excess is of the correct order
of magnitude to be atiributed to particles of terrestrial origin.
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