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Cosmic pion spectrum at the top of the atmosphere

KALPANA SARKAR, D P. BHATTACTIARYYA anp D. Basv
Indian Association for the Cultivation of Science, Jaduvpur, Caleufta-700032

(Received 31 March 1976, revised 27 July 1976)

The pion spectrum in the speetral range 10-100 GeV ot the top of
the atmcsphere Fas heen derived from the primary nucleon stectium
of Ryan et al (1972) by using Buopaey model. The devived result
hax been compared with those expeeted from CKP. CE. biflesion
and Foynman sceling models of pp interactions. T is found that
the derived results from Bugaev mode] is supported by the scaling
hypothesis of Feynman and CIlE model.

1. INrropuCTION

The study on the production speetrum of muons is ol interest 1o cosmice ray
phenomenology to get the information on the production. procosses, In general
the cxperimental spectram of primary cosmic ray nucleons at the top of the
atmosphere and the ground levol muon spectrum can be used to test the validity
of the interaction models in the propagation of cosmic rays in space. The muon
spectrum can indicate the amount ol cnergy transferred by nucleons to muons
or more particularly to their pavents. Tho pion spectrum at. the top of the
atmosphere also gives information about the spoetral slape of muons in- the cos-

mic ray phenomenology and in the development of high onergy physics.

The pion spectra derived from the primaty cospiic ray nucleon spectrum
using the scaling hypothesis of Feynman (1964). Constant. Bnergy model (Brooke
et al 1964), Bose type model have been prosented in o carlier reports (Bhatta-
charyya 1972, Bhattacharyya & Basu 1975, Bhattacharyya 1975, Bhattacharyya
et al 1975a).

Tn the present paper we have used the pp interaction model of Bugacy f"f, al
(1970) to derive the pion prodnction spectrum at the top of the &lrlllﬂh‘.])]](‘l“(*. from
tho measured nucleon spoctrum of Ryan ef al (1972).  The Intersceting btomgn
Ring data on g collisions reviewed by Krlykin ¢t al (1974) have heen }umd in
the prosent work. The dorived pion spectrum  has hoen c.r,)mpm'ud with the
rosults oblained from CKP model (Cocconi el al 1972), Diffusion modol (B}L:Ll:.l('\-
charyya, Roy Chowdhury & Basu 1976), Scaling hypothesis of Feynman (1964),
Constant Energy model (Brooke et al 1964).
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2. THEORETICAL MODELS

(1) Bugaco model

The energy speetrum of pions from the spectrum of primary nucleons can
be estimated by using the p—p interaction model of Bugacv et al (1970). The
pron pucleon flux ratio a(£)[N(17) at the energy I at the top of the atmosphere
can be estimated (rom the following relution

m(IVN(E) == A (AL A = " Zepy = &’ e | e ()

where ' = exponent ol the imtegral primary nucleon spectrum,
} g A
Ay ~ interaction free path of nucleons in air — 80 g-cm=3,
A - absorption fice path of pions m air — 120 g-c—2,

e g, <o = the fractional energy moments for charged pions produced
during p-nucleus interactions,

A = the kinetie constant — 0-691.

I
Erlykin et al (1974) have caleulated the fractional energy moments for prons
produced from the Iderseeting Storage Ring  experiments  (p—p  collisions).

Table-1 shows the values of ~wx” -y and -2 w2 =, _ lor " = 1-70.

Tablo L. The values < ua? = for charged pions

Tnioraction procoss (i) et
Pl op =t X(pnt) 0.03562
ptp— 14 X(pn-) 00226

(i) CKP model
The empirical CKP relation {formulated by Coceoni et el (1971)  lor the
numbor of pions ol one sign emitted in the forward diteetion in the ¢ system,

N )AL is given Dy

N(E,)dE, — A oxp (— B, [T)dE, e (2)
P

/li

where K, is the pion onergy in L system, 4 is the mean multiplicity of pions
of one sign cnutted in the forward direction in the C-system and 7', is the mean
pion enorgy.  The parameters 4, 1'p and pion inelasticity K, follows the relation

AT, — 3K, Eyp )

whore /0, is the primary nucleon energy expressed in GeVounits.  The proton
light nuclous interaction data obey Fermi Jaw

A == ahiy02e where a = 0-45. . (4)
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The differentiul pion production spectrany P(L)dE - at the top of the stmosphere
et be expressed from the primarcy nucleon speetrum of the power law it form
N(lip)dt, = Bl y~dF, (D)
hy the CKP relation developed by Coceont el al (1971) follows as
: 2L atls = , o Bull
P L, = Ty ek Ea e (S Y j
( 17)(] @ “ (I_A’l')'—j_l IN ) 3£ Ip GNP ]\.I."L","'T"' 4//.1. . (li)

where Kgpand A are the nucleon melasticty and proni nelastiony . respectively.

(i) Pion almospheric diffusion modcl

The nsual diffusion equation deseribed e reference (Bhattacharyya, Roy
Chowdlury & Basu 1976) for the propagation ol charged pons m the stmosphere
accounting for loss of pions by mderaction  decay and gain by production in
nueleon-nucloon collisions yvield the differential pion spectrum at the top ol the
atmosphere m(£)dl from the sea level muon speetvum p(B)dl by the following
rolation

andt . AB B (1)
Ay B rh(B)y(L)

where 7 is the energy degradation factor in n -» g decay, N i the absorption
mean frec path of nueleons in o 120 g-en %0 B - enlweal energy for pion
decay - 118 GeV. A, ix the interaction mean free path of nucleons e an = 90
weemt 2y s the exponent ol the differential energy speetrumn ol primary CcoFmic
ray nueleons expressed as apower law ~ 2275 (Ryvan o al 1972). h(£) is a function
depending on g —e deeay and energy Tosses of nnions i air and y(£) the corree-
tion factor depending o the kaon to pion ratio (Kfn) at produetion

(v ) Scating hypothesis of Feynman

From the sealing hypothesis of Feyvnman (1969) it is evident  that the
differential cross seetion for the production of a charged  particle ol a given
type in high energy hadron-hadron collisions towds to a limit

lim K(d*a[d3p) -- [(«, pr) .. (8)
5>
where s 1s the square of the conter of mass energy, i, p. pp are Cuergy, momentum
and transverse nomentun of the seceondary particlc m the center ol mass frame
and the Feynman variable x = 2pp/4/s where pg s the logitudinal component
of p pavallel to the momentum pg,e ol the primary particle At a very high
cnergy pr, Y pp the equation (8) can be writden as

)

oy ~ it ) . )
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The production spectrum of charged pions #(# idE,, can be found from the follow-
my relation (Bhattacharyva 1975).

n(l )l = j"n BE, " (', oap(—a,.r?) d{i” al .
E,-E, - - K.
~ NENC, Dy )4 C_gly.al)] .o (10)

whoere ¢(y. w) = 0-5ad N2 ((y--1)/2].

The interaction pprameters ), (', .« ¢ - have been found from the moeasure-
ments of Bali ef al (1970) and were 0-47, 0:37, 7-4 and 121, respoetivoly.

(v) Constant Ewcrgy model

Brooke el al (1964) have assumed m the Constant. Energy mocdel (to be referred
to as CE) that pions are emitted with equal energy in the (-system, half being
in the forward direction and half i the backward direction. and the encrgyof
the fast pions in the L svstem is taken as K £, /300, 1 one assumes the nuclebn
melasticity K and pion melasticity K as constants for cach interaction at a
particular cnergy, the production spectrum of eharged pions can be found from
the CE model by using the relation

) )

ﬂ(l’ln)(l/’ a - l i“:‘(—]__l\,—’l—’)"):_ IJ (I B ) at (Il"/3)vl‘1”w djﬂ,,l (l l)
here - (2 -7) - (y—a=1) . (2a 7) , or
where w (l_—_\l) —_— 1—a) Lo — (l ) w025,

3. REsurrs AND DI1SCusioN

The differcutial spectra of cosmic primary protons measured upto 2000 GeV
by Ryan et al (19727 hus been used in the presont caleulations.  'They used joniza-
tion spoctrometers at ballon altitudes.  The primary nucleon spectiman can he
estimated on assuming the nueleon proton flux ratio to he 1-33 and the spectrum

follows the rolation

N(#£p)dEy —= 2-6648y, 27 dIy e (12)
where B, ix expressed in GeV oand the intensity in (em? see sr GeV)='. The solid

line in figure 1 shows the primary nueleon spoctrum estimated from the Goddard
Space Wight data (Ryan et al 1972). The rvelation (12) yields the values of B
and v of relation (5) ave of 2:66 and 2-75. respectively.  Using this nucleon
speetrum, the pion nucleon flux ratio at energy £ at production has been estimated
by relation (1). The derived pion spectrum at the top of the atmosphere has
been ostimated and follows the relation

(B, )dE, — 0-158 B, dE, . o (13)
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The result has heen plotted in figure 1
-l CKP model (relation 6) the best estimated value of Brooke of al (1964)

o the nueleon inelasticity Kp - 0-47 and pion inelasticity K. - 0:35 has been

used in the present ecaleulations.  The pion spoctrum has heen estimated in the
speetral cange 10-100 GeV oand tho result is presented m tigure 1
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Rig | The full line (n) showr tho primary nucloon spectrum after Ryan of of. (1972). The
derived pion spoctra st the top of the atmosphere ......... (B) nflfn' Buglu\v. mn.duI
(Bugaov et al 1970 , - - - - (CKP) aftor ((oeeoni et ol 1971); .. ... (D) wfter 'l)lffl:.mmx
modol (Bhattacharyya ef al 1976) _.. .._.. (F) after senling model (Toynman 1969):
........ _ (CE) after CE moclel (Brooke et al 1964).

Tu tho pion atmosphoric diffusion model (relation 7) the experimental differon-
tial sea lovel mmon spoctrum u(E)dE of Ayre cf al (1975) has hren used, Tl.u-
dorived pion spoetrum from the diffusion model hax also been presented in
figure 1.

Using the intoraction parametors (', (_.a,.a of Bali et al (1971) the
pion speciymm from the primary nucleon spectrum of Ryan ef al (19'?‘2 ) has been
estimated by Scaling model of Feynman (1969) and the result hax beon plotted
in figure 1
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Finally front the nucloon souree spectram of Rvan et af (1972) the pion
spectram at the top of the atmosphere has heon derved hy using Constant
Encrgy model. The valuos of Kpand K heing chosen trom the work of Brooke
ef al (1964) which are 0-47 and 0-35. respectisely

s evident from figure 1 that the deriyod pion spectrum from Bugaevy
model agrecs with the resulf expected from sealing hypothesis of Feynman (1964)
el the Constant. Eneray model of Brooke of af (1964)
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