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ABSTRACT

Propagaéion of the primary and secondary cosmic ray in the
atmosphere is calculated ahalitically. Two different cases of
primary cosmic ray composition aré used; the first case con-
cerns the mixed composition ¢of very heavy, heavy, middle, light
nuclei and nucleons; and the second case. considers: only nu-
cleons in the primary cosmic ray flux. The mechanism of mul-
tiple meson production is formulated according to the wounded
nucdeon model for nucleus~nucleus interaction and the scaling
model for:nucledn—nucleon interaction. The mechanism of nuclei
fragmentation is formﬁlated agcording to the experimentalivalues
of the fragmentation parameters at low energy. The calculated
results of the electromagnetic flux are compared with the results
of mountain experiments with larxge scale emulsion chamber and
experimental data at airplane altitude. From these comparisons
the calculation of electromagnetic flux altitude variation of
the first case gives the best fit with experimental data than

the second case.

Key~words: Meson production; Nuclear fragmentation in atmosphere;

Diffusion equation.
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1 INTRODUCTION

The diffusion equation in the atmosphere for nuclear active
cosmic particles and electromagnetic component has been studied
by several authors (Pal and Peters! 1969; Ohsawa®’® 197k; "Oli=
veira Castro® 1977) according to several models of nuclear in
teractioﬁs and nucleon dominant particle in the primary cosmic
ray flux.

However, simulation calculations®’®

of several authors using
nuclear model with scaling property and proton dominant particle in the
Primary cosmic ray flux, always give a significantly larger
frequency of e;éctromagnetic families than the observed. There

are various possibilities for explaining thiS'discrepancyiUke:

a) Heavy nucleus in the primary flux
b) Strong change in the mechanism of multiple meson . produec—

tion at very high energies.

In this paper .two different cases of primary cosmic ray com
position are used for study of meson and electromagnetic com-
ponent development in the atmosphere. The first case :concerns
the mixed composition of very heavy, heavy, middle, light nu-
clei and nucleons, and the second case considers only nuclemns

‘inthe primary cosmic ray flux.
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2 ATTENUATION OF COSMIC RAY ~ HEAVY ' NUCLEI FLUXES IN THE

ATMOSPHERE BY FRAGMENTATION

The energy region of cosmic ray fluxes observed in mountain
experiments with large emulsion chamber is beyound TeV regions.
The charge groups of cosmic ray ‘nuclear compeonent in the up-

per atmosphere can be represented by following scheme.
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The genetic relation for fragmentation process of the cosmic
ray nuclear components when they propagate in the atmosphere can

be represented by
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The chemical composition and energy spectra of primary cosmic
ray in the region of GeV-TeV is measured in the experiments with
air borne balloon emulsion chamber!. The relative abundances (in

TeV region for z\mcleo) of the primary heavy nucleus group -and nucelons .
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can be- wfitten as:
All: n:L:M:H:vH ~ 1:0,63 :0,02 :0,16 : 0,01 :0.06

The propagation of heavy nucleli in the atmosphere is cal-

culated assuming:

a) The angular distribution of the fragmentation products is
irrelevant (one dimensional model).

b) At high energies (E > 102 e V) the energy loss by ‘ionizma-
tion may be neglected.

- ¢} The fragments produced in interactions preserve energy per

nuclecn of incident nucleus.

The diffusion equation of heavy nuclei of the charge group

3 is:

de(Efx). ' NfﬁE?xj . Pij(E)Ni(E,X)

—ax ijrn'i ~+ X, (E)

Q)

i> j

where Nj(E,X) is the number of nucleus of type j with energy
E at X and X +dX atmospheric depth; A; is the breakup collision
. mean free path of nuclei of type j and Pij is the “fragmenta-
"tion probability from charge group i to charge group j. Then the.
solution of this equation is obtained’ for P;; and A, indepen

dent of the energy as:
N, (E,X) = Nj(O.E)e_x/ﬁj + ] Kij(e‘x’35 - e7x/hiy (2)

Where
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Fig. 1 shpws the attenuation of cosmic nuclei fluxes in the

atmosphere by fragmentation process, according to (2). We have
‘used the experimental values of fragmentation barameterS' Pij

given by Allkofer and Heinrick’ , Saito®.

3 MESON PRODUCTION

In the present paper we use:lthe wounded nucleon model?5® for
nucleus-nucleus interaction. In this model the mean number of

charged pions produced in ‘nucleus-nucleus interaction is

=1
Br’a B - 2 PrppaB
Where A and B are atomic weights the projectile and target
nucleus. <n_> is khe mean number cof charged pions per PP

T pp
collision, 1/2 in this relation is due to the fact that each
nucleon-nucleon interaction requires two wounded nucleons, WAB
is the wounded nucleong, the number of wounded nucleons is de-
fined to be the number of nucleons that have interacted at

leagt once.
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here orB and QPA are the nuclécon nucléus inelastlc cross section

and UAB is the nucleus-nucleus cross section

o,g = T(R, + R - b)?

AB B

= 1/3 =. 1,-3 =
Where RA r0 A . RB rOB. ro 1.29fm

b is a transparency constant

b = 1.189 exp[_-0.0545 min (A,B)]
For cosmic ray nucléus interaction in the atmosphere WAB was
determined by several authors® and models. The mechanism of

multiple meson production is formulated according to thescaling

‘maédel for nucleon—-nucleon interaction.

4 w-MESON FLUX

The diffusion equation of pions in the atmosphere is given

as follows:

BTEX) _ _ 1(E,X) *J ggt PEXF,, (EE)
X Ay (E) E A (E)
E ]

+rdE' '"'(E' 'X)F'ITTI' (E,E'):

deE' Nj(E|:X)FNiﬂ(E':E)
hﬂ(E') 4 kNj (E')

"l
J
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Where w(E,X) is the number of pions with energy E at X and X
+ dX atmospheric depth, Anf ln and kNj are the collision mean
fieé path of pions, nucleons .. and. . nucleus = “respectively;
Fnﬂ(E',E),-Fww(E',E) and FnjﬂFE',E) are the productiqn energy
spectra of pions through nucleon-nucleus, pion-nucleus and
nucleus-nucleus collision respectively.

The last term is the contribution of nucleus (Vq,H,M,L) at
meson flux and Nj(E',X) is. the solution of the diffusion e-
quation of nucléus found in 2.

According to hadronic conventional "Scaling"
1 1
F EE") > F (E/E")
] I
F n(EE"') ~F_ (E/E")

1y
Fyym (BB Fyp,

(E/E')
j . N3T

and we can introduce

n(X,E/n) = n(g,x)n7*%
7 (X,E/m = n(E,X)n'*!
N (,E/M) = 8, (B0 0"

where n= E/E'. Let us assume that the spectrum' emergy —6f
primary cosmic rays is power function with exponent (y +1) and

the diffusion equation for pions is:



_7_'
. . ) : .1
AT (E,X) _._ T{E,X) . n(E,X) ¥ _
—-sf-"—-— = A,n. 4 ln J ﬂ._ Fn'rr (n).dﬂ-
)
N. (E, X} .
+ '“'_(E_:rl{.lj an L (midn + ) J ﬁY (n)drr
0 i Nj 0 J

now we inetroduce the relations

1
Y
ZnTr I n F (n)dn

0
1 Y '
zwn fﬁj q Fww(n)dn
9
ZNjTT=_I neFE (n)dn
p

and the diffusion equation of.picons is given by:

3 (E,X) 7 {E,X) n(E,X) m(E,X)
—_—t - L L ALY 5.1
oX l“ + - An znﬂ + l“ wa + E

the solution of this equation is

2 f-x/hn _~x/A
T(E,X) = n_E - (y+1) ?“ & "n-e " TY
R RS ZEEEZY
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A
yij

Y=oy

The last term is the contribution of primary heavy —nucleus

Where A“ =

to pions component.
The accelerator datal® for Z, . and 2 . (where n is nucleon)
gives 7

T = 0,28 and ZnTr = 0.081 for vy = 1.71. = For nucleus

nucleus collisions with multiple production of pions we have:

a

Fig. 2 shows the longitudinal development of pions in the
atmosphere, brokeh curve is calculated with mixed  composition
in the primary flux (very heavy, heavy, middle,'little and nu
cleon)} and solid.curvé is calculated with only.nucledn in the

primary flux.

5 ELECTROMAGNETIC COMPONENT

The flux of the electromagnetic component in the atmosphere
can be obtain from the production spectrum of neutral ~pions

which comes from the charged pions spectrum under the ..assump-

']

tion of w? meson decays in'two y-rays with gquite a short life-

time (~10"'°s) and charge independence of meson production.
The resultant y-ray produces successive electromagnetic com-
ponents by the cascade process.

The production spectrum of y—rayi is given by

® aE' .
P, (E,X) = 2 J L LX)
) |
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where Pﬁt(E,X) is the production spectrum of the charged pions

| 1 n(X,E/MF__ (x} 1 w(X,B/MF__(n)dn
sz(E,X) =‘I '-l LS §£u+.j k:ﬂﬂ -
% Mo o )

G n
or
. _ nE,X) n{E,X) Y
P_+(E,X) - 3 2 + z .+ ; Nj{E,X)ZN.
n m j J
wWith

1
Z b ‘j ng(n)n_dn
0

and the production spectrum.of gamma.ray is given by

P_(E,X) = Zaz {7 n(E,x0) 3B’ + 2an [° 1(B',X) 4E' +
Y ' l S iy )t R

]
A B

i N3 E

The:last term is the contribution of heavy nucleus to gamma
ray component,

The electromagnetic component by the cascade process I pro~

duced by an incident photon of primary energy E is given by

the one-~dimensional cascade theory of approximation A as
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-10-
| kl(u)x . Az(u)X‘
1 - S
- _ 1 (ExY LN we Fo +n (e %o
(e +Y) (E_,E,X) = 5o J a8 E\M 2

Where Nltu),.Nz(u), A1(4), lz(u), X are parameters familiar in
cascade theory. |

Further, the differential electromagnetic flux is

X pod
. = : 1 -
JFY(X/E) -£~dt‘j dEYPytEY,t)(e-+Y)(E?,E (X-t)
5 ,

in the integral form it becomes

I, (E.X) =¢ImFY(E',X)dE'
E
Fig. 3 shows the longitudinal development of electromagnetic
component normalized by.integrating all fluxos in the . atmos-—
phere. The broken curves are calculated with mixed composition::
in the primary flux and the solid curves corresponds to pri-

mary flux with only nucleons.

6 COMPARISON WITH EXPERIMENTAL RESULTS

Our analytical result of the longitudinal development of
electromagnetic component (gamma-ray and electron-positron) is
compared with the results of mountain experiments "with  large
scale emulsion chamber at Pamir, Mt. Puji, Chacaltaya,'!'’!?,

Kanbala, Everest and on-board aiplane data. The experimental re-
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sults have been compiled by J.N. Capdeviele et al.!®.

Two different analytic results are found in this paper —ac-
cording tc the fwo cases of primary cosmic ray flux  composi-
tion. Fig. 4 shows the longitudinal development of electromag-
netic component normalized by integrating all fluxes in the
atmosphere. The broken curve is calculated with mixed composi—
tion in the primary flux and the solid curve corresponds to
primary flux with only mucleons, for'détection:suenergy larger
than 3 TeV and the exponent of the power function of the ener-
gy spectrum is the same of the exponent of the primary .enerqgy
specttum. This figure shows the difference of the vertical e-
lectromagnetic flux in the atmosphere depending on the cases
cholsen. However this difference decreases‘when the atmosﬂﬁmic
depth rises. |

On the other hand if the power exponent of the energy ' spec-
“trum is also adapted at the ngt-experimental value of Y = 2
this difference decreaaa;especially for X > 500g/cm2.as shown
in Fig. 5 where our analytical result is compared with expe-
. rimental values of electromagnetic flux.

The value ‘of the primary flux in the top of the atmosphere
is determined from this comparisonn which givééthe best fit
value of primary flux be 3.3..10.'-6(c:m-2'Sec:—'1 Str-l) for energy

larger than 5 TeV/nucleéus.

7 CONCLUSION

Our analytical calculations of electromagnetic flux develop-
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ment in the atmosphere are different depending on the composi—
tion of the pfimary flux, this difference decreases when the
atmospheric depth rises. Tﬁis is in agreement with the rapid de
crease of flux of heavy primaries for fragmentation ﬁrocess.
The contribution of heavy primaries to meson flux and oon-
sequently to electromagnetic component for low atmospheric depth
Ais 1arge£ than the contribution at high atmeospheric depth. This
is because the multiplibity of“mesonsin.nucleus—nucleus S tine-
teraction is greater than the multiplicity of mesons in nu-
;cleon=-nucleus interaction.

We see that in our Fig. S‘the,mixed primary flux case gives
a better fit, although above mountain.altitude this is not con-
clusive because of the poor statistics of experimental data
in this region. From mountain altitudes and below both céses

agree.
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FIGURE CAPTION

Fig. 1 - Attenuation of Cosmic Nuclei fluxes normalized by in-
tegral all flux in the atmosphere.by fragmentation
VH - very heavy nucleus
H - heavy nucleus
M - middle nucleéus
L - light nucleus.
In this figure the atomic number for:-l4ght nucleung 'is
3<% <5,
Fig. 2 - = Longitu&inal development'of‘pions.normalized by in-
tegral all flux in the atmosphere.
broken curves - Calculated with mixed composition in
~the primary flux.
_solid curves - Calculated with only nucleons in the
primary flux.
Fig. 3 - Longitudinal development of electromagnetic component
normalized by integral all flux in the atmosphere.
“ broken curves - Calculated with mixed composition in
the primary flux.
solid curves - - Calculated with .only nucleons in the
primary flux.

Fig., 4 - Longitudinal development of electromagnetic component
normalized by integral all flux. The broken curve is
calculated with mixed composition in the primary flux
and the solid curve corresponds to primary flux .with
only nucleons, for detection energy larger than 3 TeV

and the exponent of the power function of the energy
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spectrum is the same of the exponent ¢f the primary spec

trum.
Figi 5 - Altitude variation of integral electromagnetic fluk, the
| broken curve is calculated with mixed composition in the
primary flux and the solid curve. correspond to primary
flux with only nucleons, for detection energy large than
5 TeV and the power exponent of the energy ‘spectrum is

adapted at the best experimental value of y = 2.
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