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Study of multiple meson production at cosmic ray energy, 10 13 ~10 16 eV, based on the 

observation by emulsion chamber is performed. It is found that the effective multiplicity of 

gamma rays produced by nuclear interaction increases considerably as interaction energy gets 

higher, and is represented as oc (::8Er) •·'-•·•. This result is consistent with the one obtained 

by the analysis of clean jets and also local nuclear interactions occurred in solid producing 

layers. Shower age analysis of gamma ray air family supports the increasing effective 

multiplicity of gamma rays. These are in reasonable agreement with the picture of two 

kinds of fireballs belonging to different levels-H- and SH-quanta. 

§ I. Introduction 

During the time from May 1968 to April 1969, a huge thin type emulsion 

chamber (called CH. 14) was exposed on Mt. Chacaltaya by Japan-Brasil Emulsion 

Chamber Collaboration_v The area of CH. 14 ( 46.8 m 2) nearly equals total inte

grated one of previous chambers, CH. 1 to CH. 13. CH. 14 gave us various infor

mation on morphological studies, which had never been induced from previous 

small size chambers. After the exposure of CH. 14, a different type of chamber 

named CH. 15 was exposed for 300 days from September 1969.v CH. 15 was 

designed with an aim to observe local nuclear interactions occurred in an artificial 

producing layer. Interaction energy region of nuclear-active components observed 

by CH. 15 covers 10"-' 100 Te V. Some parts of morphological results of CH. 

14 and CH. 15 were reported in the 13th International Cosmic Ray Conference. 2J 

Their essential points may be summarized as follows: 

A) Integral energy spectra of electromagnetic and nuclear-active components are 

expressed by a simple power law with exponents 2.05 ± 0.05 and 1.80 ± 0.10, 

respectively up to """'1014 e V with many degrees of confidence. 

B) Integral energy flow spectrum of gamma ray air family, I(> L.;Er), is ap

proximately given by a simple power function, (L.;Er)-P, with /1=1.25±0.10 
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1846 E. Konishi, T. Shibata, E. ri. Shibuya and N. Tateyama 

from r"-' 1013 e V to r"-' 1015 e V. 

C) Integral multiplicity spectrum of gamma ray air family, J(> Nr), is also expres

sed by a simple power function, Nr-P, with /1=1.40±0.12 for Nr>4. 

D) Attenuation lengths for the intensity of electromagnetic components and energy 

flow of gamma ray air family are nearly the same and given as },a= 90r"-' 100 

gr/ cm2
, the results being directly obtained by a comparison with data observed 

on Mt. Norikura. 

Morphological analysis of cosmic ray components observed by emulsion cham

ber has already been performed by many authors, 3l concentrating their attention 

on internal relations among various cosmic ray particles (r, e", N, 'h"', /!+, ···) in 

the atmosphere. The energy region of those studies was restricted in at most 

r"-'10 13 e V, because of poor statistics at that time. On the other hand, CH. 14 

and CH. 15 enable us to study electromagnetic and nuclear-active components with 

higher energy, lOr"-' 100 Te V. Moreover, if one treats the extensive gamma ray 

air family in the light of energy flow, then the energy region for morphological 

study extends up to r"-' 1015 e V. This energy may correspond to r"-' 1016 e V or more 

for primary nucleon. This point is the main motivation for the present paper. 

The characteristic feature of constant mass fireball model is the validity of 

a similarity law for longitudinal motion of secondary particles; namely distribution 

function for the energy spectrum of secondary particles is expressed by a functional 

form . .f(E/ E 0) dE/ E0 • Recently, also from accelerator experiment, this similarity 

lavv·~scaling-vvas confirmed. Generally, as is easily expected, if the energy spec

trurn of secondary particles per interaction is given by a fractional form .f(E/ E 0) 

X dE/ E 0, then the exponent of electromagnetic energy flux is completely the 

same as that of nuclear-active flux. So the result A) suggests that mechanism 

of multiple meson production may change gradually as the interaction energy gets 

higher. In fact, Ref. 1) and recent analysis of CH. 15 by Japan-Brasil Collabo

ration') point out directly a possibility of existence of a super-heavy fire ball, 

abbreviated as SH--quantum. 

From these standpoints in this paper, we shall study results A) r"-'D), in 

connection with the .possibility of broken similarity law. 

§ 2. :M:eehanism of multiple meson produetion and hasie assumptions 

Throughout this paper, we neglect contribution of charged pions and kaons, 

generated by successive nuclear interactions, because of high detection threshold 

energy for atmospheric gamma rays in the case of emulsion chamber experiment. 

a) Primary nucleon spectrum 

In the morphological studies induced by CH. 14, interaction energy region 

remains at l013 r"-'l015 eV. This energy region observed on Mt. Chacaltaya, may 

nearly correspond to l014 r"-'l0 16 e V for primary nucleon spectrum, with consideration 

of the effect of inelasticity, collision mean free path and electromagnetic cascade 
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Study of ]Multiple ~Meson Production at Cosmic Ray Energy. I 1847 

process m the atmosphere. Noticing recent data obtained by emulsion chamber2J.7l 

(mainly from the spectrum of nuclear-active particles) and extensive air shower 

experiments8J (remarking the region around bending point), it seems appropriate 

to assume that integral primary nucleon spectrum concerned is approximately given 

as 

F("?:.Eo) =IoEo-r, with r=l.8. (2 ·1) 

As for the absolute :flux value I 0 , it is found that there exists slight discre

pancll"101 between emulsion chamber and air shower results. So in the present 

paper, we shall study only relative values among various cosmic ray components, in 

order to avoid systematic under- or over-estimations for primary nucleon energy. 

b) Inelasticity distribution 

For a long time, it has been established through the cosmic ray observationslOl 

that the inelasticity is on average ~~0.5 and has a broad distribution. In this 

paper, we do not specify a definite distribution function, but give only the follmving 

general functional form: 

r;(K)dK, with fr;(K)dK=1. (2·2) 

In the emulsion chamber experiment, one observes electromagnetic showers 

caused through i7:0---+2r decay and the subsequent cascade process. So, behaviour 

of fraction of energies released into gamma ray components, kn is often a critical 

problem for studying gamma ray air family and also local nuclear interactions 

occurred in the emulsion chamber. Of cource, kr-distribution is connected closely 

with K-distribution through charge :fluctuation, but here we assume its functional 

form to have the following independent form: 

(2. 3) 

c) Production mechanism of secondary gamma rays 

In 1967, Japan-Brasil Emulsion Collaboration showed tbe existence of a con

stant mass fireball with constant temperature-H-quantum4J-as an intermediate pro

duct in super-high energy phenomena of multiple meson productions. 61 As is given 

in Ref. 1), the energy and angular distribution of secondary gamma rays in the 

fireball rest system is given as 

p*dp* 
¢(p*, (}*)dp*d(cos (}*) =Nre-P*/Po_2- 2-d(cos (}*). 

Po 
(2·4) 

Here, N 1 is multiplicity of gamma rays produced by the decay of fireball and Po 

corresponds to average momentum of those in the fireball rest system, which are 

given in tlv· energy region 10 11 ~ 1013 e V as 

Nr=8 ± 1 and P0 =82 ± 15 MeV /c, (2· 5) 
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1848 E. Konishi, T. Shibata, E. H. Shibuya and N. Tateyama 

respectively. 

From Eq. (2 · 4) and the following well-known relations 

p* = r (Er- f3Er cos 6) =Er (1 + r"62
) j2T, 

~Er=MrT = 2NrPoT , 

(2 · 6a) 

(2·6b) 

where Mr and r are the mass and the Lorentz factor, respectively, of the fireball 

converted into gamma rays, we get the energy and angular distribution in the 

laboratory system as 

with 

j(En O)dErdO/rr=Nr exp{ -X(1+ P)}dX dP} 

X=NrEr/~Er and Y=T6. 

Integrations with respect to X and Y in Eq. (2 · 7) giVe 

NrdY2/ (1 + Y") 2 : isotropical angular distribution , 

Nr exp (-X) dX: exponential energy distribution, 

(2·7) 

(2 ·Sa) 

(2·8b) 

respectively. Remembering that interaction energy ~En in the laboratory system, 

is almost transferred into the fastest moving fireball, we can regard Nr as an 

effective multiplicity of secondary gamma rays for the concerned nuclear interaction. 

According to Refs. 1) and 6), it is indicated that there exists a possibility of 

giant fireball productions-SH-quantum-with Nr = 20"-'30, particularly in the 

higher interaction energy region ?:;1014 e V. Therefore, in the present paper, we 

make the following trial assumption of increasing effective multiplicity with inter

action energy: 

(2·9) 

giving superposed gross behaviour of two types of fireball productions. 

§ 3. Formulation for the propagation of cosmic rays in the atmosphere 

3. 1. Nucleon component 

Nucleon energy spectrum 

Let us consider the case that a nucleon with energy Eo enters into the top 

of atmosphere. Then the energy spectrum of nucleon at depth t is immediately 

written down as 

nN(Eo, EN, t) dEN=~ Pn(tjJ.,)fn(Eo, EN) dEN, (3 ·1) 
n=O 

where, )., is a collision mean free path of nucleon and Pn(tjJ.,) represents poisson 

distribution. fn(E0 , EN) is the energy distribution function after the incident pri

mary nucleon has collided n-times with air nucleus. Combining the inelasticity 

distribution function r;(K;)dKi and the relation Ki=1-Ei/Ei-~> then fn(Eo, EN) 

is represented as 
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Study of Multiple Meson Production at Cosmic Ray Energy. I 1849 

where integral path c is running in the convergence domain parallel to the imagi

nary axis. Substituting Eq. (3 · 2) into Eq. (3 ·1) and summing up with respect 

to n, one can obtain 

n (E E. t)dE =dEN_l_Jds(!&)'e-'l"a<•J 
N o, li' N E 2 . E ' 

N nz N 

(3 · 3a) 

_1_ = '!_- ~~~.~ K)') 

Aa(s) Ac 
with <C1-K)')= fc1-x)'n(x)dx. (3·3b) 

Nuclear-active components 

Nuclear-active components observed in emulsion chamber are almost dominated 

by nucleon, as far as the average inelasticity is ~0.5 over all the interaction 

energy region, because of high threshold energy of detection. In the case of 

emulsion chamber experiment, nuclear-active components are detected as the cascade 

shower, called Pb-jet, originated in lead plates of the chambers. Then, considering 

the effect of the primary nucleon flux, rioEo-<r+DdE0, we obtain the integral energy 

flux of nuclear-active components as 

IN(>~Ep T)= s s s s rlodEoEo-<r+l)nN(Eo, EN, T)~(kr)dkJJ(~Er-krEN)d(~Er)dEN 

=Io(k!)(~E 7 )-re-T!Aa<rl, (3·4) 

with 

(3·5) 

3. 2. Electromagnetic components 

In the emulsion chamber experiment, the detection threshold energy of gamma 

rays and electrons is ~ 1 Te V, so that the approximation A in the cascade theory 

is available for the calculations concerned. Let us summarize the cascade function 

for multiplicity and energy flow in the following equations: 

N(E' E t)=_l_Sdu(E'/EtN(u)e"'<u)t r r , r' 2ni u r r 1 , 
(3 · 6a) 

_l_ J___c!l!__ (E '/ E t N (u) e"'<uJt 
2ni u -1 7 r 1 

' 

(3. 6b) 

with 

(3 ·6c) 
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1850 E. Konishi, T. Shibata, E. H. Shibuya and N. Tateyama 

where, ~I, (u) and lvf(u) are familiar functions found in articles of cascade theory. 

Flux of electromagnetic components 

From Eqs. (2 · 8b) and (3 · 4), production spectrum of gamma rays at the depth 

(t, t+dt) is given by 

p(E I t)dE 'dt/lc = dt r= d("E) dlN(>~~._t2N2e-NrEr'fZErdEr' 
r' r c Ac JEr' ~ r d(L::Er) r L::Er 

(3·7) 

with 

(3= (r-a)/(1-a). (3·8) 

Multiplying Eq. (3 · 7) by Eq. (3 · 6a) and performing the integration with 

respect to E/, we get integral energy flux of electromagnetic components at the 

depth T as 

lr(>EnT)= [T dt [=dEy'p(E/,t)Nr(E/,EnT-t) 
Jo Ac JEr 

=J!o__E -fJ<rl!J (~ T) 
{J(r) r r I' ' 

(3 ·9) 

where 

with 

A(r) =lcl(f3(r)) +1/lca(r). (3·11) 

It should be kept in mind in Eq. (3 · 9) that the exponent of electromagnetic 

energy spectrum {3, is connected with that of nuclear-active spectrum r, in the 

way shovm in Eq. (3 · 8). 

Flux of gamma ray air family 

Replacing the term diN/d(L::Er) m Eq. (3·7) by nN defined in Eq. (3·3a), 

and performing the same procedure as Eq. (3 · 9), we can obtain multiplicity and 

energy flow of gamma ray air family (called the size of family), with the help 

of simple pole u = (3 ( s), when we fix the energy of primary nucleon Eo in the 

following: 

N: (E E T) - 1 J ds Eos !2 ( T) 
1 r o, r' - -2ni eN (3(s) E/ (s) r s, ' 

(3·12a) 

(3 ·12b) 

Integral paths C_v and CE must run in parallel with the imaginary axis with 
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Study of iVfultiple Afeson Production at Cosmic Ray Energy. I 1851 

conditions Re (s) >a and Re (s) > 1, respectively. Remembering the fact that the 

depth of Mt. Chacaltaya is sufficiently large (T= 14.5 radiation length), one can 

find the following simple pole in the integrand: 

(3 ·13) 

Physical meaning of parameter s, obtained by solving the above equation (3 ·13), 

may be interpreted as follows. Phenomenon of gamma ray air family is understood 

as the mixture of nuclear cascade (mainly nucleon successive interactions) and 

electromagnetic cascade processes. The first term 11 Aa (s) appeared in Eq. (3 ·13), 

corresponds to the attenuation of primary nucleon, while the second term A1 (f](s)) 

corresponds to the development of electromagnetic cascade showers, originated from 

the neutral pions created in nuclear interactions. Then one can expect an equilib

rium state between the decrease of primary nucleon and the growth of gamma 

ray air family in deep observation level, and the solution of Eq. (3 ·13), s, gives 

an equilibrium age of the surviving nucleon. These arguments lead to the follow

ing results: 

N (E E T) = _1_ A (s) Q (s) ____l}r{_e-r;xacsJ 
r o, r• f](s) A'(s) r E/ (s) ' 

(3 ·14a) 

~li_r(Eo, Ero T) = __ _1 A (s) Q (s) ____l}r{_e-T ;xacsJ 

Er f](s)-1 A'(s) r Efl(s) ' 
(3·14b) 

where 

N,l-fi(S) 1 
Qr(s) =(l?/)- 0 ~Nl(p(s))T(1+{3(s))---. 

1-a AcA(s) 
(3 ·15) 

Finally, taking account of the primary spectrum l 0E 0 -r, integral spectra of 

multiplicity and energy flow for extensive gamma ray air families at deep observa

tion level T are summarized as 

J(>f.) =I (Qr(sl A(s))'1'E.-fi(s)r/'f· -r;se-rTjsla(') 
- N o f](s) A'(s) r N , 

(3 ·16a) 

J(> f) =I ( Qr(s2_ A(s))r/sE -fi(s)r/'f -r;se-rTjsla(s) 
- E o {3(s)-1 A'(s) r E , 

(3 ·16b) 

where we put s=s, and fv=Nr(> Er) and fE= ~Er(> Er) I Er· 

It should be paid attention to that the power and attenuation length for size 

spectrum of gamma ray air families are r Is and SAa ( s) lr, respectively, in the 

region fv, fE)>l. Furthermore, the difference between multiplicity and energy flow 

spectra appears only in the factors [11{3(s)]'l', [11{{3(s) -1} ]'/'. 

§ 4. Comparison with experimental results 

In § 3, we showed flux of various cosmic ray components, evaluated on the ba-
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1852 E. Konishi, T. Shibata, E. H. Shibuya and N. Tateyama 

sis of several assumptions summarized in § 2. In this section, let us compare these 

expected flux values with experimental results, obtained by Japan-Brasil Emulsion 

Chamber Collaboration. 

4. 1. Flux of electromagnetic and nuclear-active components 

Integral flux of electromagnetic and nuclear-active components on Mt. Cha

caltaya are given as2) 

where 

¢e.r (>E) = ¢e.r (1013e V) X (E/1013e V) -P, 

¢N.A(>E) =¢N.A(l013eV) X (Ejl013eV)-r, 

¢e, r (1013e V) = 2.25 X 10- 11/ cm2 sec str, 

¢N.A (1013e V) = 5.00 X 10- 11/ cm2 sec str, 

and /1=2.05±0.05 and r=l.80±0.10. 

(4·1) 

(4·2) 

( 4· 3a) 

( 4. 3b) 

In order to eliminate troublesome effect from the absolute primary nucleon 

flux 10, let us divide Eq. (3 · 4) by Eq. (3 · 9). Then we get the following ratio 

of nuclear-active particle flux to electromagnetic one: 

N,/3-1 

R(N.A/r):::::::- lccA(y) r-C!:_ --0 --- (E/1012 eV)acr-l)/(l-a). 
r T(l+/1) 

(4·4) 

Figure 1 presents the flux of electromagnetic and nuclear-active components, 

using power function expression with /1 = 2.05. As is often pointed out before, 

one finds the difference between the exponents of two spectra. Remembering the 

relation p= (r-a)/(1-a), the experimental results y=l.80±0.10, /1=2.05±0.05 

give 

a=0.24±0.08. (4·5) 

It should be remarked that effective multiplicity of gamma rays per interaction 

increases like the famous 1/ 4-law with interaction energy. Putting numerical val

ues r=l.S, /1=2.05, Aa=95 gr/cm2 (to be discussed in the next part) and T=540 

gr/ cm2, into Eq. ( 4 · 4), one can directly compare the experimental value of the 

ratio with the expected ones, corresponding to several cases of N 0, as is shown 

in Fig. 1. Then the most probable value of N 0 lies around 10 as far as we 

approve Eq. ( 4 · 5). 

4. 2. Attenuation length of various cosmzc ray components 

The attenuation length of cosmic ray components IS connected closely with 

the collision mean free path Ac and the inelasticity K, as is given in Eq. (3 · 3b). 

Recent emulsion chamber experimentsv' 2) give the attenuation length of elec

tromagnetic and nuclear-active components with energy larger than Ec = 3 Te V, 

as 
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Electromagnetic 

CH. NO. 

D 

"' 
"' 
A 

0 

0 

e 

1-3 
4 
8 
I I 
12 
13 
14 

Nuclear-active 

• 

CH. NO. 

I I (pb) 
I 2 (pb) 
14 (A) 

I 5 (C) 

I 4 (Air cas.) 

CI.J 

i3- 0.5 

ld3 

Energy of particles E(eV) 

Fig. 1. Flux of electromagnetic and nuclear-active components expressed by power function 

form with ~=2.05 and ¢e.r(:::O:lO"eV)=2.50xlO-'/cm2sec str. Solid and dotted lines 

correspond to the cases of constant (0.5) and uniform co~ 1) inelasticity distributions, 

respectively. 

95±5 gr/cm2 =2.50±0.19 c.u., (4 · 6a) 

for electromagnetic components, 

100±10 gr/cm2 =2.63±0.26 c.u., (4 ° 6b) 

for nuclear-active components. 

Now, let us consider two extreme cases of the inelasticity distribution with 

the mean value 0.5, that is to say, the one is the case of no fluctuation, the 

other is uniform one from 0 to 1. The real inelasticity distribution may be expected 

to lie between the above two. Putting s = r = 1.8 in Eq. (3 · 3b), one finds 

b=1- fC1-KY'IJ(K)dK 
},a o 

[0.713: constant 'IJ(K) =o(K-0.5), 

= t0.643 : uniform '17 (K) = 1 . 

(4 ·7a) 

(4 ° 7b) 

Comparing Eq. ( 4 · 6) with Eq. ( 4 · 7), one finds the collision mean free path 

IS 60""'70 gr/ cm2, which seems to be slightly smaller than the well-known one, 

80 gr/cm2, expected from geometric cross section of air nucleus. 

The above result is for the single cosmic ray particles in the energy region 
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1854 E. Konishi, T. Shibata, E. H. Shibuya and N. Tateyama 

~ 
Ol 
z 

10 

o : Chocoltoya : e . Norikura 

Aa = 

0.1 
0 

QOIL---~~~~--~--~~~--~ 
10 100 

0-J 1013 e V. However, making use of the 

energy flow intensity of gamma ray air 

families, one may be able to study the 

attenuation length of cosmic ray compo

nents in higher energy region (100-J 100 

Te V). Let us show in Fig. 2 the relative 

intensity of energy flow of gamma ray 

air families observed on Mt. Norikura 12' 

and Mt. Chacaltaya. Drawing straight 

lines with exponent 1.3 (to be discussed 

in the next part), one finds 

Aa=90±30 gr/cm2 • (4·8) 

On the other hand, study of zenith 

angle distribution for extensive air fami

lies obtained by CH. 14 gives 

Fig. 2. Relative intensity of energy flow spect

rum of air family observed on Mt. Nmi

kura and Mt. Chacaltaya. Minimum 

detection energy of gamma rays is assum

ed as 2TeV. 

(4·9) 

for the energy flow range L;E7>50 Te V. 

As was shown in § 3, the attenuation 

length of gamma ray air families in the 

equilibrium state is given as 

(4·10) 

Here s is obtained by solving Eq. (3 ·13) of equilibrium state (to be discussed 

in the next part). Table I presents several cases of the attenuation length thus 

obtained. Unfortunately, however, it is difficult in this stage to get a definite 

conclusion about collision mean free path. We need more statistics of extensive 

air families in several observation points. So, in the present paper, we show only 

the general situation for the attenuation of gamma ray air families as mentioned 

above and leave the concluding discussion for future. 

4. 3. Multiplicity and energy flow of gamma my air family 

Putting numerical values a=O, 0.2, 0.4 and Ac=60, 70, 80 gr/cm2 m Eq. 

Table I. Attenuation length corresponding to X,=60, 70, 80gr/cm2 , in the cases of two types 

of inelasticity distributions, constant and uniform ones. 

X,=60 gr/cm2 

K 
0.5 0~1 

a 

0 82.5 86.1 

0.2 78.0 81.2 

0.4 74.5 76.9 

i X,=70 gr/cm' I X,=80 gr/cm2 

---.-----'--·-------------------------------

1 ~5 , o~1 i ~5 I o~1 
--=c--------+--------+---9-0-. 4- 95. o 1 100 , 104 --

87. 8 91. 5 I 98. o 102 

83.6 87.2 96.0 97.5 
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Table II. Shower age of air family in several cases. 

a 

0 

0.2 

0.4 

0.4 

1.72 

1. 51 

1. 31 

1. 58 

1. 44 

1. 31 

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 

Fig. 3. Shower age of air family in the equili

brium state. Solid and dotted curves for 

Aa (s) correspond to the' cases of constant 

(0.5) and uniform co~ 1) inelasticity distri. 

butions, respectively. 

;,,=70 gr/cm2 .1,=80 gr/cm2 

0.5 o~1 0.5 o~1 

1. 50 1. 44 1. 40 1. 36 

1. 37 

1. 25 

N9 (2: f) 

100 

10 

1. 34 

1. 24 

0 

60 
0 

"' 0 

'1-. 
"'~ 0 

.. il; • 

t.. 4--., 

1. 30 

1. 21 

Multiplicity 

EmlTeVI 

• ; 2 

.. , 5 

1. 28 

1. 20 

Energy flow 

Em ITeVI 

0' 2 

'k'j .•... ·:~ ... 0 
~--- ... , '.~ 

',,, ', 

10 100 

Fig. 4. Relative intensity between multiplicity 

and energy flux. f means fE = ~Er (Em)/ Em 

for energy flow and/or fN=N7 (Em) for multi

plicity. All the straight lines are drawn 

with exponent 1.3. 

(3 ·13), one can graphically evaluate the parameter s, as is drawn in Fig. 3. 

These results are summarized in Table II, corresponding to two typical cases of 

inelasticity distributions, constant and uniform ones, as is discussed in § 4.2. 

Exponent of size spectrum for gamma ray air family 

The exponents of multiplicity and energy flow spectra are obtained from CH. 

14 as 

13N=1.40±0.12 for f,v=N7 (>Er)>4, 

t3E=l.25±0.10 for fE=ZE7 (>Er)/E7>10, 

(4·11a) 

(4·llb) 

respectively. Figure 4 shows the size spectrum~multiplicity and energy flow-in 
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1856 E. Konishi, T. Shibata, E. H. Shibuya and N. Tateyama 

the cases of Er>2 and 5 Te V. In the last chapter, we showed that both exponents 

of multiplicity and energy flow spectra are equal to r / s for the region fN, JE>10. 

Keeping our eyes upon the region fN, fE>10, we can draw a straight line with 

the following common exponent for the both spectra of multiplicity and energy 

flow: 

( 4·12) 

Equating the above value to r/s, and putting r=l.80, one obtains the result 

s=l.38±0.13. (4·13) 

Flux of air families 

From Eqs. (3·16a) and (3·16b), weobtainthefollowingfluxratio R(NjE), 

between spectra of multiplicity and energy flow of gamma ray air families: 

R(N/E) = {(s~1)/(s~a)}' 1 '. (4 ·14) 

The experimental value of R(N/E) is found from Fig. 4 as 

R(N/E) =0.26±0.04. (4·15) 

Combining Eqs. (4·13), (4·14) and (4·15), and putting r=1.8, one gets 

a=0.31 ±0.06. ( 4·16) 

4. 4. Comparison of flux values between electromagnetic components and gam

ma ray air family 

From Eqs. (3 · 9) and (3 ·16), we can estimate the expected relative intensity 

of air family to electromagnetic components. In those equations are included many 

parameters a, A" kn No. As for the parameter N 0 , one gets the following depend

ence for the relative intensity from Eqs. (3 · 9) and (3 ·16): 

( 4·17) 

Putting the typical numerical values r = 1.8, a= 0.25, s = 1.4, into Eq. ( 4 ·17), 

one finds the following dependence with respect to N 0 : 

( 4 ·18) 

This is considerably weaker dependence than that of the case of the relative 

intensity between electromagnetic and nuclear-active components, which is expected 

from Eq. (4·4) (putting P'=2.05) as 

R(N.A/r) ocN/ 05 • (4·19) 

Therefore, one finds that N 0 does not play so effective a part for the calculation 

of relative flux between electromagnetic components and gamma ray air families. 

Remembering the last discussion, we put a=0.25 (or P'=2.07), N 0 =10, Ac=70 

gr/ cm2, and choose the following t·wo extreme cases for kr-distribution, correspond

ing to two cases of K-distributions: 
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X Multipi icity ; + : Energy f \ow 

Fig. 5. Relative intensity between the sizes of air 

family and electromagnetic components. 

J
E 1/2TeV 

for electromagnetic components, 

f= N1 (;2':2TeV) -l for multiplicity of air family, 

~E 1 (22 TeV)/2 TeV 

for energy flow of air family. 

IOL-~------~----------~-------

Groups 1 and 2 correspond to multiplicity and 

energy flow, respectively. Solid and dotted 

lines correspond to the cases of constant (0.5) 

and uniform (0~1) inelasticity distributions, 

respectively. F(zf) is normalized by ¢,, 1 (2 

TeV) =6.80X10-''/cm2sec str. Marks of experi· 

mental plots for the spectrum of electromagne· 

tic components are the same as in Fig. 1. 1 10 100 

(4 · 20a) 

(4·20b) 

The mean value of k1 is assumed as 1/6 m both the above equations, with the 

charge independence taken into account. 

In Fig. 5, we present expected lines of relative flux between electromagnetic 

components and gamma ray air families, together with experimental points. It is 

remarkable that the sets of the numerical values a=0.25, N 0 =10, estimated by 

the discussion in §§ 4.1 and 4.3, reproduce the observed relative intensity of air 

families to single electromagnetic components. 

§ 5. Discussion and summary 

The present paper is focused on the internal morphological relations among 

observed quantities of electromagnetic components, nuclear-active components and 

especially gamma ray air families. It became possible to draw a consistent picture 

for morphological behaviour of observed various cosmic ray components, as far as 

we limit the discussion within the emulsion chamber experiments. Before going 

to discussion of general problems related with other experimental evidences, let us 

summarize again several consequences presented in § 4. 

N 0 (e.ffective multiplicity) 

N 0 is discussed in §§ 4.1 and 4.4. As for the absolute value of N 0, we obtain 
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1858 E. Konishi, T. Shibata, E. H. Shibuya and N. Tateyama 

No= 10 ± 2, through the comparsion of flux ratio between electromagnetic and nu

clear-active components. The value of N 0 thus obtained, reproduces well the ex

pected intensity ratio between electromagnetic components and gamma ray air fami
lies. 

The value N 0 =10±2 is in agreement with the one N 0 =8±1, obtained from 

the direct observation of local nuclear interactionsY However, we must recall 

that the latter includes a systematic bias for selected events, i.e., N 7>4, and after 

applying some corrections for such selection bias, N 0 is estimated as 4rv613> in 

the energy range L:Er = 1011rv 1013 e V. Therefore, the present result N 0 = 10 ± 2 

indicates that SH-quanta are also generated with considerable frequency, together 

with H-quanta, in the interaction energy range '""-' 1012 e V. This is expected from 

the direct evidences of SH-quantum production with gamma ray multiplicity N 0 

=20rv30, as, for example, observed in the Chacaltaya CH. 155> data and the 

balloon data by Bristol-Bombay group.ll) 

a (multiplicity increase) 

All the experimental information presented in the last section, shows the 

increase of gamma ray multiplicity as oc E0a with a>0.2. 

First, in § 4.1, the difference between the exponents of electromagnetic and 

nuclear-active components spectra, leads to a= 0.24 ± 0.08. 

Secondly, in the analysis of the relation between multiplicity and energy flow 

of gamma ray air families, we are led to a= 0.31 ± 0.06, in order to fit the con

sistent shower age for observed air families (discussed later). 

Thirdly, it was checked that the intensity ratio between the electromagnetic 

components and air families is consistent with the assumption a= 0.25. 

In the above three arguments, the latter two (study of air family) are more 

direct evidence for increasing effective multiplicity than the first one (study of 

single particle). This is because the slight systematic errors in the photometrical 

energy determination for single gamma ray and local nuclear interaction can give 

significant effect on the estimation by the first method. The calibration of pho

tometrical method has been established by Ohta*>.t•> in the energy region ;::;20 Te V, 

but its extension to higher energy region was left for future. So, in the present 

stage, it would be safe to treat the spectra in the energy region <20 Te V with 

some reservation. 

s (shower age) 

From the exponent of au family spectrum observed on Mt. Chacaltaya, we 

found that s is equal to 1.38 ± 0.13. It is remarkable that the value s = 1.38 ± 0.13 

is reasonably expected from the equation of equilibrium state (3 ·13) under some 

choice of parameters K, a, Ac, as is summarized in Table II. Here we should 

like to consider the meaning of s = 1.38. As was already mentioned in the end 

*> Recently I. Ohta and his collaborators are trying to confirm the ph~tomoo;trical energy 
determination in higher energy region, with use of vanous types of X-ray films Irradiated by elect
ron beam 'Jf INS electron synchrotron. 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
tp

/a
rtic

le
/5

6
/6

/1
8
4
5
/1

8
2
8
5
2
8
 b

y
 g

u
e
s
t o

n
 2

5
 A

u
g
u
s
t 2

0
2
2



Study of l'vfultiple l'v1eson Production at Cosmic Ray Energy. I 1859 

of § 3, the parameter s does not mean the age of cascade shower in the usual 

sense, originated in single initial gamma ray, but the one of primary nucleon giving 

equilibrium state with gamma ray air family. 

Corresponding to the case of single cascade shower age, we can regard 

A1 ((3 ( s)) ( = -1/ Aa ( s)) as the attenuation parameter of gamma ray air family. 

Then, an apparent shower age of gamma ray air family is given by (3(s) =(s-a) 

/ (1- a). One finds immediately that as the parameter a (multiplicity increase of 

gamma rays), gets nearer to one, the apparent shower age of gamma ray air family 

becomes considerably old. So, one recognizes that the shower age study of gamma 

ray air family by means of the emulsion chamber, as well as the air shower 

experiment, is closely related to dynamics of multiple meson production through 

the magnitude of effective multiplicity. Recent analysis of energy spectrum of 

extensive gamma ray air family (200c-v700 Te V) observed at Mt. Fuji15) g1ves a 

steep exponent with (3(s) =1.85, the result of which suggests extreme high increase 

of multiplicity. 

Ac and K (collision mean free path and inelasticity) 

Usually, in the observation concerning the cosmic ray propagation in the atmos

phere, we cannot observe separately the collision mean free path Ac and the inelas

ticity K, but their combination, as in the case of attenuation length. 

Throughout the present paper, we assumed (K)=0.5 when comparing the 

expected values of attenuation length with experiments, although we formulated 

the flux of cosmic ray components with a very general form of the inelasticity 

distribution r;(K)dK. On the assumption (K)=0.5, we find the collision mean 

free path lc is equal to 60c-v70 gr/ cm2, vvhich value is estimated from the comparison 

of electromagnetic flux between Mt. Chacaltaya and Mt. Norikura. We have tried 

to study the collision mean free path Ac also from the comparison of air family 

intensity between Mt. Chacaltaya and Mt. Norikura, and the zenith angle distribu

tion of gamma ray air families. But, unfortunately, we could not get a definite 

conclusion for the collision mean free path Ac in higher energy region at this stage, 

mainly because of limited observation range of energy at Mt. Norikura. Recently, 

however, big scale emulsion chamber experiments were started also at Mt. Fuji 

(630 gr/cm 2) by the Japanese group9l and at Mt. Pamir (560 gr/cm2) by the Soviet 

group. 16l Then, the above-mentioned ambiguities will be eliminated in the near 

future. 

In the above concluding summary, there still remain the following further 

ambiguities. 

The exponent of the primary nucleon flux in the energy range 1014 "--' 1016 e V 

is assumerl to be 1.8, as exp.2ct<:-·d from the spectrum of the nuclear-active com

ponents obo;erved on Mt. Chac<dtaya and also from air shower experiments. The 

exponent of electromagnetic spectrum, 2.05 ± 0.05, is understood by introducing 

a pararneta a vvith the valur:' 0.?4. It is well known that the exponent f]~ o£ 

,u-meson spectrum is related to t. at of gamma ray spectrum (3 as !3~ = ,e + 1. Then, 
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putting li'=2.05, S~ is expected to be 3.05. On the other hand, various recent 

direct observations of ,u-meson spectrum17J give J'?~ = 2.60"-'2.80 in the energy region 

1010 "-' 1012 e V and the discrepancy between gamma ray and ,u-meson spectra seems 

to be inevitable. However, when one observes cosmic ray components at a certain 

level, one must always remark the energy range of primary nucleon spectrum 

corresponding to that of detected cosmic ray components. , As the main production 

height of ,u-meson is considered to be very near to the top of atmosphere (50"-' 100 

gr/ cm2), the energy range of ,u-meson spectrum, 1011"-' 1012 e V, corresponds to at 

most 1012"-' 1013 e V of primary nucleon spectrum, where the exponent is known 

as "-' 1.6, So, we may understand the discrepancy mentioned above not as derived 

from dynamical origin related with an elementary process, but as reflecting a 

"break" in the primary nucleon spectrum. 

The last point to be mentioned is related to the mechanism of multiple meson 

production. We find that the effective multiplicity of gamma rays increases in 

the gross with interaction energy as 

Nr = (10 ± 2) X (L.:;Er/1012 e V) u-o.s. (5·1) 

Putting L;Er=10 14 eV into Eq. (5·1), we get 

(5·2) 

The result is fairly consistent with that obtained directly from the analysis of 

clean jets1J and also of the biggest event of local nuclear interaction (L:;Er"-'80 Te V) 

observed in CH. 15. 5J 

The present paper is aimed at examining the gross behaviour of cosmic ray 

propagation on the basis of the fireball production with two different natures-H

quantum and SH-quantum-in super-high energy interactions. The consequence is 

that the morphological longitudinal behaviour of cosmic ray components, especially, 

extensive air families, is in reasonable agreement with the picture of the two kinds 

of the fireballs of different levels, H-quanta and SH-quanta. 

As for the transverse behaviour of gamma ray air families, a preliminary 

analysis of CH. 1418J reveals an extremely long tail of lateral distribution for 

superposed air families. This evidence may also be expected from SH-quantum 

which emits pions with larger transverse momentum than H-quantum. The study 

of transverse behaviour of air family will be reported in a subsequent paper. 
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